Preface:
Sustainable development and its extensive domain affect every aspect of specialized activities
including Civil Engineering with its vast and extensive scope. In this respect, protection of
investments on concrete constructions on the one hand , and production and utilization of concrete
materials in construction industry and its related issues like Analysis and Design, Durability,
Strengthening, Maintenance, Quality Control, Environmental Considerations, Modern Constructional
Technologies, Nano-Concrete, Concrete Constitutive Laws, on the other, have attracted the attention
of researchers, planners and management authorities in various societies in considering concrete as an
effective factor in the creation of sustainable development. Such characteristics have shaped a
renowned, comprehensive and indispensable material from concrete, which plays an important role in
various aspects of human life such as production, employment, environment and development in a
rather significant manner. Behavioral complexities of this material, e.g. varying mechanical and
physical properties exposed to diverse conditions, its behavior under different loading circumstances
and development of properties like creep, shrinkage, dual action, bond between concrete and steel,
slip, durability, corrosion etc, have all created a wide scope of research based on this material.
An in-depth knowledge and awareness of various scientific and technological developments on
concrete and its related issues is conceivable only through an exchange of scientific and technical
information by researchers and engineers across the globe. The Building & Housing Research Center,
affiliated to the Ministry of Housing & Urban Development is honored to hold the 3rd International
Conference on Concrete & Development, based on its functions and objectives. The Conference
Secretariat at first stage received 195 Abstracts out of which 160 were accepted for preparation of full
papers. At the second stage 143 Papers submitted by researchers from within the country and
overseas, of which 101 (including 87 in English and 14 in Persian languages) were accepted by the
Scientific Committee to be presented at Conference. The Conference CD-Proceeding totally includes
123 papers, out of which 17 Papers in Persian and 106 in English.
It is hoped that the proceedings will provide a fruitful background for up grading the Civil
Engineering branch, with an emphasis on concrete materials and structures through an appropriate
exchange of information between all researchers, scientists and industrial scholars.
We would like to take this opportunity to thank our esteemed keynote speakers and distinguished
authors, as well as members of the Reviewing Committee for their invaluable contribution to the
proceedings. A special note of acknowledgement is also due to the staff and personnel of the BHRC
who worked tirelessly in laying the groundwork and carrying out the numerous tasks involved in the
organization of the Conference.
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ABSTRACT
A new methodology for design of low-rise RC building structures is proposed.
This methodology uses base shear strength as the sole variable in the estimation of
the maximum displacement demand. The formulation is applicable to ‘asymmetric’
ground motions exhibiting a large difference between the peak accelerations in
opposite directions of motion, which result in larger inelastic displacement than
symmetric ground motions. Conventional methods such as The Capacity Spectrum
Method do not yield adequate results for such ‘asymmetric’ ground motions. The
proposed method is effective if the period at the yield strength is smaller than 0.5 s,
the base shear coefficient of the building is smaller than 0.4, and the ground motion
is strong (PGA > 0.5g and PGV > 0.5 m/s).
Keywords: base shear strength, displacement demand, asymmetric ground motions
1. INTRODUCTION
The damage potential of ground motion is, arguably, estimated best in terms of the
magnitude of the deformations induced on structures. In this article, we show
results from analyses confirming that the correlation between an intensity measures
commonly used to rank ground motion records, namely PGV, and displacement
demand is poor. As a result, we concentrate on direct estimation of displacement
demand, which is not only a good measure of damage potential but also the key
parameter in the design and evaluation of building structures. Because there is
much uncertainty in the problem, especially regarding the intensity of future
ground motion, a simple method for estimation of displacement demand is
preferable over a complex method. But simplicity ought not to compromise the
quality of the answer. Several studies have proposed simplified procedures to
estimate the maximum deformation of nonlinear single and multi-degree-offreedom (SDOF and MDOF) systems. One of the most popular methods to
estimate deformation demand of nonlinear structures was conceived by Freeman in
1975 [1]. It is known as The Capacity Spectrum Method and is used in design and
evaluation provisions in the US (ATC-40, 1996 [2]) and Japan (Kuramoto, 2006
[3]). Although analytical studies have indicated the contrary, the available
experience has not shown the results of the method to be inadequate. Its positive
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record and its simplicity are the main reasons for its popularity among both
academicians and practitioners. In this paper we take another look at the results
obtained with the Capacity Spectrum Method (CSM). We do so motivated by the
recent abundance of available ground motion records. Our computations show that
the method is not sensitive to an attribute of strong ground motion that we have
coined “asymmetry” for lack of a better term. By asymmetry we refer to the
difference between the “positive” and “negative” peaks of a ground acceleration or
velocity record. We quantify it using the absolute value of the ratio of the positive
to the negative peaks. Our computations indicate that the response of nonlinear
SDOF systems with short periods of vibration (T<0.6s) is in fact sensitive to
asymmetry in the acceleration record.
In this article we propose a new design spectrum. The spectrum can be used to
capture the effect of record asymmetry on structural response. It differs from the
spectrum used in the CSM in that the one we propose refers to nonlinear response,
rather than linear response. And it differs from other spectra for nonlinear response
(Blume et al., 1961 [4]; Chopra 2006 [5]; Priestley 2007 [6]) in that we use baseshear strength, not initial period or frequency, as the independent variable (as the
horizontal axis). We do not mean to suggest that response is not sensitive to initial
period. What we are suggesting is simply that, for short-period structures, response
is more sensitive to strength than to initial period.
2. METHODOLOGY
We study the potential effects of ground motion on structures by using SDOF
systems (Figure 1a). Three hysteresis rules are considered as depicted in Figures.
1b, 1c and 1d. Figure 1b shows the force-displacement response for an elastoplastic system, where Qu is the yield force and K is the stiffness. The stiffness K is
calculated using Eq. 1,

T = 2π m K

(1)

where m is the mass and T is the fundamental period. The force-displacement
response of a rigid-plastic system is shown in Figure 1c. A rigid plastic system is
simply a particular case within the elasto-plastic systems in which K is assumed to
be infinite. We consider this case because the solution of the differential equation
of motion for a system with infinite stiffness is simpler than the solution for a
system with finite stiffness. Figure 1d shows the force-displacement response
assumed for an oscillator with decreasing stiffness. Stiffness variations are
computed using the formulation proposed by Takeda (1970) [7]. Fundamental
period (T in Eq. 1) is computed the secant stiffness K shown in Figure 1d. The
initial viscous damping factor is assumed 2% for the initial stiffness of each model.
The damping coefficient is assumed to reduce in proportion to the tangential
stiffness.

Force

m

Force

Force
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Figure 1. SDOF systems with various load-displacement responses

(a) SDOF

(b) Elasto-plastic

(c) Rigid-plastic

Ground Acceleration(m/s 2)

3. ASYMMETRY
The positive and negative peaks in ground acceleration and velocity records are
different (Figure 2a, Erzincan 1992 record). The signs are a matter of convention.
They are necessary but otherwise unimportant. We adopt the convention that
accelerations and velocities are positive in the direction of the absolute acceleration
or velocity maxima. The difference between the positive and negative peaks is
usually ignored. To gain insight on the magnitude and the possible relevance of
this difference, which we refer to as “asymmetry,” we studied 2715 horizontal
ground motion records published by PEER (2000) [8]. Figure 2b shows the ratio of
the peak ground acceleration a1 to the maximum acceleration in the opposite
direction a2 plotted against a1. Ten percent of the records with a1 exceeding 6 m/s2
have a ratio a1 / a2 larger than 2.
6
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4
2
0

a2

-2
-4
0
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8
10
12
t (s)
Figure 2. Erzincan 1992 record
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To understand the effects of the asymmetry in records on system response we start by
considering the simplified periodic motions shown in Figure 4. We consider three
idealized acceleration records with equal (absolute) peak ground acceleration a1: A1,
A1.5, A2.5. The numbers following the letter A, which stands for “acceleration,” are
ratios of peak accelerations a1/ a2. Figure 2b indicates that ratios between 1 and 1.5 are
common and a ratio of 2.5 is close to the upper bound for the records we have. Figures
4b and 4c show ground velocities and displacements computed by integrating the
idealized signals A1, A1.5, and A2.5. Note that peak ground velocity and
displacement decrease as we increase of the ratio a1/ a2.
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Figure 5 shows linear response spectra computed for the idealized periodic motions
shown in Figure 3 for a damping ratio of 10%. The spectra indicate that relative
displacement and absolute acceleration tend to decrease with increases in the ratio
of peak accelerations. In other words, the spectra would lead us to think that the
“asymmetry” in the records we are considering is not detrimental, and in fact, one
could argue that the spectra show it is beneficial.
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(a) Ground acceleration
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Figure 3. a1/a2 vs PGA (a1)
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Figure 4. Idealized records with asymmetric ground acceleration.
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Figure 5. Linear response spectra computed for idealized records
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4. COMPUTED RESPONSE TO IDEALIZED MOTIONS
Figure 6a shows absolute peak relative displacements computed for synthetic
motions A1, A1.5 and A2.5 and for elasto-plastic oscillators with T = 0.2 s with
base shear coefficients Cb ranging from 0 to 0.4. The computed relative
displacement maxima are larger for the asymmetric records A1.5 and A2.5 than for
record A1 for base shear coefficients exceeding approximately 0.1. Record A1, the
symmetric record, has the same PGA, and larger PGV and response spectra (Figure
3b and 5a) than records A1.5 and A2.5. The peak ground velocity of record A2.5 is
approximately half of the peak ground velocity of record A1, but the relative
displacement computed for A2.5 is 1.5 times the displacement computed for A1 at
Cb = 0.1. This observation indicates that there is no proportionality between peak
ground velocity and displacement response for short-period structures. Elastic
response spectra also fail to capture the effects of the asymmetry of the records
considered (Figure 5). Estimates of displacement demand based on elastic spectra
would, therefore, not include the effects of asymmetry.
Figure 6b shows the relationship between the base shear coefficient Cb and the
absolute maximum relative displacements computed for elasto-plastic oscillators
with T = 0.6 s. The asymmetry of the record seems not to impact negatively the
computed relative displacements. We conclude that response is sensitive to
asymmetry in the acceleration record for T < 0.6 s.
On the other hand, response is not as sensitive to asymmetry in the velocity record
as it is to asymmetry in the acceleration record.
0.15

0.15

A1
A1.5
0.1

A2.5

dEP(m)

dEP(m)

0.1

0.05

0.05

A1
A1.5
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0

0
0

0.1
0.2
0.3
Base Shear Coefficient

0.4

0

0.1

0.2

0.3

0.4

Base Shear Coefficient

(a) Elasto-plastic systems with T=0.2s
(b) Elasto-plastic systems with T=0.6s
Figure 6. Peak relative displacements computed for idealized records

5. COMPUTED RESPONSE TO RECORDED MOTIONS
In section 4 we considered the response of oscillators to idealized ground motion
records. We now consider response to actual records. For illustration purposes we
consider, initially, two records: 1992 Erzincan, Turkey, NS component, and 1992
Landers, Lucerne Station, component 275. Table 1 lists intensity measures for each
record. Notice that the record for the Landers Earthquake has larger PGA, PGV
and PGD. But, at the same time, the record for the Landers Earthquake has small

8 / A Method to Evaluate Seismic Demands of Low-Rise… –––––––––––––––––––––––––

asymmetry while the record from Erzincan has large asymmetry as indicated by the
ratios of PGA to maximum ground acceleration in the direction opposite to that of
PGA. Figure 7 shows computed displacement peaks for elasto-plastic oscillators
with T = 0.2 and 0.6 s. and base shear coefficients ranging from 0 to 0.4. In all
cases, the relative displacements computed for the record from Erzincan are larger
than those for Landers. This trend is opposite to what would have been expected
on the basis of the differences in PGA, PGV, PGD, and linear response spectra.
This observation indicates that asymmetry is an important attribute in an
acceleration record.
0.8

0.8
Erzincan

Landers

0.6

dEP(m)

0.6

dEP(m)

Erzincan

Landers

0.4

0.2
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0.2

0

0
0

0.1
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0

0.1

0.2

0.3

0.4

Base Shear Coefficient

(a) Elasto-plastic systems with T=0.2s
(b) Elasto-plastic systems with T=0.6s
Figure 7. Peak relative displacements computed for the Erzincan and Landers records

6. HOW ASYMMETRY IN THE ACCELERATION RECORD AFFECTS
DISPLACEMENT RESPONSE
We think of the response of a sliding block (Figure 8a: a physical representation of
a rigid-plastic system) to a simple idealized ground acceleration record (Figure 8c).
The record is asymmetric and periodic, and features acceleration “pulses” in two
directions (a1 = 3 and a2 = −1, positive values represents movement to the left). We
assume that the block will move relative to the ground if the frictional resistance in
terms of acceleration reaches its strength (μg = 2 in Figure 8b). When the ground
starts to move, with an acceleration of a2 = −1, the block will simply move with the
ground, and the frictional resistance is a2 = −1 (Figure 8d). When the ground
experiences the first “positive” acceleration pulse a1 = 3 (point 1 in Figure 8c), the
block will try to follow the ground. But its “strength” is limited (μg = 2 in Figure
8d). So there will be sliding. We can compute the relative acceleration simply by
subtracting the acceleration of the block from the acceleration of the ground:
a1−μg=3−2=+1 (Figure 8b, the positive sign indicates relative motion to the right).
When the ground returns to an acceleration of a2 =−1 (point 2), the relative
acceleration becomes a2 −μg = (−1) − 2 = −3. The relative acceleration reverses. If
we integrate relative acceleration we obtain relative velocity (Figure 8f). And we
observe that the relative velocity will increase during the first positive acceleration
pulse (that is, between points 1 and 2) and will start to decrease when the ground
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acceleration of the ground returns to a2 = −1 and the relative acceleration changes
in sign (point 2). Eventually the relative velocity returns to zero (point 3). At this
point, the relative motion between block and ground ceases, and, therefore, the
relative acceleration returns to zero. The acceleration of the block becomes equal
to the acceleration of the ground (a2 = −1) once again. The result of this process is
a spike in the relative velocity record, which is zero elsewhere. This spike results
in a permanent offset of the block with respect to its initial position (Δ1 in Figure
8g). The magnitude of this offset is equal to the area under the spike in the relative
velocity record. If a second positive acceleration pulse takes place (points 4 and 5
in Figure 8c), it will result in a second spike in the relative velocity and an
additional offset (Figure 8g). The ground may go back to its original position (as
in Figure 3c), but the block does not. The relative displacement (Δ1 in Figure 8g) is
maximum if the resistance is equal to a2 ( μ g = a2 ), as we observed in Figure 6a,
unless the asymmetry is small ( a1 / a2 ≈ 1 ). If the ground acceleration pulses did
not have a preferred direction, the block would slide back and forth without
accumulation of successive offsets. This analogy shows why asymmetry in the
acceleration record may cause large relative displacements in inelastic systems.
7. THE STRENGTH SPECTRUM
We have shown that linear response spectra do not capture the effects of what we
have called “asymmetry” in acceleration records. And we have shown that the
effect of asymmetry can be significant for short-period structures (T < 0.6 s). To
solve this conundrum we propose the direct use of nonlinear spectra. And to ease
the transition from linear spectra to nonlinear spectra we propose a simplification.
Figure 9 shows computed displacement maxima for rigid plastic and elasto-plastic
oscillators with periods ranging from 0 to 0.6 s and base shear coefficients from 0
to 0.6. The values shown were computed for the Erzincan and Landers records.
From these four Figures it is apparent that, for T < 0.6 s, response is more sensitive
to base shear strength than to initial period of vibration. We therefore suggest that,
for design or evaluation purposes, it would be sufficient to work with spectra
computed for oscillators with a fixed average period (say T = 0.2 s) and varying
base shear strength.
We call such spectra (graphs showing maximum
displacements of systems with T = 0.2 s vs. base-shear coefficient) ”Strength
Spectra.”
In the following discussion, we refer to results obtained for the decreasing-stiffness
system defined in Figure 1d with a base shear coefficient of 0.2. Those results were
obtained for the 59 ground motion records with PGA > 0.5g and PGV > 0.5 m/s.
Figure 10a compares the maximum displacements for systems with T = 0.2 s
with maximum displacements for systems with T = 0.1 s and 0.5 s. The correlation
coefficient is 0.97, indicating that the systems with T = 0.2 s provide a good
estimate of the maximum displacement of systems with different periods (not
exceeding 0.5 s). As we increased the base shear coefficient up to 0.4, the
correlation coefficient decreased but was larger than 0.8. In contrast, Figures 12b
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and c show how intensity indicators, PGA and PGV, correlate with the computed
displacement demand. It is clear that PGA is not a good measure of displacement
demand. PGV is not very good, either. Note that the records in Table 2 include
various ground motions with various dominant periods. We therefore conclude that
the Strength Spectrum with T = 0.2 s can be used as an indicator of potential for
seismic damage in low-rise buildings (T < 0.5 s) regardless of the characteristics of
the ground motion if the ground motion is strong (PGA > 0.5g and PGV > 0.5 m/s)
and the base shear coefficient of the building is smaller than 0.4. The same
observation is also true for elasto-plastic systems.

Figure 8. Response of a rigid-plastic oscillator to an idealized asymmetric record
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Figure 13 shows maximum displacements of decreasing-stiffness oscillators with
T=0.2 s and various base-shear strengths. The 59 records satisfying PGA > 0.5g
and PGV > 0.5 m/s were used again to generate this plot. The thick continuous
line shows the tenth largest value of displacement response at each base shear
coefficient considered. We consider that the data above this line are exceptionally
large and should not govern the design. The thick broken line was obtained using
the formulation proposed by Ozturk (2003) [9] for T = 0.2 s and PGV = 1.1 m/s,
which is the mean plus one standard deviation for the peak ground velocities of the
considered records. It is interesting that the line we computed matches reasonably
well the one obtained using Ozturk’s formulation although Ozturk calibrated his
formulation using records from Turkey exclusively while we have used records
from a number of locations.
We suggest that the spectra in Figure 13, which have been computed for T = 0.2 s,
can be used to estimate the displacement demand for building structures with
different initial periods not exceeding 0.5 s. For 0.05 < Cb < 0.4 and T < 0.5 s, we
propose this envelope to be:
Sd = 0.6 – Cb

(2)

Where Sd is displacement demand for strong motion in meters and Cb is base shear
coefficient. This demand may be reduced according to the soil condition and the
seismicity of the region; matters outside the scope of this manuscript.
8. CONCLUSION
(1) Asymmetry in ground acceleration -as defined here- can cause large inelastic
displacements in low-rise RC buildings.
(2) Elastic spectra do not capture the effects of asymmetry.
(3) A Strength Spectrum (a graph showing maximum displacements of nonlinear
SDOF systems with T at yield = 0.2 s and various base shear coefficients) can
be used as an indicator of potential for seismic damage in low-rise buildings
(T at yield < 0.5 s) if the base shear coefficient of the building is smaller than
0.4 and the ground motion is strong (PGA > 0.5g and PGV > 0.5 m/s). The
Strength Spectrum captures the effects of asymmetry in the ground motion.
(4) Strength Spectra can, therefore, be used as a new paradigm for design and
evaluation of low-rise RC buildings (T at yield < 0.5 s).
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ABSTRACT
The German electron synchrotron DESY (Deutsches Elektronen-Synchrotron) in
Hamburg is a centre for research into the structure of matter. DESY uses the
accelerator PETRA (Positron-Elektron-Tandem-Ring-Anlage) as an intense
synchrotron radiation sources for a broad spectrum of tests with electromagnetic
radiation. The tests must take place on an extremely stiff and smooth concrete
plate. The plate had to be 280 m long, 24 m wide and 1 metre thick. The plate
should not get any joints and has to remain free of cracks because of the resistance
demanded. The plate has to be produced monolithically, that is on behalf of the
huge dimensions and properties world record. The positioning of the plate on a
sliding bitumen layer and the use of steel fibre concrete have been the prerequisites
for a successful performance under such challenging requirements.
1. INTRODUCTION
The German electron synchrotron DESY in the Helmholtz-Community in
Hamburg, Germany, is one of the leading accelerator centres in the world. The
accelerator PETRA is being improved to be the most brilliant worldwide storage
ring-based X-ray radiation sources worldwide. This new light source of the
superlative offers excellent conditions for top research with particularly intensive
and sharp joint X-ray radiation. The decisive advantage is the capillary X-ray
radiation of an especially high brilliance: Also, tiny tested materials can be
examined and their pictures highly resolved in the order of their atoms.
Almost 300 m of the 2.3 km long Petra ring must be completely modified and a
new experimentation hall had to be constructed. The basis of the hall is a 1 m thick
concrete slab which carries the accelerator and the experiments. The slab is 24 m
wide and 280 m long. It follows the circular shape of the accelerator ring. The
concrete slab protects the highly precise measurement equipment from mechanical
vibrations. The slab is decoupled from the building. It had to be built without joints
and cracks. Therefore the slab had to be concreted without interruption. The
evenness of the final floor slab was better than 4 mm/10 m. At a concentrated load
of 1kN the floor slab may deform vertically only by 1 µm.
The unusually high requirements called for correct planning, faultless production,
highly sophisticated quality assurance, and an experienced contractor.
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Figure 1. Aerial photo DESY with Petra ring. In the foreground the planned new
experimentation hall (Photo: DESY)

2. PHILOSOPHY OF THE ENGINEERING DESIGN
The dimensioning of the floor slab was planned with the following considerations:
A minimal deformation hindrance has been gained by applying a bituminous
sliding layer despite not knowing initially the necessary minimum thickness. The
slab starts shortening by cooling off after its maximum temperature gained by
hydration heat. As a consequence it has to suffer a maximum tensile stress in its
central cross section through each of the approximately 150 m long ends. If these
tensile stresses remain below the tensile strength of the concrete, an additional mild
reinforcement could be saved. The shortening of the slab has been expected to start
three days after the beginning of concreting. For this circumstance a concrete mix
had to be designed which produced a hydration temperature as low as possible
while reaching a tensile strength of at least 2 N/mm2 as early as possible. The
mixture had to be proven in internal performance tests by the construction firm.
Because not all conditions and may be impacts could be foreseen for this special
construction task nevertheless no crack has been allowed leading to a gaping joint
in the concrete slab. Concerning these requirements the planned tensile strength of
the young concrete had to be achieved for certain. The achievable tensile strength
can only be guaranteed when steel fibres are mixed into the concrete. Steel fibres
do not increase the tensile strength of the concrete, however, they guarantee it. This
guarantee is reached only by a fibre content of approximately one volume per cent.
For this reason we suggested 75 kg of steel fibres per cubic metre of concrete.
Micro cracks arise during the hydration process in the very young concrete. Late
cracks arise by shrinkage at a higher age, by restraint and internal tensions. Micro
cracks caused by autogenous shrinkage or by tensile stresses through hydration
heat act later as crack starters when the plate is subjected to stresses by external
loads. These fine micro cracks do not further enlarge if they are held small and
locked by well bonding scraped fibres. To cope with the shrinkage crack formation
in the very early age we chose scraped fibres with the best bonding performance in
young concrete. The amount was 40 kg scraped fibres per cubic metre of concrete.
For cracks arising later we chose crack bridging fibres with double bended ends, a
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length of 50 mm, diameter 0.8 mm, and 35 kg per cubic metre of concrete.
Cracks have to be avoided primarily in the surface. Near the surface of a concrete the
influences are more various and more intense than inside the structure. Therefore
steel fibre concrete has been planned for the top 50 centimetres, for the upper half of
the slab. The lower area got conventionally reinforced with a single reinforcing layer
calculated for preventing crack widths bigger than 0.3mm. (Figure 2.)

Figure 2. Layers of the floor slab

The centre of the 300 m long concrete slab was designed as a fixed symmetry
centre. A 1 m deep trench was executed monolithically in the central section of the
slab. Concreting had to be started from here in the two directions simultaneously.

Figure 3. Test setup at the TU Berlin to check the sliding resistance of the bituminous
sliding layer
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Figure 4. Calculated values for one half of the slab (zero on the horizontal axis is the
centre of the slab)

3. SOLUTION METHOD
Long building structures traditionally get subdivided into sections by expansion
joints. Because of the high requirements for the bending stiffness of the slab it had
to be executed without joints. For a floor slab of such a huge length deformations
are adding up in the decimetre range by loss of hydration heat and shrinkage. The
foundation basement of the slab leads to a resistance against shortenings. Forces by
friction or adhesion are caused in the plate. The not avoidable cracks normally get
limited in width by a crack distributing reinforcement. As the requirements for this
floor slab were extremely high this would have required an exceptionally high
amount of steel reinforcement with a time consuming forming and placing.
A special cracking risk is gained by the hydration heat of the cement. Maximum
temperatures of more than 50°C were expected. During cooling the concrete
contracts and will crack if its deformation is hindered. To not hinder the
deformation, we proposed to place the slab on a 3 mm thick sliding bituminous
layer. Laboratory tests with a 1.5 mm thick bituminous layer proved the sliding
performance to be not sufficient.
A temperature difference of only 10 K between surface and centre of the concrete
slab theoretically leads to a temperature related crack in the surface. Water loss by
drying of unprotected concrete yields to a shortening by shrinkage of about
0.4mm/m. Therefore the concrete slab had to be covered against drying after
smoothing with a foil and had to be protected against cooling with a mat of foam
with a chosen thickness of 10mm.
To optimize the slab construction not only technically but also economically we
proposed to construct the slab in two fresh concrete layers.
The 49 cm thick upper layer has been made with steel fibre reinforced concrete
with 1 Vol% fibre content with the concrete strength class C 30/37 (F1,6
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XC1XM1 Dmax=16) according to EN 206-1 „Concrete – Part 1: Specification,
performance, production and conformity”. The 50 cm thick bottom layer was made
with reinforced concrete strength class C 30/37 (XC1 Dmax=32) according to EN
206-1 with a weak reinforcement for crack width smaller than 0.3 mm at the
bottom according to DIN 1045-1 „Concrete, reinforced and prestressed concrete
structures – Part 1: Design and construction“. Each concrete layer had to be cast in
place while proceeding into both directions without interruption and without joints
in one sequence. The top layer with steel fibre concrete was cast in place nearly 25
metres behind the front of the bottom layer.
In the steel fibre concrete an electromagnetic compatibility shielding (EMC
Shielding) had to be installed with steel mats in a depth of 15 cm under the top
edge of the floor slab. A 1 cm thick layer for wear made of epoxy resin produced
the finish of the slab.
4. PRELIMINARY TESTS
4.1. Tests with Sliding Bitumen Layer
The bitumen sliding layer had to be executed as thick as necessary but as thin as
possible so that no surplus bitumen would flow out at the sides of the floor slab. For
the regulation of the different sliding resistance of differently thick bitumen layers
corresponding tests were carried out at different temperatures at the TU Berlin.
The result of the experiments was a friction coefficient µR of 0.1 at 20°C with a 3
mm thick sliding layer made of bitumen 50/70 to EN 12591 "Bitumen and
bituminous binders – Specification for paving grade bitumen". For a 1 mm thick
layer a sliding resistance of µR > 0.4 was found.
On the construction site a bitumen sliding layer with an amount of 3 litres of
bitumen per square meter got mechanically sprayed on the sub-concrete. This
volume produced a nearly 3 mm thick layer. The extraordinary smoothness of the
layer is shown in Figure 5.

Figure 5. The smoothness of the bitumen layer on top of the sub-concrete
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For the bitumen sliding layer a friction coefficient µR=0.35 was set for the further
static calculations.
4.2. Mix Design
In addition to constructive measures concrete technological parameters had to be
assumed in order to reduce the crack width provoked by heat of hydration or by
long term shrinkage. The high steel fibre content of 1 V-% in the upper part of the
floor slab was an indispensable component of the quality concept. The slab should
remain crack free in its early age and for its lifetime.
The concrete slab should be able to suffer shortening deformations three days after
production. Consequently cement had to be chosen which builds up its tensile
strength fast. In addition, the steel fibres had to be intensively connected to the
hardened cement paste. Therefore minimum binder content is required. This
demand stands contrary to the reduction of hydration heat. However, a rapid
strength development is more important than a slightly elevated hydration
temperature. A mix of CEM III A and fly ash was recommended.
For the assessment of the longitudinal deformations of the slab, the time dependent
temperature development of the concrete was examined in polystyrene cubes under
adiabatic conditions. The target consistency was 50cm spread on a flow table
according to EN 12350-5 “Testing fresh concrete–Part 5: Flow table test”.
Preliminary tests were performed by the contractor Züblin for different concrete
mixtures. The results of the selected mixture are shown in Table 1. Table 2 shows
the main characteristic values of the selected mix.
The measurements of the temperature development led us to expect a temperature
rise of about 40 K in the centre of the floor slab.
Table 1: Mixture
C 30/37
CEM III/A 42.5 N
340 kg/m 3
Fly ash
112 kg/m 3
Maximum grain size
16 mm
w/(c +0,4 f) = 0.43
Fibre mix

35 kg/m 3

DE 50/0,8
(Harex)

40 kg/m 3

SF 01-32
(Harex)

To make the concrete pumpable, the content of ultra fines had to be sufficiently
high. The components below 0.25 mm, (cement, fly ash, fine sand) should
therefore be at least 400 kg/m3. In preliminary tests the pumpability was proven
also for the relatively high steel fibre content. The pumping of such a concrete is
representing a special challenge.
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1d
2d
3d
7d
28 d

Table 2: Test results (main characteristic values).
Compressive
Young's
Fibre concrete
strength fc, cube in
modulus
class
2
N/mm²
in N/mm
7.5
14.0
1,0/0,6
33.0
28 000
52.0

33 900

1,6/1,0

5. EXECUTION
5.1. Quality Assurance
Before the beginning of the challenging concreting task the companies involved
trained their employees for the special site requirements.
The concreting concept and the quality system of the building contractor regulated
the quality control during the execution. The quality was monitored additionally
beyond this at particularly relevant stages upon request of the owner-builder.
Controls of the preparations and equipment in the mixing plants before the
beginning of the work as well as spot tests during the addition of the steel fibres
were included.
Each mixing truck was checked on the construction site once again. Rejection
criteria for concrete trucks were fresh concrete temperatures falling below 10°C
and a spread on a flow table of more than 55 cm. Special emphasis was put on the
compaction of the concrete embedding the EMC mats and on curing measures.
5.2. Concrete Production
The concrete supplier Holcim had to guarantee delivery of 160 m3 per hour for the
four concrete pumps. Holcim used four ready-mix concrete factories and one
alternative factory with a corresponding stockpiling of the base materials. Twenty
eight ready-mix trucks of 8m3 each were used. An interruption of the concreting
process was not foreseen and was not allowed under any circumstances.
The concrete factories put special emphasis on a high regularity of concrete
production. Coping with the moisture content of the sand and the medium-sized
aggregates was important. The target value of the spread at delivery was 52.5cm in
order to not fall below the demanded consistency of 50 cm on the site.

The steel fibres were weighed and pre-packaged beforehand. The scraped fibres SF
01-32 were added to the empty transport vehicle by an elevator. After this the
concrete was loaded. The steel fibres DE 50/08 were blown with an air stream
device into the loaded ready-mix vehicle (Figure 6). A prolonged mixing time for
the steel fibre concrete had to be taken into account in the delivery concept.
Vehicles with steel fibre concrete were indicated by a green arrow in the
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windshield to avoid false placement. The site foreman checked every vehicle again
at the pump for its consistency by visual inspection.

Figure 6. Blow in of the steel fibres into the mixing vehicle

5.3. Placing the Concrete
The walls and the roof of the hall were completed except for the end walls before
placing the concrete. Four concrete pumps and one reserve pump were used. Two
pumps concreted the lower layer with normal reinforced concrete; the other two
pumps concreted the steel fibre concrete for the top layer of the slab 20 m behind
the leading edge of the lower layer. The concrete was pumped at the same time at
both sides starting in the middle of the slab. The 7000 m3 of concrete were placed
within approx. 60 hours.
The compaction of the concrete was carried by immersion vibrators. The surface
was levelled with a special levelling plank. After reaching the required degree of
hardness the concrete surface was smoothed with a double slab machine.
As soon as the concrete was sufficiently set, it was covered with foil and a 10 mm
thick insulating mat. The curing time was 31 days. The concrete was left in the side
formwork for the complete curing time.
6. RESULTS
Immediately after the completion of work the monitoring of the strength and
deformation behaviour of the slab began.
The floor slab behaved as calculated. The ends were shortened with a speed of 30 40 nm/s after three days. Each end shortened by about 40mm.
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Figure 7. Surface finishing

Figure 8. One sided shortening of the floor slab by 38mm

The temperature from hydration heat and heat conduction was recorded
continuously starting at the beginning of concreting in different places in the
following four heights:
Sliding layer ± 0 cm (bottom contact zone)
Sliding layer + 10 cm
Sliding layer + 50 cm (slab centre)
Sliding layer + 90 cm (10 cm below slab surface)
Compared with the values determined in the laboratory the temperature rise inside
the concrete slab increased at most 32 K. The reason was the low fresh concrete
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temperature and the cool weather during the execution. Figure 9 shows the typical
temperature developments at different measuring points in one cross-section.
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Figure 9. Temperature development in the concrete slab

After the length deformation stopped the floor slab was measured in a grid of
2.0m×2.0m. Such a high level of evenness was achieved that a planned additional
levelling screed could most likely be foregone. Nevertheless the epoxy-layer has
been performed.

Figure 10. The glass like surface of the finished concrete slab
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ABSTRACT
This paper presents a summary of the work from an extensive research program
underway at the University of Toronto on strengthening deficient and repairing
damaged concrete columns with fibre reinforced polymer (FRP) jackets. The
specimens consisted of either a 305 mm square or 356 mm diameter and 1.47 m
long column connected to a 508 × 762 × 813 mm stub. Each specimen was tested
under lateral cyclic displacement excursions and simultaneous constant axial load
to simulate seismic forces. Results indicate that added confinement with FRP at
plastic hinge locations significantly enhanced ductility, energy dissipation capacity
and strength of columns. Efficiency of FRP confinement was much superior in
circular columns than in square columns. A procedure is presented for the design of
confining FRP reinforcement in columns required to achieve a certain ductility
performance given the applied axial load and the properties of the FRP.

Keywords: columns, confinement, ductility, earthquake, energy dissipation,
retrofitting.
1. INTRODUCTION
Large inelastic deformation capacities of individual members allow entire
structures to resist severe ground motion while dissipating significant levels of
seismic energy. To ensure overall structural integrity, plastic hinge formation
associated with lateral displacement excursions is preferred in beams and girders
rather than in columns [1, 2]. However, plastic hinge development can occur in
columns, particularly at the bases of multi-storey frames and bridges. Ductile
behavior is essential at these crucial sites to prevent complete structural collapse
under sustained loading. Many of the existing reinforced concrete structures do not
have adequate amount of confinement reinforcement in potential plastic hinge
regions of the columns and may result in brittle structural response during
earthquakes. Destruction from the 1994 Northridge, 1995 Kobe and 2005 Kashmir
earthquakes [3, 4, 5] has highlighted the worldwide vulnerability of reinforced
concrete columns exposed to inelastic conditions. To provide additional
confinement to these deficient columns, retrofitting with a fiber-reinforced polymer
(FRP) jackets provides a very attractive solution due to their lightweight, high
strength, and excellent corrosion resisting capabilities. The current design code
provisions [1, 2] require large amounts of steel reinforcement placed at small
spacing in critical regions of columns, which, quite often, makes construction very
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cumbersome and at times impractical. Use of external FRP shells with fibers
aligned in the circumferential direction of the column can provide confinement and
a stay-in-place formwork for new structures [6].
Many experimental studies [7– 14] have demonstrated that the confinement
provided by the FRP wraps can significantly increase the energy absorption
capacity and ductility of the columns under combined axial, flexural and shear
loads, thereby increasing their seismic resistance. This paper presents selected
results from an extensive experimental program in which similar large size square
and circular columns were tested under simulated seismic load in exactly the same
manner to provide comparable results to investigate different variables and design
parameters. A design procedure is also presented which can be used to calculate the
amount of confining FRP required for a certain ductility performance given the
axial load on the column and the properties of the FRP. Initial focus of this
research program was on square columns due to the fact that it presented a more
challenging scenario due to inferior confinement efficiency in these columns
compared with circular columns. A large number of well-instrumented square
columns were tested in a similar manner under simulated earthquake loads and
extensive data was used to develop analytical models and design procedures.
Experimental work on circular columns has recently been completed on similar
lines and analytical work is in progress. Results indicate that the amount of FRP
reinforcement required in circular columns is about half of what is required in
square columns for similar improvement in ductility.
2. EXPERIMENAL RESULTS AND DUCTILITY PARAMETERS
To develop a procedure for the design of confining FRP for concrete columns, an
extensive review of the available test results was conducted. This review indicated
that the results available were seriously limited. Although there exists a consensus
that confining FRP can significantly enhance the seismic performance and ductility
of circular, square or rectangular concrete columns, the test setups, loading
histories, instrumentations, specimen details and ductility parameters used in the
available experimental investigations were different from one program to another,
making it difficult to evaluate these results on a common platform.
A test program was thus undertaken in which all the column specimens were
similar and tested in exactly the same manner. Each specimen was comprised of a
305×305×1473 mm or 356 mm circular column connected to a 508×762×813 mm
stub. The column part of the specimens was 1.47 m long. The corners of all square
columns were rounded using concave wood sections, with a 16 mm radius, placed
inside the forms during casting to facilitate FRP wrapping. The columns were
characteristic of field members located in multi-storey building frames or in
bridges between the points of maximum moment and contraflexure. All square
specimens contained eight 20M longitudinal bars (ρl = 2.58 %) uniformly
distributed around the column core creating a core area that was 77 % of the gross
column area. Perimeter hoops laterally supported the four corner bars and internal
hoops enclosed the four middle bars. The circular columns contained six 25M
longitudinal bars (ρl = 3.01 %) and the ratio between the core area and the gross
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column area was 74 %.
Each specimen was tested horizontally in the loading frame shown in Figure 1
under a constant axial load and applied lateral cyclic displacement excursions
simulating earthquake forces. The specimens were subjected to transverse
displacement excursions (Figure 2) using a displacement-control mode of loading
until the specimen was unable to sustain the applied axial load. The retrofitted
specimens were externally confined by different amounts of continuous CFRP or
GFRP wraps. Table 1 lists the details of the square specimens considered in this
study, while the test data of circular specimens is presented in Table 2. Throughout
this experimental program the same types of CFRP and GFRP materials were used.
The FRP properties varied only slightly from one batch to the other. The ultimate
tensile strength and rupture strain of the CFRP fabric ranged from 912 to 962
N/mm width per layer and 0.0123 to 0.0142, respectively, while these values for
the GFRP fabric were 518 to 647 N/mm width per layer and 0.0197 to 0.0228,
respectively.

Figure 1. Schematic test setup

Figure 2. Lateral displacement excursions

Figure 3. Ductility parameters
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2.1. Ductility Parameters
The design approach was developed on the pattern of the procedure for the design
of steel confining reinforcement [15]. The parameters used for evaluating the
ductile performance of a column included section and member ductility, energy
dissipation capacity and the number of standard displacement excursions a column
could sustain before failure. In evaluating the seismic performance of the columns
and studying the effects of different variables, ductility and toughness parameters
defined in Figure 3 were used [15]. These included curvature ductility factor μΦ,
cumulative ductility ratio NΦ, and energy-damage indicator E. Subscripts t and 80
indicate, respectively, the value of the parameter until the end of the test (total
value) and the value until the end of the cycle in which the moment has dropped to
80 percent of the maximum value. The energy parameter ei represents the area
enclosed in cycle i by the M-Φ loop. Terms Lf and h represent the length of the
most damaged region measured from the test and the depth of the column section,
respectively. All other terms are defined in Figure 3. Table 1 and Table 2 list these
ductility and toughness parameters for the columns considered in this analysis.
Sheikh and Khoury [15] observed that different ductility and toughness parameters
were interrelated (Figure 4). In columns internally confined with steel, for μΦ80 of
16, the values for NΦ80 and E80 were found to be 64 and 575, respectively. A
column with this level of deformability was defined as highly ductile. The section
with a μΦ80 value of 8 to 16 was defined as moderately ductile and the low ductility
column had μΦ80 < 8. Figure 4 also shows the relationships between different
ductility parameters of FRP-confined columns. Data from nine steel-confined
columns reported by Sheikh and Khoury [16] and ten FRP-confined columns as
listed in Table 1 are used to construct the figure.

Figure 4. Relationships between ductility parameters

It is clear from Figure 4, that up to μΦ80 of approximately 8, the relationships
between various parameters for steel-confined and FRP-confined columns are very
similar. For values of μΦ80 larger than 8, the parameters NΦ80 and E80 of the FRPconfined columns are significantly higher than those of the steel-confined columns
with similar μΦ80 values. For dissipating equal amount of energy, the FRP-confined
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columns require smaller curvature ductility factors than comparable steel-confined
columns. This can be attributed to the different curvature distributions in the plastic
hinge region and different plastic hinge lengths in these two types of columns. The
FRP-confined columns require a curvature ductility factor of only 13.2 to dissipate
the amount of energy as the steel-confined columns dissipate at μΦ80 of 16. Similar
trend is observed for cumulative curvature ductility ratio. The behavior of a FRPconfined column with μΦ80 = 13 can thus be considered as highly ductile. The
section with a μΦ80 value of 8 to 13 is defined as moderately ductile and the low
ductility column has μΦ80 < 8.
2.2. Effects of Different Variables on Column Performance
Based on the experimental results listed in Table 1 and Table 2, the most important
variables identified to affect a column’s ductility are the amount of FRP confining
reinforcement, type of FRP and the level of axial load. The effect of these variables
on column behavior is discussed in the following.
Amount of confining FRP – The effect of the amount of confining CFRP can be
evaluated by comparing the moment vs. curvature behavior of two sets of columns,
as presented in Figure 5. The first set (Figure 5a) includes square columns AS1NS, ASC-2NS and ASC-6NS that were tested under an axial load of 0.33 Po. All
the columns in the second set (Figure 5b), AS-1NSS, ASC-4NS, ASC-3NS, and
ASC-5NS, were tested under an axial load of 0.56Po. The ductility parameters in
Table 1 and the responses shown in Figure 5 clearly demonstrate the enhanced
cyclic performance of the FRP-retrofitted columns. The behavior of columns
improved progressively as the amount of confining CFRP increased. While
Specimen AS-1NS tested under axial load of 0.33Po failed following the 7th cycle,
Specimen ASC-2NS and ASC-6NS confined by one and two layers of CFRP,
respectively endured 15 and 20 load cycles, respectively. The columns tested under
higher axial load, ASC-4NS, ASC-3NS, and ASC-5NS, were able to sustain 8, 11,
and 15 load cycles, respectively while the control specimen AS-1NSS failed in the
fourth cycle. The enhancements in curvature ductility of the columns were
approximately proportional to the amount of confining FRP provided. Comparisons
of the behavior of the GFRP-confined square columns and the control specimens as
shown in Figure 6 and Table 1 also lead to the same conclusion. Figure 7, 8 and 9
show the behavior of eleven circular columns tested under an axial load of 0.27Po,
0.40Po or 0.56Po. Seven columns were confined by CFRP or GFRP and others only
had steel as lateral reinforcement. The test data of circular columns also
demonstrated the enhancement of ductility by FRP confinement.
More over, addition of FRP confinement provided improvements in the
performance of circular columns that were significantly better than those observed
in square columns. It should be noted that minimal lateral steel reinforcement was
used in all the FRP-confined columns with spacing approximately equal to the size
of the column core. The confinement effectiveness of such reinforcement is known
to be insignificant and is obvious from the behavior of control specimens AS-1NS,
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AS-8NS, AS-1NSS, P40-NF-5 and P56-NF-10.
Axial load level – Another important variable that determines the behavior of a
column particularly with respect to ductility is the level of axial load applied. The
effect of this parameter can be evaluated by comparing the behavior of several
pairs of circular or square columns. As an example, Specimens ASC-2NS and
ASC-4NS, which were almost identical in every aspect except for the different
levels of axial load applied. An increase in axial load from 0.33Po in ASC-2NS to
0.56Po in ASC-4NS resulted in significantly less ductile behavior. The column
resisting a high axial load experienced a decline in ductility ratio of approximately
60% and dissipated energy of about 75%. Its excursion limit was also reduced to 8
cycles from 15 for the specimen under lower axial load. Comparison of specimens
ASG-2NSS, ASG-4NSS and ASG-3NSS shows that the effects of the higher axial
load can be countered by an increase in the lateral FRP confinement. Specimen
ASG-3NSS was strengthened with 4 layers of GFRP and tested at high axial load
of 0.56 Po. Moment curvature responses of ASG-2NSS and ASG-3NSS are very
similar, with ASG-2NSS displaying a little more ductile behavior. Similar
observations can also be found by comparison among CFRP confined circular
columns P27-1CF-3, P40-1CF-8 and P56-2CF-13. The former two columns were
confined by one layer of CFRP, while the last column was confined by two layers
of CFRP. As the axial load increased from 0.27Po in P27-1CF-3 to 0.40Po in P401CF-8, the curvature ductility factor decreased from 25.6 to 9.6. On the other hand,
P56-2CF-13, tested under a high axial load of 0.56Po but confined by two layers of
CFRP, showed a ductile behavior similar to P40-1CF-8.
Table 1: Ductility parameters of FRP-confined square columns
Lateral steel
Researchers

Iacobucci et al.
[4]

fc’
Specimen
(MPa)

a
b

ρs
(%)

Layers
& type
of FRP

Axial
load
level
P/Po

Ductility ratio
μΦ80

NΦ80

NΦ t
24

AS-1NS a

31.4

US#3@300

0.61

0

0.33

5.3

8

ASC-2NS

36.5

US#3@300

0.61

1CFRP

0.33

11.6

61

b

b

73

ASC-3NS

36.9

US#3@300

0.61

2CFRP

0.56

10.9

ASC-4NS

36.9

US#3@300

0.61

1CFRP

0.56

7.4 b

24 b

24

ASC-5NS

37.0

US#3@300

0.61

3CFRP

0.56

15.6 b

109 b

109

ASC-6NS

37.0

US#3@300

0.61

2CFRP

0.33

16.7 b

161 b

161

5.4 b

5.4

a

b

56

56

42.3

US#3@300

0.61

0

0.56

2.6

AS-1NSS a
ASG-2NSS
ASG-3NSS
ASG-4NSS
ASG-5NSS

42.4
42.5
42.7
43.3
43.7

US#3@300
US#3@300
US#3@300
US#3@300
US#3@300

0.61
0.61
0.61
0.61
0.61

0
2GFRP
4GFRP
2GFRP
1GFRP

0.56
0.33
0.56
0.56
0.33

2.6 b
11.5
10.6 b
7.1 b
10.1

5.4 b
59
55 b
24 b
40

5.4
79
55
24
47

ASG-6NSS

44.2

US#3@300

0.61

6GFRP

0.56

14.7 b

135 b

135

AS-8NS

Memon
and Sheikh [5]

Size@
Spacing
(mm)

Control steel-confined specimens.
Reduction in capacity less than 20% for completed cycles.
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Table 2: Ductility parameters of FRP-confined circular columns
Researchers

fc’
Specimen
(MPa)
S-3NTa
S-4NT

Sheikh and Yau.
[9]

39.2

a

39.2

US#3@300

0.30
0.30

Axial
load
level
P/Po

μΦ80

NΦ80

NΦ t

0

0.54

2.6

4b

4

3.6

b

7

0

Ductility ratio

0.27

7

b

38

b

38

40.4

US#3@300

0.30

2GFRP

0.54

8.9

ST-3NT

40.4

US#3@300

0.30

1CFRP

0.54

7.7 b

38b

38

0.27

15.2

b

b

83

12.9

b

b

89

b

21

44.8

ST-5NT

40.8

US#3@300
US#3@300

0.30
0.30

1CFRP
1GFRP

0.27

b

83
89

21

ST-6NT

41.6

US#3@300

0.30

1CFRP

0.27

5.5

P27-1CF-3

40.0

US#3@300

0.30

1CFRP

0.27

25.6

130

145

28.3

b

114

P27-2GF-4
a

P40-NF-5

P40-1CF-8
Sheikh and Liu
P40-1GF-9
(19)
P56-NF-10a

40.0
40.0
40.0
40.0
40.0

P56-2CF-13 40.0
P56-3GF-14 40.0
P56-4GF-15 40.0
b

US#3@300

Layers
& type
of FRP

ST-2NT

ST-4NT

a

Lateral steel
Size@
ρs
Spacing
(%)
(mm)

US#3@300
US#3@300
US#3@300
US#3@300
US#3@300
US#3@300
US#3@300
US#3@300

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

2GFRP
0
1CFRP
1GFRP
0
2CFRP
3GFRP
4GFRP

0.27
0.40

2.2

0.40
0.40

9.6
19.4

0.56
0.56
0.56
0.56

1.4
10.9
18.1
15.2

Control steel-confined specimens.
Reduction in capacity less than 20% for completed cycles.

(a) Specimens tested under an axial load of 0.33 P0

114
5

b

5

b

34

b

61

34
61
4

b

4

b

49

49

107

b

107

163

b

163
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(b) Specimens tested under an axial load of 0.56 P0
Figure 5. Behavior of CFRP-confined square specimens

(a) Specimens tested under an axial load of 0.33 P0

(b) Specimens tested under an axial load of 0.56 P0
Figure 6. Behavior of GFRP-confined square specimens
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Figure 7. Behavior of circular columns under 0.27Po

Figure 8. Behavior of circular columns under 0.40Po
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Figure 9. Behavior of circular columns under 0.56Po

Type of confining FRP- The relative effectiveness of CFRP and GFRP in
strengthening deficient columns can be evaluated by comparing the behaviour of
four sets of square specimens: ASC-2NS and ASG-2NSS, ASC-3NS and ASG3NSS, ASC-4NS and ASG-4NSS, and ASC-5NS and ASG-6NSS. The two
columns in each set of specimens are similar in every aspect except that one
column was confined by CFRP whereas the other one was confined by GFRP. The
layers of the GFRP were twice as many as those of the CFRP. Comparisons of the
ductility parameters given in Table 1 and the moment-curvature relationships in
Figures 5 and 6 show that both columns in each set behaved in a similar manner
and had comparable ductility parameters, indicating that the confinement
effectiveness of two layers of GFRP is similar to that of one layer of CFRP. This
behaviour was also observed in tests of circular columns. The specimens in each of
the two pair of columns: ST-2NT and ST-3NT, and P27-1CF-3 and P27-2GF-4, are
identical in all aspects except that one was confined by one layer of CFRP and
another was confined by two layers of GFRP. As shown in Table 2 and Figure 7,
the two columns in each set displayed very similar behaviour and had similar
ductility levels and energy dissipation capacities. It is worth noting that in these
tests, the ultimate tensile strength of the CFRP fabric was approximately 70%
higher than that of the GFRP fabric. The stiffness of CFRP measured in terms of
N/mm width per layer was about three times larger than that of GFRP. From these
test results, it appears that the effectiveness of FRP in enhancing column ductility
closely relates to its ultimate tensile strength.
3. DESIGN OF FRP CONFINEMENT
From the results discussed above, it can be concluded that the column ductility and
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energy dissipating capacity increase as the amount of FRP confining reinforcement
increases, whereas an increase in axial load level reduces column ductility. These
effects are similar to those in steel-confined columns reported by Sheikh and
Khoury [15]. While there are similarities between steel-confined and FRP-confined
columns, major differences exist between these two types of columns that must be
taken into account while designing confinement reinforcement. While the core
concrete in steel-reinforced column is confined, the cover concrete outside the
lateral steel is not. As the thickness of the cover concrete increases, the area of the
confined concrete decreases and larger amount of confinement reinforcement is
required to achieve a certain ductility performance. In FRP-confined columns,
however, the entire cross section of the column is confined with the FRP wraps that
are used externally. The thickness of the cover concrete thus has no effect on
column behavior and is not a design parameter. Another important difference is the
nature of the lateral confining pressure exerted by steel and FRP. In steel-confined
columns subjected to large deformations, the confining pressure remains practically
constant while the steel yields under hoop tension. In columns confined by FRP, on
the other hand, the lateral confining pressure keeps increasing up to the rupture of
fibers due to the linear elastic stress-strain characteristic of the FRP.
For square columns confined by FRP, Sheikh and Li [17] developed a procedure
for the design of FRP confining reinforcement on the lines of a procedure Khoury
and Sheikh [15] proposed for steel confined columns. In this procedure, the amount
of required confinement is related to the level of axial load, lateral reinforcement
configuration and ductility demand in terms of curvature ductility factor. The
equation to calculate the number of layers of FRP wraps is given below (Eq.1).

⎧⎪
⎛P
n ⋅ f u = β ⋅ h ⋅ f ⋅ ⎨1 + 13⎜⎜
⎪⎩
⎝ Po
'
c

⎞
⎟⎟
⎠

5

⎫⎪ μ φ 80,in 1.15
⎬
⎪⎭ 29

(1)

where μ φ 80,in is the increase in curvature ductility factor due to FRP confinement
and
μ φ 80,in = μ φ 80 - μ φ 80,con
(2)
where
n = number of layers of FRP
f FRP = tensile stress in FRP
h = cross sectional dimension of column
fu = the ultimate tensile strength of the FRP obtained from tensile coupon tests
β = confinement efficiency parameter; equal to 0.25 for square columns
μ φ 80 = curvature ductility factor of the FRP-confined specimen; and
μ φ 80,con = curvature ductility factor of the control reinforced specimen.
The simplified version of the above equation was given as
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⎞ μφ 80,in
⎛ P
n ⋅ f u = β ⋅ h ⋅ f c' ⋅ ⎜⎜ 6 − 1.4 ⎟⎟
⎠ 18
⎝ Po

≥ β ⋅ h ⋅ f c' ⋅

(3)

μφ 80,in
18

The experimental curvature ductility factors and analytical values obtained from
Eq.1 and Eq.3 are compared in Figure 10(a). The average of the analytical
curvature ductility factors using Eq.1is roughly equal to the average of the
experimental values and the standard deviation from the mean is about 6%,
whereas Eq.3 is more conservative and slightly underestimates the curvature
ductility of the columns in most cases.

Figure 10. Comparison of experimental and analytical curvature ductility factors for
square and circular columns

Equations 1 and 3 are applicable to square normal strength concrete columns
confined by continuous FRP wraps with continuous longitudinal rebar in plastic
hinge regions. For circular columns, following design equations were derived
based on similar procedure and existing test data [18].

⎧
⎫ μφ 80,in
P
n ⋅ f u = 0.07 ⋅ d ⋅ f ⋅ ⎨8.8 − 1.2⎬
⎩ Po
⎭ 29
'
c

≥ 0.07 ⋅ d ⋅ f

'
c

μφ 80,in 1.15

The simplified version of Eq.4 was given as

29

1.15

(4)
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⎛
⎞ μ φ 80,in
P
n ⋅ f u = 0.07 ⋅ d ⋅ f c' ⋅ ⎜⎜ 9.2 − 1.4 ⎟⎟
Po
⎝
⎠ 18

≥ 0.07 ⋅ d ⋅ f c' ⋅

(5)

μφ 80,in
18

where, d = diameter of circular column, and all the other parameters are the same
as defined for Eqs.1 and.2. The validity of the design equation for circular column
has also been shown by the comparison of analytical and experimental curvature
ductility factors in Figure 10(b).
4. APPLICATION OF THE PROPOSED DESIGN APPROACH
The proposed method is applied to a 450 mm square column and a 500 mm
diameter circular column, respectively. Both columns, with similar area of cross
section, are reinforced with eight longitudinal bars of 25 mm diameter. The
concrete compressive strength, steel yield strength and FRP rupture strength are
assumed to be 35 MPa, 400 MPa and 900 N/mm width per layer, respectively.
Figure 11 shows the number of layers needed as function of the column axial load
for two values of ductility enhancement. Assuming that the original columns are
capable of displaying a ductility factor of 4, enhancements of μΦ80 by 4 and 9
would make the columns moderately and highly ductile, respectively. Addition of
one layer of FRP would make the square column moderately ductile if the axial
load is 0.5 P/Po or lower. For this range of axial load, between 2 and 3 layers of
FRP are needed to make the square column highly ductile.

Figure 11. Application of the design procedure

As stated earlier, the results shown in Figure 11 demonstrate clearly that about half
the number of FRP layers would be required for circular columns for similar
ductility enhancements compare to equivalent square columns. It should be noted
from Figure 11 that the simplified equation is significantly more conservative
compared to the original equation particularly for high axial load levels.
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5. CONCLUDING REMARKS
Selected results from an extensive experimental and analytical research program on
seismic upgrade of concrete columns with FRP underway at the University of
Toronto are presented. Columns tested under simulated earthquakes were either
305 mm square or 356 mm diameter circular in cross section and 1.47 m long. The
experimental results show that variables that affect the ductility parameters of a
column include confinement configuration, the level of axial load and the type and
amount of confining reinforcement. Circular confinement is more efficient than
square confinement. An increase in the level of axial load significantly reduces
ductility and energy dissipation capacity of a column. The column performance in
terms of ductility improves almost proportionally with an increase in the amount of
FRP confinement while strength improvement is less than proportional. A
performance-based approach is also briefly presented for the design of confining
FRP reinforcement externally applied to square and circular concrete columns. The
required amount of confining FRP increases with an increase in ductility demand,
an increase in the level of axial load applied and reduced FRP strength.
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ABSTRACT
Several reinforced concrete (RC) infrastructures are now crumbling from corrosion
of steel bars in concrete. The paper presents the recent advancements in analytical
simulation of corrosion aftereffects on behavior of RC members. The model
juxtaposes the experimental findings with analytical relationships. The
implementation of the model into a nonlinear finite element formulation as well as
the experimental and analytical backgrounds are discussed. The abilities of the
resulted program have been studied by modeling some experimental specimens
showing a reasonable agreement between the analytical and experimental findings.
Keywords: reinforced concrete, corrosion, bond-slip, nonlinear finite element
method, tension stiffening
1. INTRODUCTION
The integrity of many RC buildings and infrastructures are compromised due to
some dangerous effects of the aggression of the corrosive agents. To evaluate the
effects of these types of the damages on the total behavior of reinforced concrete
structures, the nonlinear finite element models for reinforced concrete need an
improvement to take the effects of corrosion of the steel bars into account. A
survey on the literature reveals that there is a knowledge gap in this area of
researches; relatively few studies addressed explicitly analytical modeling of
corroded reinforcements in RC members. The amalgamation of the available
analytical models is presented by Table 1. All of the reviewed models have their
own advantages and disadvantages. Some of them sound to be more valuable from
engineering point of view while the others seem to be more complicated and
suitable at elemental level. The common point of these models is application of
especial elements between concrete and reinforcement to represent the bond-slip
behavior and associated damages as results of the corrosion of reinforcements.
Corrosion of steel reinforcements in the RC structures diminishes the total load
bearing capacity of RC structures. This happens not only by means of depletion of
rebar cross-sectional area, but also by bond deterioration as reported by some of the
researchers, e.g. [6]. Tension-stiffening phenomenon in reinforced concrete is
developed as a result of steel and concrete bond that occurs between the tensile
cracks. Therefore, degrading effects of corrosion to the bond between steel and
concrete could be taken into consideration more effectively by a proper tension
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stiffening model. This would be a more practical method to solve the problem than
utilization of link elements between steel bar and concrete. For this purpose at first
step, a comprehensive experimental program including 58 cylindrical reinforced
concrete specimens under various levels of corrosion is conducted. Some of the
specimens (44) are located in large tub containing water and salt (5% salt solution).
An electrical supplier has been utilized for the accelerated corrosion program.
Afterwards, the tensile behavior of the specimens was studied by means of the
direct tension tests. For each specimen, the tension-stiffening curve is studied at
various load levels. Average crack spacing, loss of cross-section area due to
corrosion, the concrete contribution to the tensile response for different strain
levels, and maximum bond stress developed at each corrosion level are studied, and
their appropriate relationships are proposed. Afterwards based on the experimental
program and some analytical relationships, a new bond-slip-tension-stiffening
model considering the effects of corrosion of reinforcement was developed. It is
implemented into nonlinear finite element relationships as a part of a hypoelastic
model of reinforced concrete. Finally, the performance of the program in handling
nonlinear analysis of corroded reinforced concrete members is validated.
Table 1: Amalgamation of current literature
Researchers

Subject of
simulation

Framework for
constitutive relations
Incremental stress–strain
relation for concrete,
with smeared rotating
cracks
Elasto-plastic and
damage Mechanics

Corrosion and bondslip representation

Coronelli and
Gambarova [1]

RC beam

Dekoster et al. [2]

RC beam

Lundgren [3]

Direct tension test
specimens

Theory of plasticity

Lee et al. [4]

RC beam

Incremental stress–strain
relation for concrete

Bond element

Amleh and Ghosh
[5]

Direct tension test
specimens

Elastic and plastic Model

Pressure–overclosure
relationship

Link element
Special link element
called "rust"
Special layer of
elements between
steel and concrete

2. EXPERIMENTAL PROGRAM
A total of 58 specimens have been prepared for the experimental program.
Specimens were divided into 7 types according to their sizes (see Table 2). From
each type, 2 specimens (totally 14) were used as control and were not placed in the
corrosive conditions. The rest of the specimens (totally 44) have been kept in the
corrosive environment until the expected level of corrosion achieved.
Subsequently, all of the specimens including non-corroded samples were tested by
direct tension test on the embedded rod. Medium strength concrete (26 MPa) was
used. The mean value of physical and mechanical properties of each type of rebars
and concrete were measured (see [7] for details). Concrete cylinder specimens had
a constant 500 mm length and variable diameter (60, 100, 150 mm). One deformed
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steel reinforcement has been embedded in the middle of the concrete cylinder. This
steel bar was extended adequately outside the two ends of the specimen. The
specimen diameter and reinforcement diameter have been chosen in a manner to
facilitate the feasible study of the effects of some important parameters such as
clear concrete cover, ratio of clear concrete cover to rebar diameter, and ratio of
rebar diameter to reinforcement ratio. For the construction of the specimens, 500
mm long rubber molds have been used. The molds have been set on a special
chassis vertically. Steel reinforcement has been placed in the middle of the
specimens to pass through the existing socket on an especial chassis at the end
area. This set has been placed on a vibration table and the ready mixed concrete has
been cast in mold layer by layer. After 24 hours, the molds have been opened and
the specimens were cured in the ambient temperature for 28 days. The exposed
parts of the reinforcement and the end areas of the RC specimens at the top and
bottom surface were coated by epoxy. The extended steel bar outside the concrete
was covered by two layers of tape, electrical tape followed by duct tape. The
specimens have been immersed into a fiberglass tub containing a solution of water
and salt (5%). An electric supplier has been utilized to subject the specimens to
voltage of 24 V and current density of 8 A. The direction of the electric current was
set so that the reinforcement served as the anode while the bare metal wire which
was spread over the specimens served as cathode (see Figure 1). The duration of
the accelerated corrosion procedure was estimated by Faraday's law to reach the
required corrosion levels; with periods ranging from one day to one month. The
actual values of degree of corrosion were calculated by breaking the specimens to
retrieve the reinforcing bar after completion of the tests. The reinforcement bar for
each specimen was cleaned and carefully scrubbed with a wire brush to assure that
the bar was free from any adhering corrosion products. Special attention had been
paid not to alter the base metal. The reinforcing bar was then carefully weighed to
determine the actual corrosion degree.
Two special metal plates were fabricated, and each one was affixed to the top and
the bottom of the specimens by three screws for measurement of specimen axial
deformation. The LVDT (Linear Voltage Differential Transducer) system was
employed to measure axial deformations. One gage was attached to the top plate
and another one to the bottom plate for this purpose; the values of axial
deformation of the specimen in each stage of loading were recorded by connecting
them to the data logger apparatus. To measure reinforcing steel elongation, a
displacement gage was affixed to the reinforcing bar at the top and another one at
the bottom, connected to another LVDT system. The axial tensile forces were
applied by a hydraulic jack and measured by a load cell connected to the top
bracket. The axial load values were measured continuously by a data logger
equipment (see Figure 2). The axial forces were increased to reach yielding
capacity of the steel reinforcement; the tests were ceased by the onset of plastic
deformations, and the number of transversal cracks and minimum and maximum
crack spacing were recorded for each specimen. Eventually, actual degrees of the
corrosion were measured for the corroded RC specimens as described earlier.
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Figure 1. Accelerated corrosion program [7]
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Figure 2. Details of the direct tension tests [7]
Table 2. The specimens overview [7]
Type

Specimen

c (mm)

ρ

c d

1
2
3
4
5
6
7

S12-60
S12-100
S18-60
S18-100
S18-150
S25-100
S25-150

24
44
21
41
66
37.5
62.5

0.04
0.0144
0.09
0.0324
0.0144
0.0625
0.0278

2.0
3.67
1.167
2.278
3.67
1.5
2.5
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The Corrosion levels, ultimate crack spacing, concrete stress contribution, bond
strength, specimens' total applied tensile load versus average reinforcement strain
and effect of corrosion on the cross-section area of the reinforcement are studied
for specimens. The results of the experimental investigation reported elsewhere [7].
Some of the empirically obtained formulas are summarized by Table 3.

Parameter
Average Final
Crack Spacing
Steel
reinforcement
yield strain
Reinforcement
cross-sectional
area
Ultimate bond
strength

Table 3: Review of some proposed relationships [7]
Formula
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3. MODELING STRATEGIES
In tension, the model adopts a macroscopic approach that is directly integrated into
the concrete law. It simulates implicitly the reinforcing bar-concrete interaction
using tension-stiffening factors adjustable according to the nature of specimen that
vary as a function of the member strain, clear concrete cover, bond-slip behavior,
degree of steel bar corrosion and amount of steel reinforcements. The tensionstiffening curve consists of two distinct states, namely “multiple cracking state”
and “final cracking state.” Therefore, the uniaxial tensile stress-strain curve of a
RC element could be divided into three states (see Figure 3-a): (a) “uncracked
state” (path OA), (b) “multiple cracking state” (path AB) and (c) “final cracking
state” (path BC). The numerical strategy of the proposed model is to discretize the
tensile stress-strain curve by a set of discrete points called “principal points.”
Those are connected by straight line to form a polygon similar to Figure 3-b. The
number of “principal points”, N , is a constant value for a specific RC element
during each analysis. This value probably differs from a RC element to another,
depending on its characteristics; the minimum value of N is 4; because at least for
describing the reinforced concrete tensile stress-strain curve, three lines are
necessary. The computed stress and strain values corresponding to “principal
points” are stored in two separate vectors, namely: {esm} and {scm} ; the
dimensions of these two vectors are equal to the number of “principal points,” N .
The value of tensile stress corresponding to the specific tensile strain could be

48 / Simulation and Behavior of Corrosion Deteriorated… –––––––––––––––––––––––––

calculated by a linear interpolation. This concept and a sample for interpolation
between the “principal points” are represented in Figure 3-b. For i = 1 , the values
esm(i = 1) and scm(i = 1) are equal to zero. When i = 2 , the values esm(i = 2) and
scm(i = 2) are equal to

ε cr′ and ft′ ; when i exceeds 2 the “multiple cracking state”

is started and this state lasts until the value of a becomes less than 0.5S m . The
values of stress and strain corresponding to the “principal points” in “multiple
cracking state” is calculated by the following formulas:

(b) Idealization of RC tensile behavior and
a sample for linear interpolation between
principal points
Figure 3. Tension-stiffening [8]

(a) Schematic representation of tension
stiffening curve

esm( 2 < i < N − 1) = (

1 + nρ cosh(ka)
−
nρ cosh(ka) − 1

.75 sinh( 2ka)
1 + .5 cosh(2ka) −
ka
−
).(ε cr′ (exp(−550.esm(i ) − ε cr′ )))
(cosh(ka) − 1)nρ
.75 sinh( 2ka)
ka
)( f t′(exp(−550esm(i ) − ε cr′ )))
cosh(ka) − 1

1 + .5 cosh(2ka) −
scm( 2 < i < N − 1) = (

(1)

(2)

The derivation processes of above equations are presented in [8]. Parameter a is
the half of the spacing between the two faces of two adjacent cracks in a tensile
member. The value of 2a for the first “principal point” of “multiple cracking
state” ( i = 3 ) is equal to element length perpendicular to crack direction, L. For the
second point of “multiple cracking state”, i = 4 , the value of parameter 2a is
bisected and it gets the value of L 2 . For the next points this procedure will be
continued until a becomes less than half of the average final crack spacing ( S m );
at this point ( i = N − 1 ) which is called “final cracking point,” the “multiple
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cracking” curve is completed. At “final cracking state,” the curve corresponding to
this part is idealized by a line which is defined by two points, namely, “final
cracking point” ( i = N − 1 ) and “ultimate tensile point” ( i = N ). At this stage,
{esm} and {scm} vectors are computed by these two formulas:

esm(i = N − 1) = ε y −

f bu Ψ.S m
As Es .2 3

scm(i = N − 1) = 0.577 f t′exp(−550(esm(i ) − ε cr′ ))

(3)

(4)

For simplicity and due to the lack of information about corrosion effect on “final
cracking state,” the “final cracking state” is neglected for corroded RC elements,
therefore, Eqs. (3) and (4) change to:

esm(i = N − 1) = ε y

, scm(i = N − 1) = 0

(5)

and the “final tensile point” is calculated by:

esm(i = N ) = ε y

, scm(i = N ) = 0

(6)

A comparison between Eqs. (5) and (6) shows that the elements i = N − 1 and N
has the same values for the corroded RC elements, leading to removal of the “final
cracking state.”
4. APPLICATION
The proposed tension-stiffening model is implemented into a nonlinear finite
element analysis program which is called HODA. In this section, the abilities of the
developed program on the analysis of field corroded RC beam specimens are
verified.
The history, capabilities, element library, constitutive models and limitations of
HODA nonlinear finite element analysis program used in this study are discussed
elsewhere [9]. This program can depict, through the entire monotonically
increasing load range, the static and reversed cyclic response of any plain,
reinforced or prestressed concrete structures that is composed of thin plate
members. This includes beams, slabs (plates), shells, folded plates, box girder,
shear walls, or any combination of these structural elements. Time-dependent
effects such as creep and shrinkage can be also studied. The element library
includes membrane, plate bending, facet shell, one-dimensional bar, and boundary
elements. The facet element has been used for modeling the RC beams. The
program employs a layered finite element approach. The structure is idealized as an
assemblage of thin constant thickness plate elements with each element subdivided
into a number of imaginary layers. Each layer is assumed to be in plane stress
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condition, and can be in any state - uncracked, partially cracked, fully cracked,
non-yielded, yielded, and crushed- depending on the stress or strain conditions.
Analysis is performed using an incremental-iterative tangent stiffness approach,
and the stiffness of the element is obtained by adding the stiffness contributions of
all layers at each Gauss quadrature point. Appropriate convergence/divergence
criteria are utilized to stop the iterations in each load step as soon as a required
degree of accuracy has been attained. Concrete are assumed to be as a stressinduced orthotropic material. The hypoelasticity constitutive relationship
developed by Shayanfar has been used for modeling of the uncracked concrete.
Smeared crack approach has been adopted for modeling of the cracked concrete.
Thorenfeldt, et al. relationship which is able to accurately represent the family of
stress-strain curves for different strength concretes including the high strength
concrete is employed. In this research, the program has been modified to include
tension-stiffening effect considering bond-slip and corrosion effects in reinforced
concrete structures. The steel reinforcement is treated in HODA program as an
elasto-plastic-strain-hardening material. A slightly modified form of the biaxial
strength envelope curve developed by Kupfer, et al. is used in the program built up
in the present study [9 and 10].
Three reinforced rectangular beams with f c′ equal to 70.1 MPa –that are almost
high strength type concrete- were tested by Lee, et al [4]. Three beam specimens of
their tests, namely BCD1, BCD2 and BCD3 are investigated in this study. The
beams were 250x200 mm2 in cross-section and they were supported over a clear
span of 2000 mm (see Figure 4). It was subjected to two concentrated loads. The
details of the reinforcement layout and the geometry of the beams are shown in
Figure 4. The material properties of the concrete and the steel reinforcement are
given in Table 4. The rate of reinforcement corrosion of each specimen is available
on Table 5. Because of symmetry of load and geometry of the beams, only one-half
of the beams are modeled in the finite element idealization. The beam specimen is
discretized into 120 facet shell elements as illustrated in Figure 4. Plane stress
conditions are assumed, therefore only one layer of concrete is sufficient. The
longitudinal reinforcements are modeled using discrete bar elements without any
flexural stiffness and are lumped in single bars at the reference surfaces. A 4x4
Gauss quadrature is used for estimating the integrations involved. The vertical
loads are applied in 30 load steps with smaller increments of loads being applied
just before the beam reaches its ultimate load stage. It would improve the rate of
convergence of the solution and the accuracy in predicting the failure load. The
smeared fixed crack model is used for crack modeling. All of the elements
classified into two groups according to their tensile behavior; first group consists of
reinforced elements with “tension-stiffening” behavior according to the proposed
model; second group, consists of elements without reinforcement and their tensile
stress-strain curves are described by linear “tension-softening” behavior. The first
group ultimate tensile strain is equal to reinforcement yielding strain, while for the
second group, it was chosen near to the strain calculated by a simple formula
proposed by Shayanfar et al. [11]; this formula defines the RC element ultimate
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tensile strain as function of element size in a very simple manner. This is used to
remedy mesh size dependency in a nonlinear finite element formulation for
reinforced concrete structures.
The analytical and experimental load-deflection curves for the beams BCD1 to
BCD3 are plotted in Figure 5. The analytical results are a little bit stiffer than the
experimental results and in good agreement with experimental findings. The stiffer
response of model can be related to non-uniform corrosion, pitting, and
longitudinal cracking due to rebar corrosion and the other items that arise from
haphazard nature of corrosion and cracking phenomenon in RC members.
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Figure 4. BCD1, BCD2 and BCD3 experimental details and finite element idealization
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Table 4: Material properties of RC beams
Properties

Beams

As (mm2 )
f c (MPa)
E 0 ( MPa)

256.46

εc
ε cu

70.1
38500
0.002
.004 (Assumed value)

f t′(MPa)
f y (MPa)

359.4

E s (MPa)

197000

*
s

3.67

E ( MPa)

1300 (Assumed value)

ε su

0.15

Eb ( MPa / mm)

450 (Assumed value)

Table 5. Rate of corrosion in RC beams
Beams

C w (%)

BCD1
BCD2
BCD3

3.8
7.9
25.3

5. CONCLUSION AND SUMMARIES
The conclusions drawn from experimental investigation, which is presented with
more details in [7], could be summarized as follows: The tensile behavior of
reinforced concrete considering corrosion effects was studied experimentally. The
specimen properties were chosen in a manner to reflect the effects of the governing
parameters in the tensile behavior of the reinforced concrete specimens. The
following conclusions are drawn:
1. (a) The ultimate crack spacing for non-corroded specimens mainly is related to
the clear concrete cover of specimens. (b) This length will be increased for
corroded specimens by increasing the degree of corrosion and appearance of
longitudinal cracks. (c) This is merely related to the decline of the bond
between concrete and steel reinforcement demanding for greater length to
transfer tensile forces from the steel to the concrete.
2. The study of the specimens concrete stress contribution versus steel
reinforcement average strain reveals that the tension stiffening of reinforced
concrete is very sensitive to the degree of reinforcement corrosion. Severe
corrosion results in bond breakdown between concrete and steel
reinforcement; nearby no contribution of the concrete in the tensile response
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beyond cracking (tension cut-off) could be expected for specimens in such
condition. The lower levels of the reinforcement corrosion have considerable
impacts on the stiffness and the ultimate strain of the tension-stiffening curve.
The ultimate tensile strain of these curves for non-corroded specimens is close
to the reinforcement yielding strain, but it will be reduced nearby to the strain
corresponding to the tensile strength of concrete by increasing the levels of
corrosion. The study on total applied tensile forces versus the average
reinforcement strain curves also shows that the corrosion will decrease
concrete stress contribution in cracking states.
3. The study of ultimate average bond strength deterioration of specimens and
loss of cross-section area of reinforcement as result of corrosion reveals that
the ratio of clear concrete cover to the size of the reinforcement has an
important role in controlling these two important effects of corrosion.
4. Some empirical formulas for prediction of some of the studied parameters (e.g.
ultimate crack spacing) were proposed and compared with the experimental
findings of a similar program. Acceptable correlations were observed between
the results of these two research programs.
Moreover, a new semi-analytical model describing the tension-stiffening
phenomena considering bond-slip behavior and corrosion is represented; see also
[8]. The model splits the tension-stiffening curve into two states, namely: “multiple
cracking state” and “final cracking state.” The proposed procedure predicts the
“final cracking point” by an experimental criterion by setting a lower bound for the
average final crack spacing parameter. Another novel aspect of the tensionstiffening model is the discretization of the tension-stiffening curve by a set of
points called “principal points” and using linear interpolation technique for
computing tensile stress corresponding to a specific tensile strain. This model has
been implemented into the HODA program. This program utilizes the hypoelastic
model and the smeared crack approach. The model has been tested by means of
analyzing three field RC beams; the RC beams have the same geometry and
material property but different rates of tensile rebar corrosion. The analytical
responses using HODA program reveals good agreements with the experimental
findings. The principal features of this paper in a quick view are:
1. Without using any special element between concrete and steel by only
modifying the tension-stiffening curve depending on the rate of steel bar
corrosion, the corroded RC elements can be modeled with a reasonable
accuracy. This method is applicable for a vast variety of steel reinforcement
corrosion rates.
2. A new bond-slip-tension-stiffening algorithm has been introduced.
3. Ductility and the failure points of the corroded reinforcements RC members
have been predicted reasonably by the means of a simple nonlinear finite
element model.
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1. BACKGROUND AND INTRODUCTION
CIB-the International Council for Research and Information in Building and
Construction –is the world’s foremost network of organizations and persons in this
area. Its objective is to stimulate the worldwide exchange information and
cooperation in international projects, on all aspects of building and construction,
with activities in the areas: technology, design and process for buildings and
the built environment
with members from research, academia, industry and other built
environment stakeholders
operating through experts commission, priority themes, student chapters and
special interest clubs
Two groupings of worldwide / international trends and developments:
of a more general nature and related to developing governmental policies
related to priority themes for building and construction R&D.
2. TRENDS IN B&C R&D OF A MORE GENERAL NATURE
1
In many developed countries, with a built environment that is more or less
“ready”: Lessening of political interest in B&C R&D and withdrawing of
government as subsidizer of collective research, resulting in:
growing impact of industry stakeholders
growing focus in R&D on industry requirements / applicability of
R&D / innovation
increasing commercial pressures on B&C R&D institutes /
slimming or even disappearing B&C R&D institutes.
In CIB we see this reflected in the form of a growth since a few years
especially of industry members and through a former emphasize in CIB
Meetings on academic discussions being replaced by ones on practice
oriented projects.
2

In Europe: R&D programs directed and financed from Brussels, resulting
in:
- EU cooperation ànd competition in programs, but now also between
institutes beyond programs; resulting for example in regional cooperation /
mergers or specialized (expensive) international R&D laboratories, with
Brussels’subsidies.
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In CIB we are realizing that we are in fact competing with such funded EU
R&D programs and we notice that no longer our growth in membership is
originating from Europe but from the other regions in the world.
3. WORLDWIDE B&C R&D PRIORITY THEMES=CIB PRIORITY
THEMES
1
SBC-Sustainable Building and Construction CIB started with SBC as a
Priority Theme in 1995, but after more then 10 years it is still that
important worldwide as a “driver” of R&D. Dominant developments in the
SBC area over these years include”
-changing focus: from an emphasize on “simple” topics like energy, waste
pollution and recycling, via a more holistic but also complex approach
looking for balance between social, economic and environmental
sustainability, now “back to a “relative simple” approach again with an
emphasize on topics like energy (again, but far more ambitious) and
climate change (both mitigation and adaptation).
-SBC becomes a strategic priority in other parts of the world, for example
in China-SBC/Green Building becoming a necessity in main stream
construction practice, resulting for example in the need for
assessment/labeling/certification systems.
CIB Priority Theme since 1995: SB Agenda, SB Conference series, various
Commissions, partnership with the UN.
2
RC-Revaluing Construction There is an acknowledged need in many
countries to develop towards a substantially different and high performing
industry that is integrated and transparent in organization, that is proactive, innovative and client and user oriented in attitude, that is perceived
to be of high value to society and that attracts high quality and well
educated employees.
- examples of national reform programs include: Rethinking Construction
in the UK, PSIBouw in The Netherlands, CRC for Construction Innovation
in Australia en various such programs in Scandinavian countries
- R&D themes in such national reform programs include: procurement and
process (with assumed decisive roles for large public clients), with
attention for example for LCC based procurement and performance
procurement, and industrial production processes.
CIB Priority Theme since 2001: RC Agenda, various Commissions, RC
Conference series
3
IDS-Integrated Design Solution in Construction After two decades of
developments in international research now – since 1 or 2 years – a sudden
exploding attention all over the world for the use of BIM - Building
Information Models = all partners in a project (for example in one joint
server) really sharing all information in one model throughout all phases of
the project, based on IFC information standards. The technology for this
seems to be more or less ready for application (or not yet?).
-the application of BIM will result in a substantially different process for
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the planning, design, construction and management of buildings and
infrastructural works; one that requires not only different information
management, but also different liabilities, communication, procurement,
culture
etc.
-BIM will offer new possibilities for integrated CAD/CAM processes and
create a new context for Automation and Robotics in Construction.
-the application of BIM is being made mandatory in the public
procurement of buildings in some North European countries, but also by
organizations like GSA in the USA.
IDS is a CIB Priority Theme since 2006 and is still in stage of program
elaboration: first CIB IDS conference in Helsinki, Finland in June 2009
Summary trends in worldwide B&C R&D:
in developed countries: growing role for the industry / growing emphasize
on applicability of R&D outcomes, but also growing commercial pressures
in some case resulting in slimming down or even disappearing B&C R&D
institutes
in Europe: development towards an international R&D market, with
funding for collective R&D from Brussels = unique in the world
surprisingly many similarities in defining Priority Themes, with today’s
B&C R&D in many countries being driven by priorities i) still for
Sustainable Building and Construction but now with amongst other a strong
focus on issues related to climate change and the built environment, ii)
Revaluing Construction with its often very ambitious industry reform
programs and with a lot of attention for applying new organizational models
and iii) the aim for Integrated IT based Design Technologies with in this
context the ‘sudden” worldwide and often mandatory application of BIM.
Closing Remarks
Not one country has the resources to be leading all developments. For all countries
the principle applies that 80 – 90% of needed new knowledge and technologies is
being developed abroad.

State-of-the art knowledge and information on all such themes B&C R&D is
being brought together in CIB and is being made accessible for all its
members.
We live in fast changing world: one in which R&D has a great potential to be of
value to all built environment stakeholders and one in which modern technologies
can very substantially increase the performances of our industry.
It is important for the Iranian B&C R&D community to become engaged in CIB as
actively as possible.
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CONSTRUCTION INDUSTRY DEVELOPMENT IN DEVELOPING
COUNTRIES; LESSONS AND OPPORTUNITIES
R. Milford
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ABSTRACT
This paper deals with the development of the construction industry, with a
particular focus on developing countries. The paper brings together some of the
lessons learned from the national programmes around the world, and explores the
opportunities for enhancing the role of research infrastructure and national
laboratories in supporting such change.
The paper notes that in those countries that have adopted national initiatives to
develop the construction industry, opportunities exist for the research infrastructure
(the universities and research laboratories) to make a meaningful contribution to
the development of the industry. In fact, it is likely that any national activity
cannot succeed without the active support and participation of the research
infrastructure. Specifically, research organisations underpin the development of
the construction industry in any country.
Keywords: construction industry development, research
INTRODUCTION
Ladies and gentlemen.
My address deals with construction industry development, with a particular focus
on developing countries. My aim is to:
• bring together some of the lessons learned from the national programmes
around the world; and
• explore some of the opportunities for enhancing the role of research
infrastructure and national laboratories in supporting such change.
WHAT IS CONSTRUCTION INDUSTRY DEVELOPMENT?
• Construction industry development is the deliberate and managed process to
optimise the contribution of the construction industry in:
meeting national construction demand;
• promoting national social and economic development objectives;
• promoting industry performance and competitiveness; and
• providing improved value to clients.
This definition was crafted by, amongst others, Prof George Ofori, Jill Wells and
Spencer Hodgson at the 1st Conference on Construction in Developing Countries
in Arusha, Tanzania, September 1998, organised by TG29 of the CIB.
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PARTICIPANTS IN CONSTRUCTION INDUSTRY DEVELOPMENT
This definition of construction industry development addresses the role and the
contribution of all participants who add value to the delivery process;
• from project inception to project handover and maintenance; and includes
• the public and private sector clients, build environment professionals,
constructors, materials manufacturers and suppliers, training delivery
institutions, regulatory bodies and research institutions.
Furthermore, this definition does not differentiate between the local industry and
the foreign industry – but in developing countries a component must clearly
include a focus on the development of the local (or indigenous) industry.
AN INTERNATIONAL PERSPECTIVE
Internationally, several countries have established formal or informal national
programmes to support the objectives of construction industry development. The
‘drivers’ that have led to the creation of theses national initiatives show both
common elements and local dimensions.
Common elements include (after Roger Courtney, 2002):
• a recognition that construction accounts for a significant proportion of national
economic activity and that the effectiveness of the sector has implications for
other industries and for public services;
• a perception that construction, in contrast to other industry sectors, has not
improved its use of labour and its overall productivity as much as other sectors
in recent decades and that as a consequence its outputs are becoming relatively
more expensive;
• a view that a key factor in the allegedly poor performance of construction is
the number of different parties who have responsibilities within the
construction process and therefore a desire to bring about a more integrated
process; and
• overall, a view that construction should, by integrating its internal processes
and adopting new information and production technologies, seek to become
more similar to manufacturing sectors.
Before looking at these factors in more depth, it is useful to look at construction
industry development from a developing country perspective.
A DEVELOPING COUNTRY PERSPECTIVE
Although many of the challenges facing the construction industry in developing
countries are similar to those in developed countries (and hence much can be learnt
from the initiatives in developed countries), there are also significant differences
between the developed and developing countries. In particular, Ofori (1999, 2001)
notes that:
• although construction may account for a significant proportion of national
economic activity in developing countries, in many cases the indigenous
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•
•

industry is weak and under-developed, and much of the construction activity is
undertaken by multinationals;
the construction industry in many developing countries is facing reduced
levels of demand as a result of adjustment programmes which invariably
involve cuts in governments’ capital investment; and
with public funds under severe strain and chronically short, ways must be
found to structure funding strategies which are suitable for the developing
countries.

DRIVERS FOR CHANGE; LOCAL ELEMENTS
Other factors, or local elements, have been prominent in many countries which
have created the need for a national or industry focus on the development of the
industry, including:
• in the UK, major clients (notably utility companies that had been
previously public sector organisations) wished to achieve better value from
their investments in construction and sought new relationships and
procedures to obtain this;
• in the UK also, the poor image of construction, as perceived by prospective
employees and the Stock Market, caused firms to consider how new forms
of operation could both provide more attractive employment conditions
and higher levels of profitability;
• in Singapore, there was a realisation that the industry was heavily
dependent upon relatively unskilled operatives, many from outside
Singapore, and a principal focus of the review was therefore skills
requirements and means of making more effective use of labour;
• in South Africa, the need to create an enabling environment for the
transformation of the industry to create economic opportunities for all
participants;
• in Hong Kong, some prominent defects in new construction works, such as
inadequate foundations, had revealed shortcomings in quality practices,
and – in the extreme – corrupt practices. Institutional arrangements for
both procurement and in the carrying out of the works (e.g. the use of
multi-layer sub-contracting) became a principal focus of the review;
• a desire to increase the international competitiveness of the construction
sector, so that it could secure a higher proportion of business from other
countries, was a factor in Hong Kong, Singapore and Australia.
It is seen from these examples that the focus of the development of the industry is
very context specific, and depends on the needs of the country at a specific point in
time.
NATIONAL PROGRAMMES
Internationally, the national programmes to support construction industry
development broadly fall into three categories, namely:
• those that have established national initiatives to develop the construction
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sector, involving a wide range of actions (e.g. UK, Australia, Hong Kong,
Singapore, South Africa, India, Denmark);
• those that have recognised many of the needs of construction industry
development in research programmes and other activities, but have not
brought these together in a national initiative (e.g. Finland, the USA, Sweden);
and
• those that have no national programme, but have some activities that address
construction industry development (e.g. France, Malaysia, the Netherlands,
Chile, Japan).
These categories do not have sharp boundaries, and some countries (e.g. Denmark)
might be placed in a different category.
My presentation to follow will only focus on national initiatives.
THE SOUTH AFRICAN EXPERIENCE
While the need for, and focus of, the development of the industry differs from
country to country, it may be useful to reflect on some aspects from the South
African experience in developing the construction industry.
The impetus to the start of the reform process in South Africa began before the
democratic elections in 1994, in which political power was transferred from a
minority to the majority.
But the passage of transfer of economic opportunities to the majority was not going
to be easy. Prior to 1994, the black population was excluded from most economic
and many social opportunities (including meaningful education and skills
development). Amongst others, a clear need therefore existed to promote the
development of black contractors and participants – most of which had been
excluded from meaningful participation in the construction industry.
A DECLINING CONSTRUCTION INDUSTRY
While the need for transformation was clear–prior to 1994 (like many other
countries), the demand for construction in South Africa was in decline, resulting in
increased competition, shedding of labour and skills, limited recapitalisation of
equipment, and so on.
Simply transferring economic opportunities from one sector to another was not a
viable option, and the development of the industry depended on:
• growth in infrastructure investment - providing increased opportunities;
• growing the capacity of the industry to meet the increased demand – and
particularly amongst the previously disadvantaged sector; and
• improving the performance of all participants to deliver value for money to
clients and to meet socio-economic objectives.
THE SA GREEN AND WHITE PAPERS
The process for setting up the framework the development of the construction
industry in South Africa included the development of a government Green Paper in
1997, a White Paper in 1999, and legislation for the establishment of the
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Construction Industry Development Board (cidb) in 2000.
The South African Green and White Papers parallel in many ways the frameworks
developed in other countries, such as:
• the Latham and Egan Reviews in the UK;
• the Australian Construction Industry Development Agency (CIDA) and the
National Building and Construction Committee (NatBACC) Action Agenda –
Building for Growth; and, more recently
• Vision 2020 in Singapore.
THE CONSTRUCTION INDUSTRY DEVELOPMENT BOARD (SA)
The cidb was established in South Africa in 2000, reporting to the Minister of
Public Works, and currently has a staff complement of about 120 people, grouped
around:
• corporate functions;
• registration of contractors and projects;
• procurement and delivery management;
• growth and contractor development; and
• performance improvement.
Again, the cidb parallels in many ways the institutional structures developed in
several countries, including:
•
•
•
•

the Rethinking Construction, Constructing Excellence, Better Public Buildings
and other initiatives in the UK;
the performance improvement programmes of the Building and Construction
Authority (BCA) of Singapore;
the initiatives of the Construction Industry Development Board (CIDB) of
Malaysia;
the Australian Construction Policy Steering Committee (CPSC) Construct
NSW and other initiatives of the government of New South Wales.

DRIVING CHANGE
Turning again to international experience, the ability and approach adopted to
influence stakeholders under a national initiative varies significantly from country
to country. However, there are many commonalities.
Firstly, internationally, many governments have assumed the lead responsibility for
driving reform initiatives in the context of national socio-economic objectives.
Governments are more able to organise public sector clients around reform
initiatives (albeit usually under the instructions of a higher authority), driving
change within their own business functions (such as procurement reform), and
driving change amongst their suppliers (largely through the procurement regime).
On the other hand, there are only a few successful examples of private sector
clients collectively driving change and reform initiatives amongst themselves or
amongst their suppliers – other than amongst a small number of forward looking
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committed private sector clients.
Similarly, there are few successful examples of construction industry suppliers
collectively driving change amongst themselves – with the most notable examples
being the benchmarking initiatives in the USA.
AFFECTING CHANGE
International experience has shown that effecting change at a national or sector
level is complicated, resource intensive, and can only be achieved over a relatively
long period of time (in some cases up to 10 years or even longer). Notwithstanding
the huge challenges, numerous reform initiatives have been initiated around the
world to support the necessary development of the construction industry – and
many of these have shown progress towards their objectives for reform. An
assessment of these reform initiatives (some of which themselves have been in
existence for 10 years or longer) highlights key criteria for the success of such
reform initiatives, and collectively these point towards a structured framework that
can be adapted to national performance initiatives.
The international reform initiatives reviewed by the authors include, amongst
others:
• the Rethinking Construction, Constructing Excellence, Better Public Buildings
and other initiatives in the UK;
• the performance improvement programmes of the Building and Construction
Authority (BCA) of Singapore;
• the Australian Construction Industry Development Agency (CIDA) and the
National Building and Construction Committee (NatBACC) Action Agenda –
Building for Growth;
• the Australian Construction Policy Steering Committee (CPSC) Construct
NSW and other initiatives of the government of New South Wales;
• the initiatives of the Construction Industry Development Board (CIDB) of
Malaysia;
• the recently initiated Process and System Innovation in Building and
Construction (PSIB) programme in the Netherlands; together with
• a range of government and client driven initiatives aimed at furthering
sustainable development, and in particular environmentally sustainable
development.
Some key elements of these initiatives are described in the following sections.
LEADERSHIP
Without exception, the role of leadership by individuals and/or organisations has
been fundamental to the success of every one of the more successful international
reform initiatives. Common forms of leadership that are observed in the
international reform initiatives include:
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•

Leadership by government (either individuals of government departments) –
demonstrating commitment and willingness to the reform initiatives. Examples
of such leadership by government include the procurement reform initiatives
being carried out in the Office of Government Commerce (OGC) in the UK,
the Better Public Buildings initiative in the UK, and the Construction Client
Charter and Demonstration Projects initiatives in the UK.
Leadership by influential forward thinking and progressive private sector
organisations, and in particular private sector clients, is relatively common
internationally.
Examples include those initial private sector clients
participating on the UK Construction Client Charter, and members of
influential organisations such as the World Business Council for Sustainable
Development.

OBJECTIVES CREATE THE FOCUS
Performance improvement programmes are generally driven by high level goals
and objectives. For example, the Singapore programme to promote buildability
derives from the national objective to limit the need for imported labour by
improving productivity. Clarity on priority reform objectives is of the utmost
importance to ensure focus, and is usually informed by policy, legislation and
industry reviews. The objectives usually have to be cascaded out from higher level
objectives to more manageable lower level objectives, which can them be
prioritised. For example, the Construct NSW agenda set out an integrated
framework of 20 strategies and 85 supporting actions to enable the government to
achieve best value for money from its construction procurement, to support its
economic and social goals through construction procurement and to assist the
industry to achieve it potential. These strategies were then grouped under 8
headings-analogous to objectives – including:
• strategic information for decision making;
• business ethics and practices;
• security of payment;
• management and workforce development;
• continuous improvement;
• towards an ecological sustainable industry; and
• encouragement and recognition.
AWARENESS
Awareness creation and promotion is fundamental to furthering the objectives of
reform initiatives, so as to continually reinforce the reform message, and to
broaden the awareness and understanding of the reform initiatives. There are
numerous examples of successful (and unsuccessful) awareness creation and
promotion activities internationally, including:
• targeted awareness creation in the popular and technical press;
• award systems, such as the Considerate Contractor Scheme and the Prime
Minister's Better Public Building Award in the UK;
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•
•

forums, benchmarking clubs, and demonstration projects, and
periodic reporting, on the state of the industry or industry reform.

INFORMATION AND TOOLS
The development and dissemination of appropriate information and tools to
support the attainment of reform objectives is a further key success factor, and as
illustrated below can take various forms. Note, however, that many of the systems
outlined below are in fact enforced through various instruments in many of the
reform initiatives around the world, but the systems themselves provide a tool
together with information to equip various stakeholders for change:
• codes, standards and guidelines, both voluntary and enforced through
legislation;
• best practices, applicable to almost every reform initiative around the world;
• management systems, together with supporting implementation tools,
specifying processes to be adopted and reported on, varying from full ISO
9000 and 14000 accreditation (which is currently required on selected projects
in Singapore), to the management systems developed to target specific issues –
such as the NSW Australia OHS&R Management Systems and Environmental
Management Systems;
• accreditation and rating systems together with supporting implementation
tools, such as the LEED environmental design accreditation of design
professionals in the USA, the NSW Contractor Best Practice Accreditation
System, and accreditation systems for buildings – predominantly
environmental and quality systems;
• triple-bottom line reporting schemes and methods, which are becoming
increasingly common around the world.
CAPACITY BUILDING
Capacity building is key to several of the international reform initiatives, including:
• formal training programmes for public sector officials that support reform
initiatives;
• the establishment of public sector Centres of Excellence (such as the OGC
Programme and Project Management Centres of Excellence in the UK), whose
aim is to achieve significant improvement to central government capability to
deliver successful programmes and projects;
• the sponsorship of formal and informal training programmes for private sector
participants impacted on by reform initiatives.
In addition, many of these capacity building programmes in the public sector are
supported by the development and implementation of performance management
systems for public sector officials that are aligned to the reform initiatives.
ENFORCEMENT AND COMPLIANCE
All reform initiatives around the world are dependent to a greater or lesser degree
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on enforcement and compliance mechanisms.
These mechanisms vary
significantly, and include:
•
legislation to seek compliance with minimum acceptable standards (such as
safety and health, and certain environmental considerations). In NWS,
legislation has also been introduced to effect the prompt payment of
subcontractors;
•
procurement instruments, which are one of the most powerful instruments
used in all reform initiatives for effecting change amongst suppliers, i.e.
clients (typically government clients) specifying their requirements (aligned
with the reform objectives) for other parties wishing to do business with them
–often requiring compliance with codes of conduct, standards, and guidelines,
or the mandatory use of management systems;
•
registration and accreditation of contractors, designers, etc. according to
specified criteria for different types of activities – including “construction
registers”, which is typically implemented through legislative or procurement
means; and
•
commitment to voluntary compliance together with review mechanisms, to
charters, codes of practice and/or conduct, management systems, reporting,
including:
•
the UK Construction Client Charter Improvement Programme, in which
clients commit to continually improving their performance in 4 themes;
•
the numerous environmental and social responsibility charters – such as the
Equator Principles developed by leading international financiers; and the
FIDIC Integrity Management System, adopted by the World Bank and others.
MONITORING, EVALUATION AND REVIEW
Regular monitoring, evaluation and review is an essential requirement for the
successful implementation of any strategy, and is a key element of all international
reform initiatives – and takes place at both the “macro-level” and the “microlevel”. For example:
•
at the “macro-level” the UK has instituted the Construction Industry
Indicators and the Quality of Life Indicators – setting high-level performance
targets for the industry together with ongoing monitoring against these
targets; and
•
at the “micro-level”, the UK has initiated the OGC “Gateway” review process for
acquisition programmes and procurement projects, and the CABE “Design
Review” for buildings that will have a significant impact on their environment,
while Singapore and Australia require closeout reviews of projects against certain
criteria (which will also shortly be introduced in South Africa).
RESEARCH INFRASTRUCTURE
Turning now to the role of the research infrastructure in supporting national
initiatives.
It stands to reason that research infrastructure, including national laboratories and
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academic institutions, can play a strong role in supporting the development of the
construction industry and any national programmes. However, the relationship
between the research infrastructure and national initiatives has not always been
clear–often due to conflicting priorities and conflicting departmental reporting
lines.
FUNDING STREAMS
The past 20 years or so has seen significant changes in the landscape impacting on
national laboratories due to changing funding streams, impacting in particular on
national laboratories in Europe, the UK, Australia and South Africa.
For example, in the built environment, the Building Research Establishment (BRE)
was privatised in the middle of the change programme in the UK, notwithstanding
a very strong link between the UK reform initiative being driven from the then
Department of the Environment, Tourism and the regions (DETR) and the DETR
being a principle funding agency of the BRE.
Similarly, although not linked to any national change initiative (but certainly linked
with supporting governmental departmental needs and priorities), changes in funding
streams from the Department of Transport in South Africa had a major negative
impact on transportation and road engineering at the CSIR. Similarly, changes in
funding priorities from the Department of Science and Technology resulted in the
closure of the structural, materials engineering and other laboratories at the building
research facilities at the CSIR in South Africa – and in all probability these facilities
have been lost to South Africa (and in fact Africa) for good.
Clearly, if the national research infrastructure is to support national change
initiatives supporting the development of the construction industry, then it has to be
funded appropriately.
CONFLICTING PRIORITIES
However, changes in funding streams have also been associated with changes in
research priorities initiated by the research institutions themselves or by
government departments.
For example, in South Africa, which probably mirrors some countries in the rest of
the world, we have seen changes in which the national laboratories were originally
set up in the 1950s as "agencies" of government departments to support the
developmental objectives of the government departments. With the withdrawal of
government funding for research in the 1980s and 1990s, these laboratories
followed a more market orientated and commercial approach – resulting in
research directions being dictated by commercial opportunities. More recently, in
the 2000s, the national laboratories have adopted an increasing blend of "science
for science sake" in order to rebuild a deteriorated research base in these
laboratories.
All these changes in South Africa, and in many parts of the world, have largely
been driven by a disjuncture between:
• research funding streams often determined by departments of science and
technology; and
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•

developmental objectives determined by government service delivery
departments and/or industry.

LINKING RESEARCH TO DEVELOPMENT NEEDS
I have always held the view there has to be a close link between research
institutions and national or industry policies and priorities – but these have to be
appropriately funded through the same mechanism.
In South Africa, the cidb (like some other countries in the world) have adopted an
approach to consciously build capacity at selected departments within the research
infrastructure in South Africa that is aligned with the objectives of construction
industry development. It is our aim to build selected Centres of Excellence that
can support the cidb – but in reality this vision will only be realised when the cidb
is able to fund these Centres of Excellence on a sustainable basis. The cidb is in
the process of developing such funding models and funding streams.
SUMMARY
Ladies and gentlemen, it is not for me to pass comment on whether there is a need
or an opportunity for a focused initiative on the development of the construction
industry in any country – that needs a deep understanding of context specific issues
in that country.
But, in those countries that have adopted national initiatives to develop the
construction industry, opportunities exist for the research infrastructure (the
universities and research laboratories) to make a meaningful contribution to the
development of the industry. In fact, it is likely that any national activity cannot
succeed without the active support and participation of the research infrastructure.
And where it is not necessary to have a national focus on the development of the
industry, or where such national focuses have not been initiated, opportunities still
exist for the research infrastructure to make a meaningful contribution to the
development of the industry – albeit that it may be more difficult to do so.
Research organisations, such as those represented here today, underpin the
development of the construction industry in any country.
CONCLUDING COMMENTS
In conclusion, I am proud to have been a President of the International Council for
Research and Innovation in Building and Construction (CIB). The membership of
the CIB currently numbers over 400 members originating in some 70 countries.
CIB members include most of the major national laboratories and leading
universities around the world in building and construction.
The CIB facilitates international cooperation and information exchange in building
and construction research and innovation. Individually, and collectively, the
members of CIB play an important role in many countries in supporting the
development of the construction industry.
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ABSTRACT
Steel bracing systems can be used effectively for seismic retrofitting of existing RC
buildings as well as for seismic design of new buildings. Although adaptation of
bracing to upgrade the lateral load capacity of existing RC frames has been the
subject of a number of successful studies, guidelines for its use in newly
constructed RC frames need to be further developed. This paper reports on some
recent experimental and numerical work conducted by the author and his
colleagues on internal bracing of RC frames using direct connections between the
bracing system and the frame. The effects of X-bracing and knee bracing on
enhancing the seismic capacity of the frames are investigated experimentally
through pushover tests as well as cyclic tests. A compression release device has
also been introduced and tested to enhance the seismic performance of the bracing
system by avoiding the buckling of the compression member. An important
consideration in the design of steel-braced RC frames is the level of interaction
between the strength capacities of the RC frame and the bracing system. In this
paper, results of experimental and numerical investigations aimed at evaluating the
level of capacity interaction between the two systems are also discussed. It is found
that the capacity interaction is due primarily to connections overstrength. Based on
the numerical results the connection overstrength has been quantified and
guidelines for the seismic design of the internally braced RC frames with direct
connections are provided.
1. INTRODUCTION
Steel bracing is generally used to increase the lateral load resistance of steel
structures. In recent years, the concept of steel bracing has also been applied to the
retrofitting of reinforced concrete frames. Increased architectural flexibility,
reduced weight of the structure, ease and speed of construction and the ability to
choose more ductile systems can be considered as the main advantages of steel
bracing in comparison with RC shear walls. Two bracing systems are generally
used, external bracing and internal bracing. In external bracing, steel trusses or
frames are attached either as a global external support to the building exterior or,
more locally, to the face of individual building frames. A number of investigators
have reported on the efficiency of external bracing in seismic retrofitting of
existing RC buildings [1-4]. Architectural concerns and difficulties in providing
appropriate connections between the bracing system and RC frames are two of the
shortcomings of this method.
In internal bracing, steel bracing members are inserted in the empty space enclosed
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by columns and beams of RC frames. As a result, each unit frame is individually
braced from within. The bracing may be attached to the RC frame either indirectly
or directly. In the indirect internal bracing, a braced steel frame is positioned inside
the RC frame. As a result, the transfer of load between the steel bracing and the
concrete frame is carried out indirectly through the steel frame. Successful retrofits
of existing buildings by indirect internal bracing using different forms of X, V and
K concentric and eccentric braces have been reported in the literature [5-8]. In
some repair and retrofitting cases, provision of the steel frame may be necessary to
reduce the strength demand on an already damaged and weakened RC frame;
however, in other instances the steel frame acts only as a costly connecting
mechanism with inhibiting technical difficulties in fixing the steel frame to the RC
frame.
To overcome the shortcomings of the indirect internal bracing, Maheri and Sahebi
[9] first recommended using direct connections between the brace elements and RC
frame without the need for an intermediary steel frame. In an experimental work,
they showed the ability of this bracing system to enhance the strength capacity of
RC frames.Later experimental work on directly braced model frames by Tasnimi
and Masoomi [10] also showed the applicability of this method. Recent analytical
work carried out by Abou-Elfath and Ghobarah [11, 12] on both concentric and
eccentric direct internal bracing in non-ductile RC buildings also showed an
improvement in the seismic performance, particularly when using eccentric
bracing. In continuation of their previous work, Maheri et-al [13] conducted
experimental investigations on pushover response of scaled RC frames; braced
with both diagonal bracing and knee bracing systems. In this study the
effectiveness of the two bracing systems in increasing some seismic performance
parameters was shown. Also, in a theoretical study, Maheri and Akbari presented
the behaviour factor, R, for this class of dual systems [14].
Appropriate design of direct connections between the bracing members and the RC
frame is important to achieve the required lateral load capacity. Maheri and
Hadjipour [15] proposed a connection that minimizes the eccentricity of the brace
member force. This allows transferring the brace force to the corner of the RC
frame without producing local damage in concrete members. Using the results of
an experimental program conducted on a number of full-scale connections, they
also presented design guidelines for the brace-frame connections in new
construction. Recent experimental works by Youssef et-al [16] and Ghaffarzadeh
and Maheri [17-19] have shown further that different directly-connected internal
bracing systems can be used effectively in retrofitting of existing concrete frames
as well as shear resisting elements for construction of new RC structures.
2. SEISMIC RESPONSE PARAMETERS OF X-BRACED FRAMES
2.1. Pushover Tests
In an experimental study, details of which are presented in reference [13], pushover
tests were conducted on scaled models of ductile unit frames, directly braced by X
steel braces. The objective of the study was to compare some seismic response and
design parameters, including; load capacity, stiffness, toughness, ductility and
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performance factor of different unbraced and X-braced RC frames in order that
suitability of the X bracing of RC frames could be investigated. Model unit frames
constructed for experimental investigations were 1:3 scaled models of a typical
3mx3m unit ductile frame. For the purpose of comparison, RC beams and columns
in all the model frames (braced or unbraced) had identical dimensions and
reinforcement detail. The corresponding horizontal loads estimated for the ultimate
capacity of the model frame and the bracing systems were, 33 kN for the unbraced
frame and 79 kN for the X-bracing system alone. In total four model frames were
constructed so that the repeatability of the tests could be verified. Two model
frames (F1-P and F2-P) were identical unbraced frames and two models (FB1 and
FB2) were identical X-braced frames. A detailed account of test set-up and
observations are given in [13].

Figure 1. The pushover test of frame F1-P

Load Capacity, Stiffness and Toughness
Over 3.5 fold increase in the lateral load capacity was achieved for the X-braced
model frames tested in that study. Test results show that the load capacity of an
existing ductile frame can be increased to the desired level by directly adding a
bracing system to the frame, without the need for prior strengthening of the
existing frame. This point is further substantiated when it is noted that the load
corresponding to the appearance of the first plastic hinge in the ductile RC beam
(10kN for the unbraced frame) increased by 90 kN when X-bracing was employed.
Cross-bracing also appears to increase the initial stiffness of the RC frame. The
increased stiffness due to bracing remains true at higher loads up to failure. The
increased stiffness, together with the increased capacity, substantially increase the
toughness of the braced frame compared to the unbraced frame. Toughness of the
test frames, determined as the area under the pushover force-displacement curves
shows a five-fold increase for the X-braced frame. This indicates the ability of the
X-braced frame to absorb large energies.
Ductility, Overstrength and Performance Factor
Ductility, overstrength and performance factor parameters were determined for the
four test model frames and are given in Table 1. The parameters given in this Table
are presented in Figure 2, in which Vs, Vy and Ve are forces corresponding to the
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first yield, structural yield and the elastic response, respectively and Rµ = Ve/Vy,
Rs= Vy/Vs and R = RµRs. It should be noted that the performance factor parameters
listed in this Table are specific to the model frames tested and do not represent
those of the full size frames. The Table indicates that when a ductile frame is
braced, in return for the increase in strength, stiffness and toughness, ductility,
overstrength and the performance factors are reduced.
Base shear
Ve

Actual Response
Vy
Idealised Response
Vs
Vw

O

Δw

Δs

Δy

Δ max

Disp.

Figure 2. Pushover curve parameters

Frame
F1-P
F2-P
FB1
FB2

Table 1: Seismic response parameters of the test frames
Ve
Δmax
Δy
Vs
Vy
Rμ
µ
Rs
(kN) (kN)
(mm) (mm)
(kN)
2.78
10.0 3.0
9.5
22.0
79.1
3.60
2.31
2.65
10.0 3.8 10.0
21.0
79.5
3.77
2.10
6.41
10.0 1.6 60.0
74.0
115.4
1.56
1.23
6.45
10.0 1.5 59.5
75.0
116.2
1.55
1.26

R
8.3
7.9
1.9
1.9

The test results lead us to conclude that X-bracing is more suitable for a strengthbased design. However, the relatively small post-yield capacity and the somewhat
brittle failure mode of the X-braced frame make this system unfavourable for a
ductile design.
2.2. Cyclic Tests
In another experimental study, cyclic tests were carried out on half-scale RC unit
frames braced with X-bracing. Details of the test set-up and results are reported
elsewhere [18]. Unit frames where selected from the third floor of a three-bayed,
four-storey frame of a residential building. Two lateral load resisting systems,
namely; an RC moment frame and an X-braced RC frame, were considered for the
study. The gravity and earthquake forces acting on these unit frames were
determined in accordance with the Iranian seismic code [20] using the seismic
force reduction factor for moment frames with moderate ductility. The size of the
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test specimens was determined based on the available laboratory space and the
equipment limits. A 2/5 scaled model, measuring 1.76 m by 1.36 m, was found to
be satisfactory. The forces acting on the panels were also scaled down resulting in
a lateral load of 22kN and two vertical loads of 35kN for the moment frame and the
same lateral load of 22kN and two vertical laods of 38.5kN for the braced frames.
One moment resisting RC frame model, namely F1 and two braced RC frame
models, namely FX1 and FX2, were designed using the above gravity and lateral
loads. The moment frame was designed according to ACI 318-02 [21] and its
detailing was done in accordance with the ACI special provisions for seismic
design. Reinforcement details for this frame are shown, on the left hand side, in
Figure 3. AISC-LRFD [22] was used to design the brace members and their welded
connections to the guest plates. Reinforcement details for the braced frames are
also shown on the right hand side of Figure 2. A double-angle brace cross-section,
consisting of two 25×25×3.2mm angles, giving a cross-sectional area of 300 mm2,
was chosen for the frame FX1 and a C 30×3.5 mm channel with a cross-sectional
area of around 500mm2 was selected for the frame FX2 (Figure 3). The difference
in the brace member cross-section, therefore, made the FX2 frame somewhat
stronger than the FX1 frame.
C. L.
Moment RC Frame

Braced RC Frame

6 mm Wires

6 mm Wire

PL 250 x 150 x 8 mm

70 mm

70 mm

160 mm

70 mm

450 mm

70 mm

35 mm
350 mm

Bracing Members

L 25 x 25 x 3.2

Bracing
Connection at the
Center
Column

Four - 5/8 Inch
Heated Studs
(Typical)

PL 150x150x8 mm

135 mm

235 mm

450 mm

35 mm

Bracing Member

Beam
Brace to Gusset Plate
Connection

176 cm

160 mm

160 mm
140 mm

Beam Sections

140 mm

Column Sections

Moment RC Frame Detailing

Te st Speci m en

4 M10

Br a ci n g Mem be r
Sect i on

BF1

2 L 25 x 25 x 3.2 mm
(Double angle cross section)

BF2

C 3 mm x 3.5
(Imperial Channel cross section)

160 mm

4 M15

4 M10

140 mm

Beam and Column Sections

Braced RC Frame Detailing

Figure 3. Detailing of the moment RC frame (F1) and the braced RC frames
(FX1 & FX2)
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The model frames were subjected to gravity loads using two hydraulic jacks. For
the cyclic test, the actuator was first pulled to a displacement, d1, of 5 mm then
pushed to the same displacement. The value of d1 was increased in the following
cycles by an increment of 5 mm. The behaviour of the test models was monitored
by using electrical and mechanical instrumentations including: Load cells attached
to the hydraulic jacks and the actuator to measure applied loads, Linear Voltage
Differential Transformers (LVDTs) to measure the lateral deformations and
electronic strain gauges to monitor local strains in the reinforcement bars as well as
steel bracing elements.

Figure 4. Test set-up and pattern of cracking in the moment frame (F1)

Hysteretic Response and Load Capacity
Figure 4 shows details of crack patterns in frame F1. The hysteretic lateral loaddrift curves for the three frames F1, FX1 and FX2 are also shown in Figure 5. For
the moment frame F1, at a load of 37.5kN, yielding of the lower bars of the lower
beam initiated the plastic response. Failure occurred by plastic hinging at the ends
of the upper and lower beams at a load of 55kN. At a drift of 1.9%, corresponding
to a lateral load of 105kN, yielding of the double-angle bracing member of the
braced frame FX1 initiated the plastic response. A significant drop in the lateral
load capacity was observed at a load of 140kN (drift of 4.0%). This was noted to be
due to the buckling of brace members. Following this, the lateral load capacity was
mainly provided by the RC frame, which failed when plastic hinges were formed at
the ends of the lower and upper beams. In the frame FX2, the yielding occurred at a
load of about 140kN. The lateral capacity of this frame was not however affected
because the bracing members were still acting in the elastic range. Testing was
continued to a load of 200kN, which was the loading capacity of the actuator and
subsequently the test was terminated. A summary of the yield loads and the
maximum sustainable loads and their corresponding displacement ratios for the
three tested frames are presented in Table 2.

200
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Figure 5. Lateral load-drift hysteresis of frames (a) F1, (b) FX1 and (c) FX2
Table 2: The yield and ultimate strength capacities and their corresponding
displacements
Yield
yield
Ultimate
displacement at
Frame
strength
displacement
strength
ultimate strength
(kN)
(%)
(kN)
(%)
F1
37.5
1.5
55
4.6
FX1
105
1.9
140
4.0
FX2
140
2.8
200
3.9

Stiffness Degradation
The lateral stiffness was calculated as the slope of the line joining the peak of
positive and negative loads at a given cycle. The lateral stiffness is an index of the
response of the frame from one cycle to the following cycle. Figure 6 illustrates a
plot of the lateral stiffness for the three tested frames. Before buckling of the
compressive brace, the diagram shows that the lateral stiffness of the frame FX1
was more than double that of the frame F1 and that the rate of stiffness degradation
for both systems was almost equal. However, after buckling of the compressive
brace, the lateral stiffness of the frame FX1 dropped and became comparable to
that of the moment frame (Figure 6). Also, the FX2 frame, having more robust
bracing members compared to the frame FX1, shows higher hysteretic stiffness
compared to the later. However, both frames show a similar rate of stiffness
degradation.
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Energy Dissipation Capacity (Toughness)
The energy dissipated by the three tested frames during the cyclic load testing was
calculated as the area enclosed by each hysteretic loop. Figure 7 shows a plot of the
energy dissipated during a load cycle versus the lateral drift. Also the energy
dissipated by each test frame after a number of selected cycles is presented in Table
3. It is observed that at low drift levels, the energy dissipated by the frames FX1
and FX2 was comparable with that of the frame F1. At higher levels of drift, it is
clear that the energy dissipated by the braced frames is much higher than that by
the moment frame. This proves that the overall seismic performance of the braced
frames regarding capacity, stiffness and toughness is expected to be superior to that
of the moment frame. This was also deduced from the results of the pushover tests
presented earlier.
9

4000
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FX1

8

FX2
Lateral Siffness (kN/mm)

Energy Dissipated (kN.mm)
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0
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Figure 6. Degradation of the lateral
stiffness of test frames

Figure 7. Variation of energy dissipation
with the applied displacement

Table 3: Energy dissipation capacity of the test frames
Cumulative energy dissipated (kN.mm)
Frame
F1
FX1
FX2

Cycle 5

Cycle 10

Cycle 15

Cycle 20

Cycle 25

600
451
570

2229
4367
3807

5619
13163
11540

13256
27276
26714

25474
32875
-

Ductility
In these tests, ductility is measured both as the ratio of the displacement pertaining
to the maximum force ∆max, to the displacement at yield ∆y and as the ratio of the
maximum displacement ∆available to the displacement at yield point ∆y of the model
frames. These are calculated and shown in Table 4. As it was expected, the
addition of X-bracing system somewhat reduces the ductility of a ductile frame, but
the reduction in ductility does not affect the energy dissipation capacity of the
frames.
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Table 4: The ductility of the test frames
Frame
F1
FX1
FX2

Yield
displacement
(∆y) (mm)
18.0
22.5
33.0

Maximum
available
displacement
(∆available) (mm)
68.0
62.5
-

displacement
at ultimate
strength
(∆max) (mm)
55.4
47.5
45.6

Ductility
corresponding
to ∆max

Ductility
corresponding
to ∆available

3.1
2.1
1.4

3.8
2.8
-

2.3. Seismic Behaviour Factor
In forced-based seismic design procedures, behaviour factor, R is a force reduction
factor used to reduce the linear elastic response spectra to the inelastic response spectra.
The behaviour factor, R, therefore accounts for the inherent ductility and overstrength
of a structure and the difference in the level of stresses considered in its design. In
another study carried out by Maheri and Akbari [14], the seismic behaviour factor (R)
was evaluated for steel X-braced RC buildings. The R factor components including
ductility reduction factor and overstrength factor were extracted from inelastic
pushover analyses of brace-frame systems of different heights and conFigureurations.
In that study 4-storey, 8-storey and 12-storey frames were considered. These are typical
numbers of storeys used by some other investigators to cover low-rise to medium-rise
framed buildings. All frames were three-bay wide with the central bay braced in the
braced dual systems. DRAIN-2DX program was utilised to carry out nonlinear
pushover analysis of each system. Inelastic pushover analysis of the multi-storey
systems under investigation was carried out at horizontal load steps equal to 2% of the
design capacity. A constant gravity load equal to total dead load plus 20% live load
was also applied to each frame.
The effects of some parameters influencing the value of R factor, including the
height of the frame, share of bracing system from the applied load and the type of
bracing system were investigated. Of the three variable parameters investigated, the
number of storeys appears to be the predominant variable. The other variables,
including the type of bracing system and the share of bracing from the applied
load, have more localised influences and therefore do not warrant a similar
generalisation. The significant effect of the number of storeys on R factor of steelbraced RC frames, stems from the fact that shorter braced frames exhibit larger
ductility than taller frames, therefore they possess higher ductility ‘capacity’. It was
therefore found to be prudent to calculate the R factors for the frames under
consideration using specific ductility ‘demands’ of μ = 2, μ = 3, μ = 4 and μ = 5.
Based on the results obtained, tentative R values for steel-braced intermediate
ductility, moment resisting RC frame dual systems were presented as shown in
Table 5. The proposed R factors are given for different ductility demands that
constitute the generally accepted range of ‘intermediate ductility’ response.
Table 5: Tentative values of R factor for steel-braced, RC frame dual systems
Ductility Demand

μ=2

μ=3

μ=4

μ=5

R

5.0

7.0

9.0

12.0
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3. CONNECTION OVERSTRENGTH
An important consideration in the design of internally-braced RC frames with
direct brace-frame connections is the level of interaction between the strength
capacities of the RC frame and the bracing system. In this paper, results of
experimental and numerical investigations aimed at investigating the causes and
evaluating the level of this interaction are also discussed. Results of the three halfscale RC frames representing a moment frame (F1) with moderate ductility, and
two braced frames (FX1 and FX2) already tested under cyclic loading are used for
this purpose. These results are also used as basis for developing and calibrating
numerical models of full-scale frames. Using the numerical models, a parametric
investigation is carried out to determine the role of the main variable parameters
affecting the level of capacity interaction between the RC frame and the bracing
system.
3.1. Experimental Brace-Frame Capacity Interaction
To investigate the level of interaction in the tested model frames, the corresponding
forces in the bracing systems alone were evaluated by considering the relevant test
displacements on the diagonals. A simple bilinear model for steel, which accounts
for cyclic effects, was assumed and used to represent the force-deflection envelop
curve of bracing system alone. The envelop curve of the calculated force-drift
relationship for the FX1 bracing system alone (marked as No. 2 in the Figure) is
plotted in Figure 8. Also plotted in this Figure, for comparison, are the
experimental envelop of the force-drift relationship of the moment frame alone, F1,
(marked as No. 1 in the Figure) and the experimental envelop of the force-drift
curves of the FX1 braced frame. To be able to gain an insight into the level of
capacity interaction between different elements, the envelop curves of the bracing
system alone (2) and the moment RC frame (1) are added together to obtain the
sum strength capacity of the two elements as also are presented in Figure 4 ((1) +
(2)). By comparing the sum strength capacity of the two constituent elements with
the actual strength capacity of the braced frame, it is evident that the actual braced
frame exhibits a larger capacity than the sum of the capacities of the two elements.
This means that by adding a bracing system to an RC frame, the capacity of the RC
frame is increased beyond the capacity of the bracing system. The capacity
interaction for the frame FX1 is measured, as the minimum of all the evaluated
values, as 8.5 percent. It should be noted that the dimensions and reinforcement
details and therefore the flexural capacities of the RC frames in F1 and FX1 models
are the same. This enables us to make a viable capacity interaction comparison as
discussed above. Considering the experimental results, it is evident that the
capacity interaction is an overstrength which can be attributed mainly to the effects
of brace-frame connections in reducing the effective lengths of the RC beams and
columns, hence increasing the stiffness and strength of the frame.
3.2. Numerical Evaluation Of Overstrength
To investigate the level of connection overstrength in full-scale X-braced RC
frames, nonlinear pushover numerical analyses of the moment frame, braced
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frames and the bracing systems were carried out. The OpenSEES (Open System for
Earthquake Engineering Simulation) program was utilised to numerically model
the frames. Details of the numerical models and the numerical analyses are given
elsewhere [19]. The numerical models were calibrated and their accuracy
ascertained by comparing the results of the nonlinear cyclic analysis of the moment
frame F1 and the braced frame FX1 with the results obtained from their respective
cyclic tests.

Figure 8. Capacity interaction caused by connection overstrength

After calibrating the numerical models, a series of nonlinear pushover analyses were
conducted on full scale 2-D frames of different heights and widths with different
bracing conFigureurations. These included frames, 4, 8 and 12 storeys high and 3, 6
and 9 bays wide. The number of braced bays in each frame was also made a function
of the number of bays such that the three, six and nine-bay frames had, respectively,
one, two and three bays braced. All frames consisted of 3m high and 5m wide unit
frames. Another variable parameter in this investigation is the apportioned share of
bracing system from the applied loading. Load shares of 30%, 50%, 80% and 100%
for bracing system are considered. As it was mentioned earlier, the main factor
contributing to the interaction is the effect of connections on reducing the effective
lengths of beams and columns. Therefore, considering the nature of this interaction, a
representing parameter can be introduced as the ratio of the effective stiffness of the
RC frame with brace-frame connections (Kr) to the stiffness of the RC frame without
the brace-frame connections (Ki) and designated as ρ. Considering that the
connections reduce the effective lengths of RC beams and columns, the effective
stiffness of the frame with brace-frame connections corresponds to the stiffness of a
reduced frame as shown in Figure 9. For simplicity and conservatively, the reduced
frame is assumed to have beams and columns of lengths equal to the distances
between the centroids of the four gusset plates as seen in Figure 9. Also, for practical
purposes, the parameter ρ is calculated as the ratio of the linear stiffness of the
reduced RC frame of a central floor (Kr) and the linear stiffness of the initial RC
frame of the same floor (Ki), also shown in Figure 9.
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Figure 9. Reduced frame for calculation of connection overstrength

The stiffness ratio, ρ, as described above was calculated for all the frames analysed.
The overstrength factors, R, previously determined for these frames with different
problem variables were plotted against the stiffness ratio for different frame
geometries considered. To condense the results of the 9 relations thus obtained, the
linear relation for the 4-storey, 3-bay frame is considered as the base overstrength,
Rb, and the effects of the two main variable parameters including the number of
braced bays (number of bays in the frame) and the number of storeys are
considered respectively as correction factors α and β. Therefore;
R = αβRb (%)
where,

(1)

Rb = 32ρ – 27

In order that quantitative relations can be drawn between the factors α and β and
the stiffness ratio ρ, the former parameters are plotted against the latter in Figure
10.a and Figure 10.b, respectively. Noting the near linear variation of α against ρ
the following relations can be presented for this correction factor;
α = 0.16m + 0.84, for 0.0 < ρ ≤ 1.0
α = 0.09m + 0.91, for 1. 0 < ρ ≤ 1.25

(2)

α = 0.06m + 0.94, for 1.25 < ρ ≤ 1.40
Also, as the variation of β with ρ is small, this correction factor can be presented
independent of the stiffness ratio in the following form;
β = 0.0425n + 0.84

(3)

In equations (2) and (3), m and n are the number of braced bays and the number of
storeys, respectively.
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Figure 10. Variation of parameters α and β with respect to stiffness ratio ρ

4. FORCE-RELEASE DEVICES
4.1. Knee Bracing
Knee bracing is used in steel construction to increase the ductility and to increase the
seismic performance of the frames. Parallel to the work carried out on the pushover
tests of model frames F1-P, F2-P, FB1 and FB2 described in section 2.1, two
identical RC frames braced with knee-bracing system were also constructed. The RC
frames of these models were identical to the unbraced and X-braced frames and the
brace dimensions were also identical to the bracing system of the X-braced frames;
the only difference being the four knee elements used at the ends of the diagonal
bracing. Details of the bracing system and test set-up and the test results are given
elsewhere [13]. The object of the tests was to investigate the role of knee bracing in
increasing the ductility of the dual system while maintaining the strength and
stiffness requirements. Tests similar to that described in 2.1 were conducted on these
frames (Figure 11). The ultimate capacities of the knee-braced frames were found to
be 2.5 times that of the unbraced frame. In Figure 12 a comparison is made between
the three unbraced, X-braced and knee-braced frames regarding their stiffness and
toughness. It is evident that the knee bracing has enabled the frame to possess
considerable capacity and stiffness with good capacity to absorb energy. By
extracting the ductility ratio from the pushover curves of knee-braced frames as
around µ = 2.2, it becomes evident that knee-bracing has also substantially increased
the frames ductility compared to the ductility of the X-braced frames (µ = 1.5).

Figure 11. Test set-up for the
knee Braced RC frame

Figure 12. Comparative pushover curves
for the knee-braced frame
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4.2. Compression Release Tool
In this section another force release tool is presented and its performance is
evaluated. This novel tool, named a 'compression release tool' (CRT) when
installed in a brace member, releases its compressive force. The proposed CRT is
shown in Figure 13. It is composed of two steel plates separated by a gap. The two
plates are to be attached together with a maximum of four bars. A cylindrical steel
pipe (cylinder) is attached to one of the plates. A steel rod (piston) is attached to
the second plate. The cylinder is padded with rubber material. A typical brace
member can be divided into two pieces; each is to be welded to one of the CRT
steel plates. When this member is subjected to a compressive displacement, the
piston will slide inside the cylinder and thus the member will not have any
compressive stresses. When it is subjected to a tensile displacement, the bars will
transfer the tensile force between the two brace pieces. The bars should be chosen
such that the sum of their yield resistances is less than the yield resistance of the
brace member. Following a strong earthquake, the brace member is expected to be
easily retrofitted by replacing the bars.

Figure 13. Schematic detail of the CRT

Parallel to the experimental work carried out on the X-braced model frames,
constructed for cyclic loading as described above, an experimental study was also
conducted to evaluate the effectiveness of the CRT. Two, similar half scale RC
frames were constructed and the CRT installed. The CRT can be installed
anywhere along the brace member. For the tested specimens, it was decided to
install the CRT at the location shown in Figure 13. The size of the steel plates in
the CRT was chosen to be 120×120×10mm. The expected axial deformation in the
brace members were calculated and based on that it was decided that a 135 mm gap
between the steel plates of the CRT is required. To create this gap, the length of the
cylinder and the piston were chosen to be 135mm. The inner diameter and wall
thickness of the cylinder were chosen to be 40 mm and 5 mm, respectively. The
piston was chosen to be 35mm steel rod. The bars connecting the steel plates were
different in specimen FXS1 than those in specimen FXS2. They were two-12.7mm
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and two-16mm steel bars in specimens FXS1 and FXS2, respectively. Tensile load
tests on the steel rods revealed that their yield stress is 350 MPa. A photo of an
installed CRT is shown in Figure 13. Details of the test specimens and test set-up
and results are given by Ghaffarzadeh and Maheri [17].
The frames with CRT (FXS1 and FXS2) were tested under cyclic loading the same
way as the moment frames (F1 and F2) and the X-braced frames (FX1 and FX2).
The seismic parameters evaluated from the test results include; stiffness
degradation, energy dissipation capacity (toughness) and ductility. A discussion of
the test results is given as follows:
The lateral load-deformation response for specimen FXS1 indicates the formation
of first plastic hinge at a drift level of 1.2%. This was due to the yielding of the
two-12.7mm steel bars joining the steel plates of the CRT. This happened at the
lateral load of 75kN. The frame failed at the drift of 4.8% corresponding to lateral
load of 182kN due to tensile failure of the two-12.7 mm bars. The behaviour of
specimen FXS2 was similar to that of specimen FXS1. Yielding of two-16 mm
steel bars in the CRT occurred at a drift of 2.5% (lateral load of 140kN). By
increasing drift, cracks became visible. Strains in the top reinforcement of the top
beam indicate that steel yielded at a drift of 3.4%. The test was terminated because
of localized concrete failure in the vicinity of the supports.
Stiffness Degradation
The initial stiffness of specimens FX1 and FX2 was higher than that of the
specimens FXS1 and FXS2. This is a direct result from the lower elastic stiffness
of bracing members equipped with CRT. The steeper degradation in the lateral
stiffness observed in specimens FX1 and FX2 however indicates that using the
CRT minimized the cracking in the RC frame and kept the lateral stiffness of the
frame almost constant.
Energy Dissipation Capacity (Toughness)
The cumulative energy dissipated by the frames after 5, 10, 15, 20 and 25 cycles
were also calculated. It was noted that, at lower displacements, the energy
dissipated by the braced frames with the CRT (specimens FXS1 and FXS2) is
somewhat less than that of braced frames without the CRT (specimens FX1 and
FX2). With increasing displacements and as the bars in CRT yield, the energy
dissipated by the frames with CRT is increased to levels higher than those of the
frames without the CRT. This indicates that the installation of the CRT did not, by
and large, affect the energy dissipation capacity of the braced frames.
Ductility
The available ductility of the four specimens is given in Table 7. It can be observed
in this Table that the overall behaviour of the specimen with CRT (specimen
FXS1) is more ductile in comparison with specimen FX1 without CRT. The
sudden drop in load-drift response curve of specimen FX1 after buckling of
compression brace indicates a brittle behaviour. However, in specimen FXS1, in
which buckling is inhibited and failure happens by yielding of steel bars of CRT,
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the behaviour is evidently more ductile (almost two folds). This shows the
effectiveness of the CRT in increasing the ductility of the braced frame. By
comparing the results of the stronger braced frames without CRT (specimen FX2)
and with CRT (specimen FXS2), the favourable effect of the CRT on the ductility
of the frame can also be noted.
Table 7: Ductility and performance factor parameters of the CRT test specimens
Test
Specimen

Δy
(mm)

Δmax
(mm)

μ

FX1
FX2
FXS1
FXS2

22.5
33.0
17.5
35.0

47.5
--71.5
---

2.11
--4.08
---

Vs

Vy

Ve

(kN)
105
150
75
134

(kN)
112
168
118
160

(kN)
284
352
296
324

Rμ

Rs

R

2.53
2.09
2.51
2.03

1.06
1.12
1.57
1.19

2.68
2.34
3.94
2.42

5. CONCLUSIONS
The results of the experimental and numerical investigations presented in this paper
lead us to the following conclusions;
1. Internal bracing of RC frames with direct brace-frame connections is not only
suitable for seismic retrofitting of existing building but it can also be used as a
viable alternative to shear walls as shear resisting elements for the newly
constructed buildings.
2. X-bracing is more suitable for a strength-based design. However, the relatively
small post-yield capacity and the somewhat brittle failure mode of the Xbraced frame make this system less favourable for a ductile design.
3. The proposed CRT can be effectively used in steel bracing systems to
eliminate buckling failure. Its use will also result in an adequate energy
dissipation capacity for the brace-frame system.
4. The inclusion of CRT can also greatly enhance the ductility of the braced
frame. The desired level of ductility can be achieved by appropriate design of
the CRT bars.
5. To increase the ductility and maintain the strength and stiffness capacities of
the braced frames, Knee bracing of the frame or using CRT on the brace
members is recommended. Such systems can be successfully utilised to design
for both the damage-level and collapse-level earthquakes for which the
damage level may be considered as the yield capacity of the knee elements.
6. The overstrength in a braced RC frame is due to the stiffening effects of
connections. This overstrength is termed the capacity interaction or connection
overstrength. It is significant and needs to be considered in design.
7. Presentation of the connection overstrength in the form of a frame stiffness
ratio, ρ, enable us to use the results and formulations presented here for other
types of concentric and eccentric bracing systems.
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SUSTAINABLE DEVELOPMENT IN CEMENT AND CONCRETE
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ABSTRACT
Cement is the key ingredient in making concrete. Concrete is the second consumed
materials after water in the world. When a material becomes as integral to the
structure as concrete, it is important to analyze its environmental impacts to
conclude if the material is as sustainable as it is prevalent.
In this paper the role of cement and concrete in sustainable development is
discussed. The use of bio-fuels and alternative raw materials can reduce the CO2
emission in cement production. Supplementary cementing materials are new
widely used for making durable concretes and reducing the CO2 emission.
Exploiting the thermal mass of concrete to create energy-optimized solutions for
heating and cooling residential and office buildings is discussed. Finally the
production of recycled aggregate concrete from old concrete structures can have a
major environmental impact in the future programs for sustainable development.
Keywords: sustainable development, concrete, cement, durability, CO2 emission
1. INTRODUCTION
It is impossible to walk through cities without seeing concrete in some form.
Whether it is in the latest high rise being constructed, new side walks being cured,
in roads connecting the city, in dams, bridges, marine structures, industrial plants,
etc. concrete is inescapable. When a material becomes as integral to the structure as
concrete, it is important to analyze its environmental impacts to conclude if the
material is as sustainable as it is prevalent. If the material does not satisfy the
credential of sustainability it should be further developed, especially in present
society when environmentally detrimental processes are currently subject to
scrutiny.
It is often debated whether concrete can or should be considered to be a sustainable
option due to its particular properties and characteristics. Concrete is made of
several different elements. In its simplest form this includes cement, water, and
aggregate. Cement requires substantial amounts of energy to produce and releases
large amounts of carbon dioxide. However, it can also be replaced in part by
supplementary cementing materials.
Concrete has a long service life; buildings made of concrete can usually be
expected to last hundreds of years with proper maintenance. Sine the structural
lifetime is so long, potential waste if another type of building material was used is
reduced. As well, once a building requires demolition, its material can be used for
subsequent buildings. Truly, when a structure reaches the end of its useful life, its
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concrete component can be completely recycled into the aggregates to be used in
other concrete mixtures. In spite of the amount of initial energy required to produce
concrete, the material has the potential to be efficient over its estimated life
expectancy. A list of credentials that should addressed when examining the
sustainability of a material is provided:
• Energy required to produce the material
• CO2 emissions resulting from the material’s manufacture
• Toxicity of the material
• Transportation of the material during its manufacturing and delivery
• Degree of pollution resulting from the material at the end of its useful life
• Maintenance required and the materials required for maintenance
• Lifetime of the material and its potential for reuse if the building is
demolished
It is important to address all of these factors in deciding if a material can be viewed
wholly as a sustainable material. These factors can be separated into two main
components, embodied energy is low, but the operational energy is high then a
material cannot be deemed sustainable. An ideal solution would be a material with
a low embodied energy which results in high operational energy savings. If these
two factors can be satisfied then a material, when used with sustainability in mind,
is well on its way to reducing its environmental impact.
2. EMBODIEND ENERGY
Embodied energy is the amount of energy required to produce a material. This
includes the energy required for the raw material extraction; the energy required to
process and manufacture the material; and transportation for all stages of
production. It is impossible to assign a value to the embodied energy of concrete on
a whole because mix designs vary widely which subsequently changing the
embodied energy. Table 1 provides a summary of different elements found in
concrete and the approximated values of the relative embodied energy.
Table 1: Embodied energy for cement and concrete
Embodied Energy
Source
Material
(GJ/tonne)
Poured on site concrete
1.0–1.6
The New Ecological Home
Cement
7–8
Cement Natural
Ecohouse 2: A Design Guide
4.3–7.8
aggregates
Cement Association of
Clinker
3.0–6.0
Canada

Although there is variation in the values a general idea about the embodied energy
of cement can be established. From the table it can be estimated that 7 GJ of energy
is required to produce one tonne of cement. The mix used to produce concrete can
evidently have a large effect on the amount of embodied energy required. In
general, however, the magnitude of this parameter can be understood as well as the
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importance of attempting to minimize it. The process required to manufacture
cement is fairly consistent regardless of the plant type. Conversely, the
transportation component and the individual plant part efficiencies can differ and
thus have room for improvement. Therefore, the embodied energy can be assumed
to be a realistic estimation of the actual embodied energy.
Accordingly, the result of a large embodied energy quantity is a significant
production of carbon dioxide. Both of these components of concrete are of concern
because they are unsustainable. It must be concluded then that the manufacturing
process of cement must be developed further to increase the sustainability of
cement and thereby increase the sustainability of the concrete itself. There are two
obvious ways in which to reduce the impact that concrete has on the environment.
The first is to increase the efficiency during production, and the second is to reduce
the amount of cement in the concrete mix. In combination, these two ideas could
become a powerful means to creating a versatile material that is practical,
beneficial and sustainable in our society.
3. CONCRETE PRODUCTION
To thoroughly assess sustainability and the implications of embodied energy, it is
important to have a sufficient comprehension of the processes involved. Possessing
this understanding gives depth to the concept of embodied energy, which aids in
finding opportunities for improvement, as well as a concept of the environmental
impacts. Cement has been marked as a possible threat to the sustainability of
concrete. By delving into the nature of cement, this threat can be realized and
addressed. The missions resulting from the calcination process cannot be reduced,
and thus the CO2 emissions must be reduced by other means. Improvements to kiln
efficiencies; alternate fuel methods; and reduction in the cement quality
requirement though intelligent mix design, can all work to aid the reduction of
embodied energy and CO2 emissions.
4. REDUCING ENERGY & EMISSIONS
To reduce the energy-intensity and pollution levels, change must occur on all levels
of the concrete process. In Germany, effort was made to decrease the negative
environmental effects of the industry by improving the manufacturing process.
This was achieved by installing new plants for the purpose of ensuring that the kiln
production operation was smoother and energy requirements were decreased.
Besides, the existing kilns were optimized in a way that required minimum fan
power. A waste heat recovery process was devised to utilize remaining energy
losses of the new cement kilns. Finally direct electrical power requirements were
decreased by improving the efficiency of the grinding system. Once the
manufacturing process was optimized a greater amount of waste fuels was
substituted for fossil fuels and alternatives to the cement composition via inclusion
of blended cements were derived. Finally, it was admitted that greater research and
development was required in the field of “process technologies, use of secondary
materials, properties and application of blended cements”.
Table 2 shows the estimated global cement consumption and CO2 emission in the
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year 2020.
Table 2: Estimates of global cement consumption and CO2 emission attributable to
clinker production in the year 2020, million tonnes.
No.1
No.2
No.3
Business as Challenging
Formidable
usual
option
option
Cement Consumption/ production
3,500
2,800
2,100
Complementary Cementing Materials
700
840
1,050
Portland Clinker Requirement
2,800
1,960
1,050
CO2 Emissions (0.9 T/T clinker)
2,520
1,760
945
%CO2 increased from the 1990 level
270
190
0
•
Cement consumption goes up by about 50% of the 2005 level and the use of CCM
increased to 20% of the total cementing material.
•
Cement consumption goes down by 20% of the BAU level, and CCM increased to 30% of
the total cementing material.
•
Cement consumption goes down by 40% of the B.A.U. level, and the use of CCM is
increased to 50% of the total cementing material (see Table 3).
Options

Table 3: Projects for CO2 emission in cement industry
Joint Projects
Individual Companies
As part of commitment to good practice
The cement sustainability initiative
and innovation in sustainable
intends to create joint projects to:
development, companies agree to:
Climate Protection
Develop a Carbon Dioxide (CO2)
Use the tools set out in the CO2 protocol
protocol for the cement industry.
to define and make public their baseline
(project already delivered)
emissions.
Work with WBCSD/World resources
Develop a climate change mitigation
Institute (WRI) and other organization strategy, and publish targets and progress
to investigate public policy and
by 2006.
market mechanisms for reducing CO2 Report annually on CO2 emissions in line
emissions.
with the protocol.
Fuels and Raw Materials
Develop a set of guidelines for the
Apply the guidelines developed for fuel
responsible use of conventional and
and raw material use.
alternative fuels and raw materials in
cement kilns.
Emissions Reduction
Develop an industry protocol for
Apply the protocol for measurement,
measurement, monitoring and
monitoring and reporting of emissions.
reporting of emissions, and find
Make emissions data publicly available
solutions to more readily assess
and accessible to stakeholders by 2006.
emissions of substance such as
Set emissions targets on relevant
dioxins and volatile organic
materials and report publicly on progress.
compounds.
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Figure 1. Word AF use (all types) in cement plants

5. SUPPLEMENTARY CEMENTING MATERIALS & SUSTAINABILITY
When concrete is the material of choice one can look forward to having endless
options and opportunities in its composition. There are many types of cement,
admixtures, aggregate, and supplementary cementing materials that can be
incorporated in different quantities. By incorporating a higher quantity of
supplementary cementing materials the amount of cement can be reduced, lowering
the emissions and energy with a mix.
Supplementary cementing materials have proven to be economical environmental
alternatives to typical concrete mixes. Fly ash and silica fume in particular have
allowed for significant reductions in CO2 emissions in cement production. This was
possible because of the decreased amount of clinker used to produce the cement
and concretes as well as decreasing the requirement of fuel for clinker burning.
CO2 emissions could also be decreased with the increase in the efficiency of
clinker in concrete strength development. This can be done by including mineral
admixtures to allow for a decrease in the water requirement with fly ash use and
strength development by using silica fume. By incorporating 7.5 percent of silica
fume to cement during the grinding process, an increase in efficiency of 25%
resulted in the clinker.
Another factor that can be manipulated using mix design is the durability.
Increased durability decreases maintenance as well as increases lifetime. Longevity
can be increased with a reduction in the heat of hydration; reduced porosity. Most
widely perhaps, fly ash has been accepted as a great supplement to 100 percent
cement use. It improves the most critical cement characteristics such as
workability, impermeability and durability. However, regardless of fly ash’s
positive affect on cement production there have been barriers associated with its
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use. However, new technologies have been developed as well as newer cement
formulations which overcome these previous barriers. Other alternatives have been
used such as superplasticizers for water reduction, and silica fume or rice husk ash
for porosity minimization and lengthening.
Rice husk ash (RHA) is a byproduct of burning rice husks. In 1982 about 406.6
million tonnes of paddy was produced on a global basis, which represents about 81
million tonnes of husk or 16 million tonnes of ash if an ash content of 20% is
assumed. The available ash for cement is approx 4.5 million tonnes. The husk are
incinerated and an ash that is predominantly silica is residual. RHA is highly
pozzolanic due to its extremely high surface area (50,000 to 100,000 m2/kg). when
5% to 15% RHA is incorporated by mass higher compressive strengths, decreased
permeability, resistance to sulfate and acid attack, and resistance to chloride
penetration can be expected. By adding in RHA the durability and recycled content
on the mix can be increased.
Natural pozzolans are also viewed as effective substitutes for cement. However, it
has been observed that the substitution rate, a less workable mortar was produced.
Thus, a decrease in compressive strength was witnessed. Yet, as the level of
fineness is increased, the comparable strength increases as well. This is most
apparent when natural pozzolan substitutions are high. Therefore, using natural
pozzolans proves to be an optimal substitute for cement as it provides equivalent
strength and reduces the per unit emissions of greenhouse gases.
6. DURABILITY
The durability of a product can have one of the most significant influences on the
environment. The less durable a product, the shorter the service life is. This results
in new purchases or repairs which is a wasteful practice especially when the
industry is as energy intense as cement production. Therefore the longer the service
life is the better earth’s natural resources are conserved. The challenge then is to
produce concrete that is highly durable, and a high-performance building material
for future structure.
The major causes of reinforced concrete deterioration in structures are “corrosion
of the reinforcing steel, exposure to cycles of freezing and thawing, alkali-silica
reaction and sulfate attack”. The mechanism of concrete expansion and cracking is
highly dependent on a high degree of water saturation. Therefore it is evident that
water-tightness of concrete is a crucial step to ensure minimal damage. Thus this
suggests that the soundness of concrete is closely related to its durability.
Early cracking in concrete is usually a function of either thermal contraction and/or
drying shrinkage. The construction industry is driven by economics and thus the
mentality of the faster it is done the more profit earned encourages cements with
high-early strength, or rather, concrete with high levels of Portland cement to be
used. These concretes have low cracking resistances as a result of an increase in
“the shrinkage, and elastic modulus on one hand, and a reduction in the creep
coefficient on the other hand”. As such, this explains the high level of vulnerability
to cracking of high-early-strength concretes to that of moderate or low-strength
concrete mixtures.
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Early cracking is commonly minimized by incorporation excessive steel
reinforcement. However this solution simply replaces a small number of wide
cracks with a numerous number of invisible and often unmeasurable micro-cracks.
This does not in any sense constitute as a sufficient solution for durability.
If concrete is properly consolidated and cured it will remain watertight unless the
pores and cracks within it form interconnected pathways to the surface
surrendering the concrete to further deterioration. Evidently, however, the drive of
economics does not allow for this. As such, when thermal cracking and durability
are of primary concern, it has been shown that supplementary cementing materials
(SCM) should be incorporated into the mix design as it will prove to be most costeffective. The reasoning for this is the property of concrete mixes that contain SCM
to have stronger transition zones and are thus less prone to microcracking.
Ultimately, by incorporating byproducts such as fly ash or slag into mix design, the
durability of concrete is augmented through prolonged watertightness.
The most readily available mineral additive for cement is limestone. In Europe,
more limestone is used in Portland-based cements than all other mineral additions
combined, notably in the European CEM II L class (24.6% of all European cement
manufactured in 2003) and to a lesser extent in the M class, and as minor addition
of up to 5% in almost all other Portland cements. It has been shown that much of
the alumina from calcium carbo-aluminate hydrates, which can result in a
significant decrease in porosity [16]. Both the European cement standard, EN 1971, and ASTM C150 allow up to 5% limestone [18]. Limestone added in excess of
this amount, although constituting essentially a "filler", can also act as an
accelerator for alite hydration, so that, with suitable grinding techniques, Cement
strength up to 28 days are often not much reduced even at limestone contents as
high as 20%. In addition to this, Limestone additions can improve concrete
consistency by reducing cement water demand, and provided that a low w/c
concrete mix design is used, high limestone replacement as some pure Portland
cements [19].
7. RECYCLED AGGREGATE
When concrete structures reach the end of their useful lives, disposal is not the only
available next step. Concrete can be crushed and used as recycled aggregate. Much
research has gone into determining whether the properties of used aggregates are
sufficient for reuse in concrete. It has been found that due to the suctioning
behavior of recycled aggregates, water addition is a problem of major concern. The
difficulty arises in determining the appropriate proportions of water to aggregate as
it is required in higher quantities when using recycled aggregate to that of dense
aggregate. Although the elastic modulus continued to increase for the first few
days, it stabilized at approximately 7 days. In conclusion, processed building
rubble is an adequate source for recycled aggregate that can produce concrete of
sufficient strength and durability. The recycled material can be available at good
quality without an unacceptable level of harmful impurities. Specifically, the
quality should be assessed based on porosity which directly affects the
performance of concrete.
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In consideration of the environmental performance of materials, one needs to
consider effects taking place during the entire life cycle of the material.
It has been found that cement-based materials can permanently absorb CO2 from
the atmosphere. This process is termed carbonation and occurs during the normal
service life of a concrete structure and also after demolition. On a geological time
frame, the cement in hardened concrete will bind approximately the same amount
of CO2 as was originally liberated by the calcination of its raw materials (mainly
limestone) in the cement kiln.
However, the impact that concrete carbonation has in the assessment of overall
CO2 emissions from cement manufacture is generally overlooked, due to the
difficulty in estimating its rate. Depending on the concrete composition, the type of
concrete structure, and the environment to which the concrete is exposed, total
carbonation will take place over years therefore it is necessary to analyze the
factors affecting the rate of carbonation. This is difficult to do in a precise manner,
and the environmental benefit of this effect is still open to debate. However, a
recent Nordic study point to that concrete recycling, in which the concrete is
crushed, unexpectedly may lead to significant CO2 uptake. The significance of
these results is still controversial and is under discussion.
The Nordic study points to an opportunity to improve the environmental
performance of concrete over its life cycle by enhancing carbonation when this has
no negative durability effects. Most effectively, promoting concrete recycling and
adapting recycling practices for optimal CO2 uptake would have a positive
environmental benefit.
8. OPERATIONAL ENERGY
As important as it is to reduce the embodied energy and emissions, it is just as
important that when implementing a material that the energy requirements during
its useful life are not increased as a byproduct of material selection. Concrete offers
solutions to reduce the operational energy of structures such as buildings, dams,
and roads.
BUILDINGS
Concrete can aid in lowering the operational costs of a building because it posses
thermal mass. Thermal mass is material property that stores and slowly releases
energy. Materials that have significant thermal mass possess the following
qualities:
• High specific heat
• High density
• Low (but not extremely low) thermal conductivity
Concrete is an example of material with high thermal mass. Thermal masses absorb
and store energy when their temperatures are below air temperature. The stores
energy is later slowly released when the air temperature drops below the
temperature of the mass. The main advantages of thermal masses are:
1. There are fewer spikes in the heating and cooling requirements, since mass
slows the response time and moderates indoor temperature fluctuations.
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2.

A massive building uses less energy than a similar low mass building due to
the reduced heat transfer through the massive elements.
3. Thermal mass can shift energy demand to off-peak time periods when utility
rates are lower. Since power plants are designed to provide power at peak
loads, shifting the peak load can reduce the number of power plants required.
Thermal masses can also be used to passively heat a building. This works
especially well because solar gain increases during the winter, due to the low angle
of inclination of the sun vertical walls are exposed to more solar energy. “Buildings
with exterior concrete walls, also called mass walls, utilize less energy to heat and
cool than similarly insulated buildings with wood or steel frame walls”. During the
day, while the temperature is warmer and the sun is shining, the walls store solar
energy. When the temperature drops the thermal energy radiates to warm the house
and reduce heating loads. Concern may arise that this effect will occur as well in
the summer and heat the house when heat is unwanted. Walls can be sheltered from
solar radiation during the summer using overhangs. If the wall temperature can be
kept below the interior temperature, the thermal mass will absorb energy from the
air, cooling the space. Reducing the amount of addition energy required to
heat/cool a building.
Concrete’s thermal mass also makes it possible to involve developments such as
radiant heating. This development is a method of heating through radiant heat as
opposed to convection heating. Where convective heating warms air and circulates
the warm air through the building radiant heat warms materials, and the materials
radiate the heat into the space. This method works well when using materials with
significant thermal mass because they comfortably release the thermal energy into
a room, as well as stores any excess. Radiant heating still uses energy to warm the
water, but this energy is significantly less than the energy required, and wasted
through convective heating. When heating a building through a typical HVAC the
system, the warm air always rises to ceiling of the room, where it is lost, or wasted
most people do not benefit from heat that is half a meter above their head. Radiant
heating heats habitable space first and foremost, reducing the heating load.
Other developments that can aid in reducing the operational energy include
implementing insulating concrete forms (ICFs). This product combines the form
work and the insulation for a wall assembly into one, creating less waste and a
more consistent air barrier with fewer thermal breaks. By creating a concrete wall
sandwiched between insulation a thermally efficient wall is created. The resistance
of insulation in addition to the thermal mass of concrete creates a wall where
temperature changes are gradual due to the thermal mass, and they are small
because of the insulation and building envelope continuity. By eliminating wood or
metal studs thermal breaks are reduced, these points where thermal energy is
generally lost are eliminated. The elimination of these materials reduces the strain
on non-renewable source, like timber, and high energy materials such as steel. This
further reduces the environmental impact of a new construction.
DAMS
Pozzolans are known scientifically to be both an environmental beneficial
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substitute in cement production as well as an economically feasible solution. Since
the 1980’s, roller-compacted concrete dams (RCC) have been known to be one of
the most rapid and economical method for construction of medium-height dams.
By 1992, ninety-six RCC dams were built in over seventeen countries. 85% of
these dams included pozzolans in the mix design. In fact, high paste content RCC
most commonly uses 250 kg/m3 of concrete with 70-80% pozzolan addition. Of the
85% of dams which incorporated pozzolans in the mix design, fly ash was
incorporated in 90%. This quantity hints at the capability pozzolans have in
cement/concrete production and the effect it can have on the environment when
waste products become commodities.
ROADS
The use of recycled concrete aggregate (RCA) in highway infrastructure has the
potential to reduce wastes and costs while producing the type of durable new roads
required. Recycled concrete aggregate is produced from “Portland cement concrete
pavements, bridge structures and decks, sidewalks, curbs, and gutters that have
been removed from serviced, had their steel removed and have been crushed to a
desired gradation”. Various tests have proven that with the right conditions RCA
has the potential to produce materials of significant strength and durability with a
higher load carrying capacity.
There are numerous resource conservation benefits that result with the
implementation of RCA. Firstly, waste disposal quantities are reduced. In most
cities where a lack of landfill space is a real problem, waste reduction is a large
benefit. Similarly, the use of these waste materials diminishes the cost of energy
typically required for hauling virgin aggregate from quarries. Similarly to fly ash,
RCA has bared the stigma associated with waste materials being substandard
material. It has been realized that for RCA use to become more extensively used
the process control needs to be improved to prevent mix workability issues. This
includes watering stockpiles and testing the moisture content of the aggregates
regularly. RCA has been used as coarse aggregate in hot-mix asphalt and as densegraded aggregate.
9. CONCLUSION
Concrete is taking leaps and bounds when it comes to sustainable development.
The management of CO2 emissions along with voiced concern regarding the
negative environmental impact of cement production proves that the minds of the
industry are in right place. Research involving supplementary cementing materials
has continuously proven the benefits of incorporating what is often a waste product
from industries into concrete mix design. This can be noted through the increase of
durability and strength resulting particularly in greater sustainable practices but
also economical ones. Developments in the cement production process suggest that
the interest to make improvements is being realized. New innovative methods are
also being created to reduce the quantity of cement in a mix which is proof of a
new perspective on the role the concrete industry can play in sustainability.
In addition to the developments occurring directly with the production of cement
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and concrete the application of these materials is also being redefined. Many
limitations once binding concrete from becoming sustainable are fading as its use is
incorporated into newer areas. Buildings can be built to use concrete’s thermal
mass to help reducing energy requirements. The construction of dams is being
optimized to use concrete to save energy during construction, and the lifetime of
concrete is expanding with its reuse in aggregate form in roads. In combination,
concrete has become multipurpose. As a result, although the initial energy
production level is high, concrete can become more efficient.
The environmental and economic benefits of development in the direction of
sustainability are inescapable. The continual search for opportunities to make this
material, which has become such and integral part of our cities all over the world, a
more sustainable option, proves that the minds of the masses are in the right place.
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ABSTRACT
For considering the design considerations and development of retrofitting of
structures, exact identification of materials' behavior and their interaction, is an
important subject. In concrete structures that include a high percentage of existent
and under construction structures, for calculation of anchorage length of bars and
investigation of sufficiency of anchorage length of bars, the state of stress
distribution in bar and joint surface with concrete and their effective parameters are
important. One of the important parameters in modeling the joint surface between
bar and concrete is equivalent spring constant between two materials. Most
researchers suggest experimental test to obtain actual value of stiffness between
two materials. In this study, for obtaining the exact values of stiffness, formulation
on the base of equilibrium of elements and investigation of governing differential
equations and experimental method were used. In experimental tests, slips and
strains, pertinent to applying load were measured by strain gauges and
displacement transducers that were installed between 4 stations over concrete and
bar surface with an acceptable accuracy.
Keywords: concrete, bar, axial tension, friction, experimental model, displacement
1. INTRODUCTION
Interaction of bar and concrete is one of the important parts of reinforcement
design, because limited length of bar has a main effect on the behavior of
reinforcement. So, each code according to formulation and experience, presented
some value. For better design of reinforcement element and controlling of codes
value, interaction of bar and concrete should be attended. For determination of
distribution of stress between bar and concrete, there are two methods: theory
method and experimental method.
2. DEVELOPMENT OF THEORETICAL AND NUMERICAL METHOD
Axial stiffness between concrete and bar ( k A ) is obtained from the following
formulation and by using experimental results. Figure (1) shows internal force
between concrete and bar. Equilibrium principle on element (1) shows the
following result:
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F0 − F1 = ΔF1

(1)

That F1 and ΔF1 are axial forces in the bar section between element 1 and 2 and
friction force of element (1), respectively. In other words, we have:

Fi − Fi+1 = ΔFi

(2)

Also from the Equilibrium principle, we have:

Figure 1. Internal force between concrete and bar

F0 = ΔF1 + ΔF2 + ΔF3

(3)

The force of element (i) is always bigger than element (i+1), then: Fi > Fi +1
Relation between friction force and friction stress is shown in the following form:

ΔF1 = P.L1.τ1

(4)

That P and L1 are perimeter of bar and length of one small element of bar,
respectively. It should be mentioned that variation of friction force between
element (1) and (2) is supposed to be equal. Shear stress in element (1) is:

τ1 =
For element i we can write:

ΔF1 F0 − F1
=
P.L1
P.L1

(5)
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ΔFi = Fi−1 − Fi

(6)

ΔFi = P.L1.τi

(7)

Fi−1 − Fi
P.L1

(8)

τi =

On the other hand F1 can be defined in the following form:

F1 = σ1 .A P = E P .ε1 .A P

(9)

Where σ1, Ap and ε 1 are normal stress of bar, cross section of bar and normal strain
of bar, respectively. If strain is equal along the length of the element (1), we can
define it according to displacements of two points.

ε1 =

u 2 − u1
L1

(10)

Where u1 and u2 are measured displacements of points in the laboratory. Then F1 is
equal to:

⎛ u − u1 ⎞
⎟⎟
F1 = E P A P ⎜⎜ 2
⎝ L1 ⎠

(11)

Friction force of different elements can be stated as follows:

⎛ u − u1 ⎞
⎟⎟
ΔF1 = F0 − E P A P ⎜⎜ 2
⎝ L1 ⎠

ΔF2 = F1 − F2 =

E p Ap
L1

((U1 − U 2 ) − (U 2 − U 3 )) =

ΔF3 =

EP AP
(u1 − 2u2 + u3 ) (12)
L1

EPAP
(u 2 − 2u 3 + u 4 )
L1

Due to earthquake, force is dynamic and since behavior of this case is different
from that of the static case, dynamic case should be taken into consideration.
Dynamic stiffness between concrete and bar, damping and part of concrete mass
are dynamic parameters that are obtained by dynamic equilibriums and
experimental results. In time domain, we have:
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[K d (t )]{x(t )} = { f (t )}

(13)

In one degree freedom and in frequency form, dynamic stiffness is obtained from
the following form:

K d (ω) = −ω2 M + K + iωc

(14)

If M is included mass of bar (MP) and added mass of concrete (

K d (ω) = −ω2 (M P + M add ) + K A + iωC

M add ), we have:
(15)

In the right section of Eq.(15), Madd and in the left section, dynamic stiffness in
frequency form are unknown. Dynamic stiffness in frequency form is defined
according to the following form:

k d (ω) =

F(ω)
x (ω)

(16)

It should be mentioned here that excitation of both the system and displacement
function are harmonic (sinuous form), but the displacement function has a different
phase. Excitation of system function is given in the following form:

f (t ) = F0 sin ωt

(17)

If force (f(t)) is supposed in dynamic equation of one degree freedom , we have:

m&x& + cx& + kx = F0 sin ωt
c
k
F
&x& + x& + x = 0 sin ωt
m
m
m
F
&x& + 2ζω n x& + ω2 x = 0 sin ωt
m

(18)

As a result:
x (t ) = e − ζωn t [C cos ωd t + D sin ωd t ] +
F0
K ⎡
⎡
⎢ ⎢1 − ⎛⎜ ω
⎢ ⎢ ⎜⎝ ωn
⎣⎣

⎧⎪⎡ ⎛ ω
⎢ ⎜
1 ⎨ 1− ⎜
2
2⎤
⎢ ⎝ ωn
⎪
⎛
ω ⎞ ⎥ ⎩⎣
⎟⎟
+ ⎜⎜ 2ζ
⎝ ωn ⎠ ⎥
⎦

1
⎞
⎟⎟
⎠

2

⎤
⎥
⎥⎦

2

⎞
⎟⎟
⎠

2

⎫⎪
⎤
ω
⎥ sin ωt − 2ζ
cos ωt ⎬
ωn
⎥⎦
⎪⎭ (19)
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After some time the displacement function of points will become constant and it
has been shown in the form given below:

u (t ) = u 0 sin (ωt − φ)

(20)

That has a different phase φ than the excitation force wave.
In the laboratory, F0can be measured. Maximum amplitude of displacement in axial
direction can be recorded by sensors. System excitation frequency and
displacement vibration frequency are equal, but have a different phase that is due to
system damping.
In order to obtain dynamic stiffness in frequency form, we should calculate F(ω)

and x (ω) , that are Fourier conversion of dynamic force and dynamic displacement
function, respectively.

F (ω ) =

1
2π

X (ω ) =

∫

1
2π

∞
−∞

f (t )e −iωt dt =

∞

∫ u(t )e

− iωt

−∞

dt =

1
2π 1 − e −iωT

f (t )e
)∫

1
2π 1 − e − iωT

) ∫ u(t )e

(

(

T

− iωt

0

T

0

− iωt

dt
(21)

dt
(22)

Value of Kd(ω) is equal to:

∫ f (t )e
(ω ) =
∫ u(t )e
T

Kd

− iωt

dt = R a

− iωt

dt = Rb

(23)

F0
(cos φ + i sin φ)
u0

(24)

0

T

0

As a result:

K d (ω) =
Where:

⎛ ω⎞
2ρ⎜⎜ ⎟⎟
⎝ ωn ⎠
φ = tan −1
2
⎛ ω⎞
1 − ⎜⎜ ⎟⎟
⎝ ωn ⎠

(25)

3. DESIGN OF EXPERIMENTAL MODEL
The actual form of the bond stress-slip model can be assessed by evaluating the
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results of pullout test specimens. 250 × 450 × 800 mm . The pullout specimen was
therefore cast to investigate the validity of the mechanics-based relationships
derived in the previous section. Fig (1) shows the schematic form of spacemen.
Section A-A in Figure 1 shows the built-up reinforcing steel bar used in the pullout
specimen.

Figure 1. The test set up for pullout specimen

The concrete had a target concrete compressive strength of 25 Mpa to represent the
range of strengths commonly encountered in structures. Type 2 Portland cement
was used, without admixtures, to obtain a water-cement ratio (w/c) of 0.64. The
maximum aggregate size was 9.5 mm. The pullout specimen would be tested when
the concrete was 44 days old and had a strength of 24 Mpa.
The static yield strength (fys) of bars was 350 Mpa and the ultimate strength fu was
400 Mpa. The same reinforcing bar was used for both bars.
For loading, the Hydraulic pump has been used. Since the front surface of concrete
should be unloaded, force entered into two plates and put spacers at the edges of
plates. Because the pump is in the center of the plates, the loads of bars are the
same (Figure 2).

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 109

Figure 2. Loading of pullout specimen

Specimens were cast with the reinforcing bar secured horizontally by the left and
right forms. Blocks on the top form bore against the outside of the side forms to
ensure proper bar alignment.
Lateral view of the experimental model is shown in Figure (3). Figure (4) shows
top view of spacemen.

Figure 3. Lateral view of pullout specimen

Figure 4. Top view of pullout specimen

There are four transducers for measuring of bar displacement at four points of each
of the bars. For stability of transducers, two plates are put on the surface of
concrete and the transducers' magnet is activated. Figure(5) shows one transducer
on the spacemen.
Transducer number 1 was installed closest to the loaded end of the bar whereas
strain gauge number 4 was closest to the unloaded end. A digital data logger and a
personal computer where used to record the 8 slip values and the relative tension
load (P). The loading rate for loads less than Pmax ranged from approximately 0.66
to 0.70 Kn /second (150 to 160 lb/second) and, after Pmax occurred, from –1.90 to –
8.69 Kn/second (–430 to –1950 lb/second). The slip rate during the loading stage
was calculated by examining the very small end slips that occur at the maximum
load level. After those models of various cases are prepared, results are presented
in a feature paper.
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Figure 5. View of one transducer

4. CONCLUSION
Interaction between bar and concrete is a main point of focus in the concrete
design. We can use theory relation for specifying stiffness between bar and
concrete. This stiffness has static and dynamic share. Properties of dynamic
stiffness can be obtained by using the formulation and experimental results. Also
these relations can be compared by the experimental results. For this purpose, the
experimental model should be realistic.
REFERENCES
1. L. Vandewalle and F. Mortelmans, ” The bond stress between a reinforcement
bar and concrete: is it theoretically predictable?” , Materials and Structures
Journal, Volume 21, Number 3 / May, 1988, 1988,21,179-181.
2. Z. Achillides, K. Pilakoutas, “FE modeling of bond interaction of FRP bars to
concrete”, Structural Concrete Journal, Volume 7, January 2006, 7-16.
3. Feldman, L. R.,( 2006) “Bond of Plain Steel Reinforcement in Concrete,” PhD
thesis, Department of Civil and Environmental Engineering, The University of
Western Ontario, London, ON, Canada, 272 pp.
4. Feldman, L. R., and Bartlett, F. M.,( 2005) “Bond Strength Variability in
Pullout Specimens with Plain Reinforcement,” ACI Structural Journal, V. 102,
No. 6, Nov.-Dec. pp. 860-867.
5. Baldwin, M. I., and Clark, L. A.,(1995) “The Assessment of Reinforcing Bars
with Inadequate Anchorage,” Magazine of Concrete Research, V. 47, No. 171,
June, pp. 95-102.
6. Ghorbani, Mohsen, “Study of static and dynamic properties of buried pipeline
due to harmonic vibration and earthquake”, Master's thesis, Mazandaran
University, 2008.

CD01-002

EFFECTS OF WOOD-PULP FIBERS ON THE MECHANICAL
PROPERTIES OF CEMENT COMPOSITES
A.A. Khalilitabas1, M. Khorrami2, J. Sobhani3
A.A. Khalili is M.Sc. in Material Engineering University of Sistan & Baluchestan, Islamic Azad
University, Zahedan-Iran
2
Building and Housing Research Center, Tehran, Iran
3
Assistant professor in the Building and Housing Research Center, Tehran, Iran

1

ABSTRACT
The application of pulp fiber in cement paste has been under consideration to
improve the bearing capacities of the cement composites. Cement composites made
by various types of fibers have distinct properties regarding the stability and
resistance in dissimilar environmental conditions and applied loads. This behavior
depends on four main factors: a) fiber type, b) mixture percentage c) fabrication
manner, and d) additives. In this work, to distinguish the flexural behavior of
fabricated composites with wood-pulp cellules fibers, the experimental samples
designed and tested. The samples made with these fibers were compared with the
no-fibrous control samples for their flexural strength and modulus of elasticity.
Moreover, to characterize the microstructure properties SEM micrographs were
analyzed. The results showed that the application of fibers had suitable effects on
the improvement of the flexural strength related to the amount of used fibers.
Keywords: cement board, Pulp fiber, flexural strength, Modulus of elasticity, SEM
micrograph
1. INTRODUCTION
All over the world, the production of the cement boards, are based on eckhatch
procedure. The history for this method, back to about 100 years ago, in which was
derived from paper production technology. Following this procedure, water, fibers
and cement should be mixed at first and then, using a special process, this matrix
converted to cement composite boards (CCB). To fabricate CCB, the cement
matrix positioned on the driving belt, water-drained, and after placing the layers on
each others, CCB will be formed. In original procedure, asbestos fibers were used
which had good consistency with cement paste, physical and chemical properties,
durability and mass-productivity specifications. The growth in production of CCB
leads to increase in use and application of Asbestos material, in which, in 1985 the
outmost production rate was recorded. Unfortunately clinical researches show
harmful effects of this material on the humanity health [1]. Consequently,
application and fabrication of the asbestos-based products were inhibited in the
majority parts of construction industries. Despite this, the need for CCB motivates
the researchers to find an effective solution. This solution should cover the
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industrial demands production of CCB with an alternative material. The efforts
were initiated in 1980's [10-2]. The solution was the mixed application of various
types of cellulose, polymer, and suitable additives. The world master producers of
CCB were the leaders of these research efforts. Also, several countries were
looking for an appropriate and suitable materials and production techniques for
their local applications. By the way, cellules and polymer based fibers (in particular
Poly Vinyl Alcohol (PVA) fibers and other new products) were globally accepted
as an effective material to be used. It is obvious that what is the researchers are
seeking for is the economically optimized mixing proportion for production of the
standard CCB. In this regard, the local fibers and domestic material and methods
are recommended. For that reason, some factories in Thailand, Turkey, and
Belgium succeeded to produce CCB with in access and localized materials,
however, some other countries are preferred to import materials for this means. In
Iran, there are many economical problems in technology transfer and on the other
hand because of the dependency of the Iranian factories to PVA, these factories
continue to use the asbestos in their products, despite the restricting regulations. In
the recent years, with some growths in demands, 40 million tons of CCB and about
4500 km sewage and water pipes were produced with asbestos materials. Beside,
the lack of intense restricting rules and regulations encouraged the continuation of
the asbestos products in Iran. The first regulation concerned this issue was back to
2001 when the superior council for protecting of the living environment, puts some
restrictions on the application of the asbestos materials. This states that after July
2001, the newly established factories are forbidden to use the asbestos in their
products and the factories that were previously using the asbestos as a raw material
have been ordered to modify their production procedure to replace the asbestos
with other allowable material to completely eliminate the applications in the next 7
years.
The current study was started in early 2007 after this rules encouraged the
researches seeking appropriate fibers to be replaced with asbestos materials. These
fibers should be met all of the advantageous of asbestos and on the other hand
these fibers should not affect the human heath. The pulp fiber produced in paper
production factories were considered here with some surface treatments. These
fibers were used in reinforcing the cement composite boards. After surface
treatment process, their mechanical and physical properties regarding the flexural
strength and young modulus were investigated. Samples were made with various
fiber contents and then using SEM micrographs the micro-structural properties
were studied.
2. TESTS AND METHODS
Cement: Type 2 cement supplied by Tehran Cement Factory was used in this
study. Standard laboratorial tests (based on Iranian National Standard No. 398)
were executed to determine the properties of this cement, which passed the
requirements.
Fibers: The major part of the fibers of this study was prepared from the
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agricultural wastes. These fibers are usually used for paper production in which
this paper it was named as wood-pulp. The used dimensions were wide-spread of
length and thickness where would be discussed later.
Water: Tap water was used ke samplesto ma.
3. MIX DESIGN AND SAMPLE PREPARATION
The amount of wood-pulp was the major parameter of this study. These fibers were
in used in the range of 0 to 14% of cement weight.
Sample
Control
P2
P4
P6
P8
P10
P12
P14

Table 1: Mix designs and naming codes
Cement (g) Water (gr) Fiber (gr)
Comments
150
450
-Non-fiber sample
150
450
3.0
2% Cellulous-fiber
150
450
6
4% Cellulous-fiber
150
450
9.0
6% Cellulous-fiber
150
450
12.0
8% Cellulous-fiber
150
450
15.0
10% Cellulous-fiber
150
450
18.0
12% Cellulous-fiber
150
450
21.0
14% Cellulous-fiber

Composite cements were designed and made with a w/c ratio=3. At first fibers
were mixed in rotary mixer with 15 mm horizontal blades for 5 min to be
separated. This initial preparation was for untwisting the fibers to be well-dispersed
in the cement mortar. Cement, water and fibers were mixed for another 5 minutes.
After preparing the materials and mixing process, the prepared mixtures were
poured into 8×18×15 cm molds. Excess water was drained with a 0.9 bar suction
pump (Figure 1) while applying a 10 kg weight on the samples. Then the samples
were dried for 1 hour and cured in a steam cabinet with 100% RH for 14 days.
After curing, the samples de-molded and dried for 6 hours in 75˚C to prepare for
mechanical tests.

Figure 1. Set up for preparing the samples
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4. TESTS
4.1. Tests for fibers
4.1.1. Freeness test
One of the important characteristics of the fiber in cement matrix is the Canadian
Standard Freeness (CSF) that was designed for measuring the drainage properties
of the wood-paste. The results of CSF test depend on many variables such as: the
amount of fine particles and small pieces of available wood, fibrillation degree,
flexibility of fibers, and the finesse modulus. The procedure for this test is as
follows:
1- Specific volume of wood-paste poured into the cylinders to be drained.
Accompanying liquid was brought in the conical case with two orifices one in the
bottom and the other located on the side surface of the case.
2- Drained volume of liquid was measured and reported as degree of freeness after
some modifications on the values of temperature coefficient and paste density.
3- In this research, the cured fibers were examined for freeness test according CSF.
4- Average measured value for CSF was 500 which were very close to results of
other researches.
4.1.2. Morphological tests for fibers
Prepared fibers were poured into the test tubes and de-fibered. After fully
separation, length and diameter of fibers as well the diameters of cellulose pores
were measured with projectina optical microscope with 30 tries.
Table 2: Morphological characteristics of fibers
Morphological characteristics
Average
Length
mm
Demeter
30.853 micron
Inside cellulose wall
4.102 micron
Pore cellules wall
22.648 micron

5. EXPERIMENTAL CURVES
In this research, the strength of samples was tested in flexural loads. The flexural
samples were flat rectangular and tested with a 3-point load system according to
the EN12467:2004.
Figure 2 shows the load-deflection curve for CCB with and without fibers. As it
can be seen in Figure 2, the application of fibers in CCB increased the flexural
bearing capacity (FBC). The maximum observed value in control sample of FBC
was 54.42 N, while this enhancement for 4, 6, 8% fiber added samples were
109.75, 238.35, and 289.62, respectively. These values showed that the addition of
fibers in cement paste notably increased the FBC. The effect of thickness was not
evaluated in this curve, therefore, could not properly reflect the capabilities.
Because the more fibers added, the more thickness of CCB appeared and so, the
increase of thickness cold be affect the ultimate FBC. To eliminate this deficiency,
the following relations were utilized in evaluation of the FBC of CCB:
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σ = M /W

(Eq. 1)
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Figure 2. Load-deflection curve of CCB reinforced with cellulous fibers in comparison
to the control samples

Where σ is available stress (MPa), M is flexural moment, W is the flexural capacity
of the section.
M = PL / 4

(Eq. 2)

P is applied concentrated load (N) and L is the length of sample.
W = BH 2 / 6

(Eq. 3)

Where B is width (mm) and H is height (mm) of sample.
E =σ /ε

(Eq. 4)

Where E is modulus of elasticity (MPa) and ε is strain.
By replacing the values of M and W in Eq. (1), the stress will be attained as
follows:
σ=

3PL
2 BH 2

(Eq. 5)

Deflection can be calculated by assuming the linear region as:
δ=

PL3
48EI

Where I is the moment of inertia and δ is the deflection (mm).

(Eq. 6)
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By increasing the load P, the value of δ could be measured in real time. If the linear
region was assumed, it would be computed as:

Stress(MPa)

Control

Strain

Figure 3. Stress-strain curve of cement composites reinforced by pulp or plant fibers
in comparison to the reference sample
PL3
48δI

(Eq. 7)

1
BH 3
12

(Eq. 8)

E=

Where
I=

Using the Eq. 7, the value of ε can be gained:
(Eq. 9)

Based on these relations, flexural strength of CCB samples were evaluated as
shown in Figure 3.
For more analysis, the stress-strain curves are plotted in Figure 3. As it can be
seen, application of fiber upgrades the maximum yielding stress. Moreover, by
increasing the fibers, the area under the stress-strain curve has been increased that
is related to the energy absorption properties of boards.
6. FLEXURAL STRENGTH
Figure 4 demonstrates the results of flexural strength of samples. The results
proved that the addition of fibers resulted in improvement of flexural strength of
CCB. Obviously, the rate of enhancement depends on the type and amount of
added fibers and various percentages of fiber replacements affect the mechanism of
failure in CCB. Assessment of stress-strain curves of CCB guided us to classify the
CCB based on the type and amount of fiber replacements into three groups:
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Group 1: Samples with 0-6% fiber replacement
Group 2: Samples with 8-10% fiber replacement
Group 3: Samples with 12-14% fiber replacement
In group 1, as depicted in Figure 4, the flexural strength enhanced slightly with and
increase in the fiber amount, whereas the minor enhancement, the failure
mechanism of the samples was totally different which varied from brittle to ductile.
٩
Flexural Stregth (MPa)

٨
٧
۶
۵
۴
٣
٢

P١۴

P١٢

P١٠

P٨

P۶

P۴

P٢

Control

١

Figure 4. The maximum flexural capacity of fiber-reinforced cement composite
boards in comparison to the non-fibrous reference samples

The samples where placed in group 2, have the most flexural capacities in contrast
to the reference samples. In some samples in this group, the enhancement reached
up to two folds. Moreover, the flexible failure mode was observed for all of
samples in this class. In this situation, well-dispersion of fibers with good bond
formation between cement paste led to good development of flexural strength of
these samples.
In group 3, with increasing the fibers, the more decrease in flexural strength was
observed that it is expected to continues up to 14% fiber addition. Assessment of
failure mechanism showed that the ductility of samples in this group is higher than
other groups. It should be noted that the higher amount of fiber in this group lead to
for an unfavorable appearance due to high concentration of fibers at the outer
surface of CCB. Moreover, after breaking the samples under load, the balled-shape
fibers are visible in some parts of matrix that leads to missed-dispersion of fibers
inside the matrix eventually leads to decreasing the flexural strength of this group.
To verify the behaviour and effects of paper-pulp fibers, SEM photographs were
analyzed and showed in Figures. 5 and 6. The microstructure of paper-pulp fibers
represents the rough surface with good fibrillation. Well ionfibrilizat of fibers
forms the numerous fibrils around the outer surface that could help the friction
bond strength with cement matrix. On the other hand, the high aspect ratio (10.23)
and smaller diameter (30.85 µm) assist in friction strength. The matter will be more
important at the interfacial zone of fiber-cement paste and increasing the effective
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bond between them. In these pictures very tiny particles associated with the fibers
are gibleinegl. Therefore at the sites of cement paste that these materials stanceexi
can be interpreted as defects that decrease the strength. Consequently, the existence
of these particles in lower amounts could restrict the weak regions inside the
cement paste. But other important factor influencing the cement composite with
fibers is the fibers orientation in the cement paste. Figure 6 shows the distribution
and performance of fiber in cement paste. It is considerable that the fibers are
dispersed uniformly throughout the samples. Moreover, the existence of cement
particles around the fibers demonstrates the establishment of well interaction
between fibers and cement paste. This shows a good bond development between
fiber and cement paste.

Figure 5. SEM Micrograph of cement paste with Kraft fiber

Figure 6. SEM Micrograph of Kraft fiber
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7. MODULUS OF ELASTICITY
The modulus of elasticity (ME) is computed for ascending branch of stress-strain
curves and the values are depicted in Figure 7. As it can be seen, the modulus of
elasticity in all of the samples is lower than reference sample and with increasing
the amount of fiber, it will be reduced. Many factors are involved in this property.
If the cement composite is considered as a two-phase material (fiber and cement)
then ME of the fibers can be effective in overall modulus of elasticity of cement
composite so that the more or lesser ME of fibers the more or lesser ME of cement
composites will be gained.
It should be noted that the amount of fiber in reinforcing the cement composite is
very determinative. To verify this phenomena, the following relation that proposed
by Allen [11]which was used to compare with the results of experimental modulus
of elasticity of cement composites.
Ec = Em(1-Vf) + EfVf

(Eq. 10)
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Figure 7. Modulus of elasticity of cement composite boards with and without fibers

Where Ec, Em, Ef, are the composite, cement matrix and fibers modulus of elasticity
respectively and Vf is the volumetric percentage of fiber in the composite.
Experimental results of modulus of elasticity are:
Cement modulus of elasticity = 8.788 GPa
Average modulus of elasticity of pulp= 85.36 GPa
Using the composite component's ME yields great values for in calculated ME for
composite material while the experimental observation do not agree with these
findings. So it is supposed that the Allen formula is proper when the composite is
considered in an ideal condition. Researchers showed [11,5-6] that with application
of fiber in cement paste resulted in increase of voids in cement matrix and
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consequently the micro defects extended. Then generally the modulus of elasticity
of cement composite with fiber would we more less that the samples without fibers.
Allen [11] proposed a formula regarding this concern as follows:
Em = Emo(1-p)

(Eq. 11)

Where Emo is cement matrix ME without fiber, p is the amount of voids in the
composite in percent. Moreover, Allen [11] showed that p is as a part of fiber in
percent and could be calculated as follows:
p = 0.0522 + 3.7407 Vf

(Eq. 12)

It seems that the Eqs.11 and 12 is very reliable and could reflect the experimental
observations.
On the other hand, in the mixing procedure of cellules fiber and cement paste with
water, some bubbles and spumes would appear on the surface of mortar which
could be lead to increase the thickness of the samples with fibers. Thus the results
obtained from laboratorial study could be comparable and reliable. The reason for
producing the bubbles or spumes is the application of alkaline stuffs in chemical
process for production of the pulp. When these chemicals components are
contacted with oil used to lubrication of the molds, these bubbles or spumes are
formed. As a result, though ME of fiber is greater than the cement paste, but
because of these process (bubbles or spumes formation) resulted in increment of
porosity of composite leads to decrease in reduction of composite ME. Increase in
fiber amount would cause to extending the porosity and finally expansion of
samples based on Eq.12 then, in all samples with fiber ME would be reduced by
increase in fiber amount.
8. CONCLUSION
From the results obtained in the effect of wood-pulp fibers in mechanical properties
of cement composites, the following conclusions can be drawn:
1- Cellulose-fibers extracted from the brief-preparation of pulp has good
consistency with cement paste and could be dispersed inside the cement matrix and
finally have well bonding with cement paste.
2- By increasing the fiber amount up to 8% of cement, the flexural strength of
cement boards would be increase and in the range of 8 to 10% this is constant or
has very low decreases. With addition of fiber more than 12%, the flexural strength
development would have descendent slop.
3- The main reason for decrease of strength of cement composites, are: a)
thickening of the samples because of porosity and b) miss dispersion or nonuniform distribution of fiber in cement paste in which fibers want to be like clew
and twisting or miss dispersion inside the matrix.
4- Existence of fibrils could aid in binding and uniformity of fibers with cement
paste and eventually leads to enhancing the flexural strength.
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5- Modulus of elasticity of composites got more affection from the bonding and
continuity of the fibers with cement paste than its components like cement or
fibers; does the more bonding strength the more modulus of elasticity would be
exist.
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ABSTRACT
Shape memory alloys (SMAs) are increasingly becoming a topic of research in the
area of ‘smart materials’. SMAs are a novel functional material, which can exhibit
large strains under loading–unloading process without residual deformation. They
have the ability to remember a predetermined shape even after severe deformation.
This article first presents an overview of the characteristics of SMAs associated
with the temperature-induced and stress-induced reversible hysteretic phase
transformation between austenite and martensite. The recent experimental studies
and numerical simulations, which have been led to demonstrate the powerful role
played by SMAs, are also presented in this article. Currently, research efforts have
been extended to using SMA as sensors, actuators, passive energy dissipaters and
dampers for shape control and vibration control of civil structures. This article then
presents a review of applications of the SMA materials for passive and active
controls of concrete structures.
Keywords: shape memory alloys, shape memory effect, superelastic effect,
structural control, smart material
1. INTRODUCTION
Smart systems for civil structures are described as systems that can automatically
adjust structural characteristics in response to external disturbances and/or
unexpected severe loading toward structural safety, extension of the structure’s
lifetime, and serviceability [1].
In 1965, shape memory alloys (Nitinol) as a smart material derived from Nickel
and Titanium were first patented by Buehler and Wiley [2] in Naval Ordnance
Laboratory. Since then, tremendous effort has been infused to the utilization and
study of this smart material.
In recent years, the two major properties of SMAs have attracted the attention of
many researches for application to smart structural systems. One is the
Superelasticity or pseudoelastic effect (PE), which is the ability of a shape memory
alloy to accommodate large strains due to stress-induced phase change at a
constant, sufficiently high temperature and to recover its initial shape upon
unloading. The other is the superthermal effect or shape memory effect (SME),
which is the ability to deform an initially austenitic SMA by cooling under constant
stress and then to recover the austenitic shape by heating. The magnitude of the
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temperature-induced strains depends on the applied stress.
Although SMAs have been known for decades, they have not been used in the
concrete structures until rather recently. SMAs can be passive or active
components in civil structures to reduce damage caused by environmental impacts
or earthquakes.
This paper is divided into three main parts. The first part focuses on the basic
characteristics of SMA (Section 2). The second part contains recent research on the
damping properties of SMAs (Section 3). The third part presents the Application of
SMAs for passive and active concrete structure control (Section 4).
2. BASICS ABOUT SHAPE MEMORY ALLOYS
SMAs are found in two main phases: the high temperature phase, which is called
austenite, and the low temperature phase, which is called martensite. SMAs could be
transformed from austenite to martensite either by reducing the temperature or by
applying a mechanical stress. On the other hand, martensite transforms into austenite
by either increasing the alloy’s temperature or removing the applied stress.
SMAs have four transformation temperatures: (a) the austenite start temperature
(TAs), where the austenite starts to develop in the alloy; (b) the austenite finish
temperature (TAf), where the development of austenite in the alloy is 100%
complete; (c) the martensite start temperature (TMs), where the development of
martensite starts; and (d) the martensite finish temperature (TMf), where the
development of martensite is 100% complete.
There are three groups of shape memory effects [3]. All of them have one common
speciality, namely at least one shape (macroscopic state) of the material is recoverable.
In the case of one-way effect the material gets a permanent deformation by
applying mechanical load in a relative cool temperature (T < TAf). However, this
deformation can disappear by heating above TAf and it remains unchanged during
the cooling to the start temperature (Figure 1.a).
When the start temperature is above TAf, mechanical load can cause deformation,
but it disappears during unload. It seems like an elastic behavior, but the
deformation can be unusually great. This effect is the PE, which does not concern
only shape memory properties (Figure 1.b).
The third effect is the two-way effect that requires only thermal load to change
between two stable shapes. One of the shapes is stable above TAf and the other one
is stable below a different temperature TMf < TAf. It has to be mentioned that this
effect can be produced only after a special treatment (Figure 1.c).

(a)
(b)
(c)
Figure 1. Shape memory phenomena: one-way effect (a), pseudoelasticity (PE) (b),
and two-way effect (c) [4]
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(a)
(b)
(c)
Figure 2. Shape memory phenomena in stress-strain-temperature space: one-way
effect (a), pseudoelasticity (PE) (b), and two-way effect (c) [4]

Behind these effects, there is a crystallographic transformation, namely the
martensitic phase transition. As it can be seen from the phenomena, the phase
transitions can be induced by mechanical and thermal load. Figure 2 shows the
effects in a stress-strain-temperature space. The forward (austenite to martensite,
A→M) and backward (martensite to austenite, M→A) transitions and their
temperatures are also illustrated.
3. RESEARCH ON THE DAMPING PROPERTIES OF SMAS
The high damping capacity is known as one of the important functional properties
of shape memory alloys. Damping, in a technical context, stands for the conversion
of mechanical energy to thermal energy and therefore for the ability to reduce
movements or vibrations of a structure.
Using SMAs for passive structure control relies on the SMA’s damping capacity,
which represents its ability to dissipate vibration energy of structures subject to
dynamic loading. As reviewed in the last section, the damping capacity comes from
two mechanisms: martensite variations reorientation which exhibit the SME, and
stress-induced martensitic transformation of the austenite phase which exhibit the PE.
The energy dissipation of the widely-used Nitinol superelastic SMA wires was
investigated [5-8]. Dolce and Cardone [9] investigated the superelastic Nitinol wires
subjected to tension loading. They observed the dependence of the damping capacity
on temperature, loading frequency and the number of loading cycles. It is found that
the mechanical behavior of the wires is stable within a useful range for seismic
application. In addition, they suggested that the austenite wires should be
pretensioned for larger effectiveness of energy dissipation.
A superelastic SMA wire demonstrates the damping capacity not only under tension
loading, but also under cyclic bending. In 2000, Ip presented his effort to predict the
energy dissipation in SMA wire under pure bending loading. His numerical results
showed that the energy dissipated by the superelastic SMA wire is highly sensitive to
its diameter; in detail, the thicker the SMA wire, the more energy was dissipated.
Recently, as large cross-section-area SMAs become available, studies on the
properties of SMA bars or rods have attracted more attentions. As discovered by Liu
et al [10], the damping capacity of a martensite Nitinol bar under tension–
compression cycles increases with increasing strain amplitude, but decreases with
loading cycles and then reaches a stable minimum value.
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Dolce and Cardone [9] compared the martensite damping and austenite damping of
Nitinol bars subjected to torsion. They found that the damping capacity of the
martensite Nitinol bar is quite a bit larger than that of the austenite Nitinol bar,
although the prior cannot remain at its highest value as the residual strain
accumulates. They also noticed that the martensite bar’s mechanical behavior is
independent of loading frequency and that of the austenite bar slightly depends on
the frequency. This implies that both martensite and austenite Nitinol bars can work
in a wide frequency range and have a good potential for seismic protection.
4. APPLICATION OF SMAS IN CONCRETE STRUCTURE CONTROL
The vibration suppression of concrete structures to external dynamic loading can be
pursued by using active control and passive control. In the active control mode, an
external power source controls actuators to apply forces to the object structures. For a
passive control system, no external power source is required and the impact forces
are developed in response to the motion of the structures.
4.1. Smas for Passive Structural Control
The passive structural control using SMAs takes advantage of the SMA’s damping
property to reduce the response and consequent plastic deformation of the structures
subjected to severe loadings. Indeed, martensite or austenite SMA elements as
energy dissipation devices absorb vibration energy based on the hysteretic stress–
strain relationship.
4.1.1. Sma Braces for Frame Structures
The SMA wire braces are installed diagonally in the frame structures. As the frame
structures deform under excitation, SMA braces dissipate energy through stressinduced martensite transformation (in the superelastic SMA case) or martensite
reorientation (in the martensite SMA case).
Several different scale prototypes of the devices were designed, implemented and
tested. They showed that the proposed devices have characteristics of great
versatility, simplicity of functioning mechanism, self-centering capability, high
stiffness for small displacements and good energy dissipation capability. The
combined steel–SMA type braces were also adopted by Tamai and Kitagawa [11] in
their seismic resistance devices as shown in Figure 3. Cardone et al [12] proposed a
design for bracings of multi-storey reinforced concrete (RC) frames with a
martensitic Ni-Ti adapter as the damping element.
4.1.2. Sma Restrainers for Bridges
Bridge restrainers are elements that are commonly used to connect two adjacent
bridge spans or frames and prevent them from experiencing large relative
displacements during earthquakes. Superelastic SMAs can be used as damper
elements or potential seismic restrainers for bridges.
As shown in Figure 4, DesRoches and Delemont [13] reported their full-scale tests of
25.4 mm diameter superelastic SMA restrainer bars used for seismic retrofit of
simply support bridges and their simulation analysis on a multi-span simply
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supported bridge. The results have shown that the SMA restrainer more effectively
reduced relative hinge displacement at the abutment and it provided a large elastic
deformation range in comparison with conventional steel restrainer cables. In
addition, the SMA restrainer extremely limits the response of bridge decks to nearfield ground motion. The increased stiffness of the SMA restrainers at large strains
provides additional restraint to limit the relative openings in a bridge.

Figure 3. Schematic of the SMA braces for a frame structure

Figure 4. Schematic of the setup of SMA restrainer for a simple-supported bridge

Moreover, Rita Johnson et al [14] conducted a large scale testing program to
determine the effects of SMA restrainer cables on the seismic performance of inspan hinges of a representative multiple-frame concrete box girder bridge subjected
to earthquake excitations. The SMA cable restrainer which was used in this study is
shown in Figure 5. The results of the experimental testing have revealed that the
SMA restrainers not only served as effective bridge retrofits, but also result in
superior performance relative to equivalent traditional steel restrainer systems.
Additionally, results of utilizing the analytical model revealed that using SMA
restrainer cables reduced the peak hinge openings by nearly 50% for some cases.
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4.1.3. Sma Connectors
Connectors or connections in various structures are prone to damage during an
earthquake event. SMA connectors have been designed to provide damping and
tolerate relatively large deformations. Tamai and Kitagawa [11] proposed an
exposed type column base with SMA anchorage for seismic resistance. The SMA
anchorages are made of the Nitinol SMA rods in 20–30 mm diameter and steel
bars, as shown in Figure 6.

Figure 5. SMA cable restrainer with the effective length of 1.16 m used as a
retrofitting device

Figure 6. Schematic of SMA bar anchorage for a column

The results obtained from the pulsating tension loading tests and numerical
simulation of the SMA rods, have shown that the SMA wires were very effective in
dissipating energy and reducing the building’s vibration under severe seismic
ground motion. Furthermore, the SMA anchorages can recover their original shape
after cyclic loadings and therefore their resisting performance remains the same to
prevent plastic deformation and damage in the structural columns. Additionally, it
is possible to design a column base with SMA anchorage that does not require
repair after a severe earthquake, when the maximum rotation responses of the base
plate are less than 0.025 rad [15].

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 129

4.1.4. Shape Restoration Using Superelastic Smas
In the literature, there is a specific type of application of superelastic SMA wires
for structural control purpose different from the aforementioned examples. This
application uses the shape restoration property of superelastic SMA wires. For
example, Song and Otero [16] developed a more efficient way to use superelastic
SMA wires to achieve a larger restoration force in the form of a stranded cable.
Figure 7 shows a concrete beam (24 in. × 4 in. × 6 in.) reinforced with fourteen 1/8
in.-diameter superelastic stranded cables via the method of post-tensioning to
achieve a 2% pre-strain. Each cable has seven strands and each strand has seven
superelastic wires. Special clamps were made to hold the superelastic
strands/cables without slippage. After a load of 11,000 lbs and the appearance of a
large crack (Figure 7.a), the crack on this beam was closed (Figure 7.b) under the
elastic restoration force of the superelastic SMA cables upon removing the load.
Two quarter-scale RC column with SMA longitudinal reinforcement in the plastic
hinge area were tested on the shaketable by Saiidi and Wang [17]. The
exploratory study showed that the residual displacements in the SMA-reinforced
columns were very small. Furthermore, Khaloo and Eshghi [18] studied
numerically the response of RC columns using smart rebars under static lateral
loading. It is found that by using SMA rebars in RC columns, these materials tend
to return to the previous state (zero strain), so they reduce the permanent
deformations and also in turn create forces known as recovery forces in the
structure which lead into closing of concrete cracks in tensile zone and reduction of
the eccentricity created in the concrete columns which is the result of permanent
deformations.

(a)
(b)
Figure 7. A large crack during a loading test (a), and the crack closes after the loading test (b)

4.2. Smas for Active Structural Control
The SMA has the capability of recovering a previously formed shape via heat
energy, which is referred to as an active property tuning when incorporated into a
structural system.
4.2.1. Sma Wires in Concrete
The behavior of a simple concrete beam driven by heated SMA wires using
electrical currents was investigated by Li et al [19]. Figure 8 shows the loading
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apparatus. Prior to the test, a certain pre-tension was imposed on the SMA wires,
which were fixed firmly at the two ends of the specimen by the special clamps.
Specimens were first loaded at the midspan to a certain deformation until the
concrete was cracked. Subsequently, the SMA wires were heated using a constant
electrical current of 14 A in order to drive the concrete beam. The test results
indicate that recovery forces of the SMA wires can reduce mid-span deformations
and compressive strains of the specimens effectively. Furthermore, the heated
SMA wires can make cracks close and perform the task of emergency damage
repair in civil structures. The load capacity after actuating of the SMA wires
increases although the concrete is already cracked. Moreover, the specimen
embedded with more SMA wires proves much better than the specimen does with
fewer SMA wires.

(a)
(b)
Figure 8. Set-up of the loading apparatus (a), and Instrumentation sketch (b) for
concrete beam with embedded SMA wires

Figure 9. Active Confinement of a concrete column with a prestressed shape memory
alloy wrapping for retrofitting purposes [20]

4.2.2. Active Confinement of Concrete Members with Sma
Another application of using SMAs in concrete structures is in the confinement of
reinforced concrete members. The increase in load bearing capacity and also ductility
by wrapping columns with bands or sheets of steel or FRP is well known. In addition,
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it is well known that the strength of confined concrete is a function of the load.
Utilizing the shape memory effect for tensioning the wrapping can enhance the effect
of confinement. Krstulovic-Opara et al [21] carried out tests on SMA confined
concrete members. They performed compression tests of the model scale with confined
concrete cylinders. The specimens were jacketed with thin continuous Ni-Ti wires.
Stressing of the jacket was done by putting the whole specimen in an oven. The
comparison between several variants of stressed and unstressed jacketing showed that
the use of SMA spirals alone effectively introduced high levels of active confinement.
Concrete columns could be easily helically wrapped by continuous SMA bands. The
pitch of the helix can be fitted to the aimed confinement. Figure 9 shows the setup
for the tensioning by resistance heating. Obviously, this technology is suitable in
particular for retrofitting, in cases where there is only limited space for mounting,
e.g. in cellars of buildings or in case of double columns. The strength values under
confinement can theoretical enable very high loads at very high strains. However,
only compression strains of several percent are acceptable in columns in order to
prevent damage to the concrete or disadvantages to the whole structural system of a
building. The load bearing capacity for small strains was hence of interest for the
performed calculation. The calculations showed a lower axial strain for the active
SMA confined column compared to the steel or CFRP confined column at the same
load. On the other hand, a higher axial load can be applied at a given ultimate strain.
5. CONCLUSIONS
This paper presents a review of the basic properties of Nitinol SMA and their
applications in passive and active control of concrete structures. The SME enables
martensite Nitinol materials to be used as actuators and also enables their
applications in active controls of concrete structures. Structural self-rehabilitation
using reinforced martensite SMAs is an example of active structural control. Both
martensite and superelastic SMAs show strong hysteretic effects in their stress–
strain curves for loading–unloading cycles and dissipate energy during these
cycles. This provides the basis for developing passive structural damping devices
using both martensite and superelastic SMAs. We have seen a trend to combine the
advantages of martensite and austenite SMAs to achieve optimal performance in
structural control.
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ABSTRACT
Recently, silica fume became a vital ingredient for producing concrete in
aggressive hot climate of Iran. In mass structures heat generation due to hydration
of cement and strength properties are two important parameters which affect
service life of structures. In the early age the temperature in the body of mass
concrete is high and tensile strength is low. This special condition may lead to
occurrence of thermal cracks. In the present study, concrete specimens with water
cement ratio 0.3, were made and 0, 10 and 15 percent Portland cement replaced
with silica fume. Temperature rise of the specimens was monitored just after
casting in a semi adiabatic box. Temperature rise was recorded for 7 days.
Furthermore, compressive strength of the cubic specimens from 1 day after
casting to 91 days was measured. The results declared that hydration heat regime is
affected by silica fume percent. The mixes with both 10 and 15% silica fume, had
peak temperature about 6ºC lower than the specimens without silica fume.
Furthermore, peak temperature of the specimens without silica fume occurred 23
hours after casting, while it became about 31 hours for silica fume specimens. The
slope of cooling zone of hydration regime in the specimens with 10% silica fume is
very mild compare with the others. On the other hand, 10% silica fume enhanced
compressive strength more effectively. These results demonstrated that hydration
heat and strength development of mass concrete are affected by silica fume content
and higher replacement of this pozzolan material may adversely affect service life
of structures.
Keywords: silica fume, hydration heat, high strength concrete, strength
development
1. INTRODUCTIONS
Strength development of high strength concrete in the body of large mass concrete
structures is effectively influenced by temperature rising due to hydration heat.
Normally, cement content of high strength concrete is high , therefore temperature
in the body of mass structures increase more rapidly and may adversely affect
properties of concrete at early or later ages [1]. In addition, the characteristics of
heat development such as peak temperature, the time at which peak occur , slope
gradient in heating or cooling zone and the remaining time at peak can be
responsible for concrete properties in body of large mass concrete[2]. However,
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nowadays the consulting have no especial considering to a fact that reality of
concrete properties in the center of structure is completely different with that
named as standard specimens [3].
2. MATERIALS AND TESTING PROGRAM
Crushed stone, with 19 mm maximum nominal size, in two ranges of 5-10 and 1019 with relative density at saturated surface dry of 2.61 were used. Fineness
modulus of sand and relative density were 3.24 and of 2.56 respectively.
Absorption value is 3.09 and 2 for fine and coarse aggregate. The cement used was
Portland cement Type 2, with a specific gravity of 3.11 and 3750 cm2/gr surface
area. A commercial carboxylic type placticizer, (Gelenium 110M), was used to
maintain workability of fresh concrete. Silica fume, made by Semnan Ferro Alley
factory, was used at 0%, 5% and 10% (by weight) as partial replacement of
cement. The characteristics of silica fume are given in Table 1. Mix proportions of
the concrete are given in Table 2. Water-cementitious material (w/cm) ratio is 0.3.
A pan mixer was used and the mixing procedures are as follows. First, sand and
cement were placed and 50% mixing water and half admixture were added and
mixed for 1 minute. The remaining water and admixture and coarse aggregate were
together added and mixed 2 minutes.
Table 1. Chemical composition of silica fume
Composition
Percent
Al2O3
0.5-1.7
SiO2
85-95
0.4-2
Fe2O3
C
0.6-1.5
CaO
2-2.3
MgO
0.1-0.9
Table 2. Mix proportions of the Concrete
Mixture
SF0.D
SF10.D SF15.D
Material
Cement
500
450
425
Water
150
150
150
Fine agg.
845
845
845
Coarse agg.* (5-10 mm)
387
387
387
Coarse agg. (10-19mm)

528

528

528

Micro silica
0
50
Super plasticizer
7.5
7.5
Water/Cementitious material
0.3
0.3
Slump
150
150
*
Aggregate in saturated surface dry condition

75
7.5
0.3
150
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3. EXPERIMENT RESULTS
3.1. Compressive Strength
Strength development of the concrete mixtures versus age is shown in Figure 1. As
it is shown from the early to later ages, compressive strength of the specimens with
10% silica fume is highest compare with two other specimens. However, as silica
fume content increased to 15% rate of strength development in the early age was
slow but, in the later ages of 28 and 90 days compressive strength of SF15 became
higher than SF0. This may be attributed to the fact that in the early age, production
of cement hydration, Ca(OH)2, is not enough for activation of 15% silica fume.
However, 10% silica fume may be an optimum value for cement replacement in the
predetermined water cement ratio.
SF0
90

SF10

80

SF15

70
60
Com. St. (Mpa)

50
40
30
20
10
0
1

2

3

7

28

90

Age(days)

Figure 1. Strength development of the concrete mixtures

3.2. Hydration Heat Development
Temperature rising of the specimens after casting was monitored and is
demonstrated in Figure 2. It is shown that regime of hydration heat in silica fume
specimens is different compare with the specimens without silica fume.
Temperature rising curve during early age hydration can be divided in 4 following
pattern:
1: slope of heating zone
2: peak temperature value
3: time of peak temperature
4: cooling zone slope
For the silica fume specimens SF10 and SF15, slope of heat zone decreased
compare with SF0. Furthermore peak temperature diminished about 8 to 10°C for
15% and 10% cement replacement. Occurrence of peak temperature postponed for
silica fume specimens. An interesting result is that a mild slope is seen in cooling
zone for silica fume specimens (Tables 3 and 4). This mild slope is desirable for
lower thermal gradient.
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Figure 2. Temperature rising during hydration process
Table 3. Peak temperature, heating and cooling slope of the hydration heat curves
Mixture

Peak
temperature.
(°C)

95% peak
temperature.
(°C)

angle of
tangent in
temperature
increasing
(degree)

angle of
tangent in
temperature
decreasing
(degree)

slope of
tangent
(G1)

slope of
tangent
(G2)

SF0.D

49.3

46.80

68

38

2.48

0.78

SF10.D

40.0

38.00

58

23

1.60

0.42

SF15.D

40.5

38.50

48

29

1.11

0.55

Table 4: Net peak temperature and time of peak temperature for the mixtures
Initial Temperature

Occurrence of Peak Temperature
Time
after
casting
(hr)

Maximum
net
temperature
rise. (°C)

Mixture

Concrete
Temp.
(°C)

Ambient
Temp.
(°C)

Concrete
Temp.
(°C)

Ambient
Temp.
(°C)

Time
after
casting
(min)

SF0.D

24.2

21.1

49.3

20.5

1374

23

25.1

SF10.D

20.7

19.6

40.0

20.7

1873

31

19.3

SF15.D

19.8

21.0

40.5

19.5

1930

32

20.7

4. CONCLUSIONS
From the present study the following conclusions can be drawn:

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 137

- 10% silica fume enhanced compressive strength of the concrete with 0.3 water
cement ratio from early to later ages.
- Increasing silica fume content in the specimens did not lead to higher strength.
- Curve of temperature rising versus age was changed as cement was replaced
with silica fume as follows:
- Peak temperature decreased about 5°C,
- peak temperature postponed ,
- Slope of heating and cooling zone became mild; this may lead to a desirable
low thermal gradient in mass concrete.
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ABSTRACT
Nowadays, many buildings and infrastructures are made of concrete and therefore,
strength of concrete structural members ensures longer useful life and
serviceability of the structure. Beams are one of the most important structural
members that must have sufficient load bearing and ductility. Since brittle behavior
and low ductility are two noticeable drawbacks of concrete members, they should
be reinforced by materials with higher ductility and tensile strength such as steel
fibers which can significantly improve these two characteristics of bending
members. With this respect, use of industrial steel fiber deposits, percentage of
fibers and optimized amount of fibers are critical factors which affect the flexural
strength of beams and cost-effectiveness of the projects.

In this paper, experimental results of 3-point bending tests carried out on
fiber reinforced concrete beams with different percentage of fibers are
presented and compared and also its cost-effectiveness has been considered.
Keywords: concrete, steel fiber deposits, beam, ductility, flexural strength
1. INTRODUCTION
Applications of fiber reinforced concrete have been explained in different literature
among which Keivani has mentioned the following items:
Floors cover:
It has been proved that using fibers can reduce the thickness of slabs and covers up
to 1.2 times. With this respect, McCarran airport in Las Vegas in 1976 for airplane
parking lot surface as wide as 52700m2 was covered by steel fiber reinforced
concrete of 15 cm thickness, while the required thickness was estimated as 37.5cm.

Rehabilitation of dams and hydraulic facilities:
In this application, the concrete resistance against impact and abrasion and
cavitation is considered. According to ICOLD report, in order to prevent erosion
and deterioration of stilling basins of Mayfield and Alder dams and also spillway
of Little Goosc dam, fiber reinforced concrete as 38 to 45cm thick was used for
cavitation prevention.
Instable slopes and trenches covering with sprayed concrete:
A kind of this application was used in a refinery in Sweden in an area of 4500m2.
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Explosion and impact resistant structures:
In such cases, the foundations of heavy machinery are of interest to be made of
fiber reinforced concrete. With this regard, impact and crack resistance properties
of concrete are outstanding.
Concerning flexural strength, studies have shown that fiber reinforced concrete
behavior is significantly affected by shape, length to thickness ratio and material of
fibers. The fibers can also be prepared from factories or from two resources such as
industrial deposits each of which has significances and drawbacks. The common
result is that in both cases, the flexural strength of concrete would be improved
effectively. In this study, since the economic aspect of the projects was to be taken
in to account as an important factor, effect of steel fibers from industrial deposits
was investigated in concrete.
2. FLEXURAL TEST (PRISMATIC BEAM WITH THREE-POINT LOADING)
Since based on the studies done before, the most significant effect of steel fibers in
concrete has been turned out to be ductility and energy absorption improvement
especially in flexural behavior, this part of the research was of great importance.
Because the previous studies were based on different standards (Keivani, based on
Japan standard and most of other literature based on ASTM), referring to the
standards was inevitable.
In this study, in order to maintain the best comparability and recurrence of the tests,
direct reference to ASTM was necessary. The results of the tests performed will be
presented in the following. All of the tests carried out were corresponding to
ASTM C 1018 94b.
2.1. Specimens Preparation
The moulds used were of dimensions 10×10×50cm. at the first step, the moulds
were cleaned and greased. The concrete ingredients was prepared according to
determined mix design and mixed in the mixer and in order to make specimens
with different percent of fibers, in each step, specified percentage of fibers was
added to the mixture. after placing the concrete in the mould, vibration was applied
to the moulds for a while so that enough compaction of concrete is reached. As a
result of presence of fibers in the concrete, fiber reinforced specimens need more
vibration time compared to plain concrete specimen to cause the air come out of
the concrete. On the other hand, more vibration time causes segregation and
bleeding. So, desirable duration of vibration was gradually obtained by some
vibration trials.
The moulds were opened after 48 hours and specimens were kept in water basin
(Figure 1) for 28 days in the laboratory conditions so that full curing was
maintained. During this period, the temperature of about 20°C and curing
conditions were tried to be kept constant.
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Figure 1. specimens in water basin in laboratory temperature.

2.2. Test Apparatus
The conditions of test apparatus should be prepared according to ASTM C 1018.
The apparatus used is illustrated in Figure 2. it is a kind of STRASSEN TEST,
model 205. its final load capacity is 100kN.

Figure 2. Loading apparatus and measurement gauges

In order that the apparatus thoroughly meet the ASTM C 1018 provisions, some tools
were installed. As shown in Figure 3, adjustable supports for load applicator of 30cm
distance from the bottom were adjusted.
The load was applied by upper jaw in the middle of the span. The specimens were
placed on the supports in order that 10cm of two ends of each specimen locate out of
the supports edges. (Standard suggests span of at least 350mm but, loading span
should be three times as the cross section dimensions i.e. 300mm).
Displacements were measured and recorded at three points (two support points and at
the middle of span).the displacement was calculated by subtracting the average
displacement measured at two supports from displacement in the middle of the span.
After some tests, it was observed that the displacements in the supports after the
first contact were nearly negligible and could be taken equal to zero. Loading was
applied at the minimum rate (about 0.04 mm/min).
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Figure 3. Test apparatus with installed tools for three-point loading

2.3. Tests
After preparation of the specimens for test implementation as mentioned above,
three-point loading was applied by the apparatus with instrumentations shown in
Figure 3. The measurements were repeated at appropriate time increments and for
displacement of 0.02mm. During the test, regular reading of displacement and
force gauges and also minimum rate of loading were maintained.
In most of the specimens, large displacements and failure occurred rapidly after
formation of the first crack (Figure 4). It would make the measurement a little
difficult especially at the time near to the critical point.
Before implementation of the tests, the weights of the specimens were determined
and dimensions were carefully measured. The average of parallel dimensions was
selected as the dimension of prismatic beam base. The lengths of the specimens
were also measured. After start of loading, measurements were recorded at each
0.02mm displacement. Failure was finally completed by splitting of the specimen
(Figure 4).
At the failure time of the specimens containing 0 to 3% of fibers, it was observed
that two parts of the specimen were completely separated. But concerning the
specimens containing 5% of fibers, the connection and bonding between two parts
of the specimen was still maintained. Visual inspection of specimens after failure
(Figure 5) showed that regarding the fibers, most of them did not fail due to lack of
tensile strength but as a result of low bonding between concrete and fibers, they
were pulled out of the concrete.
From one hand according to ASTM, the ratio of fiber length to the smallest
dimension of the mould is limited and On the other hand, the ratio of length to
thickness of fibers is of great importance. With this respect, the more the length of
fibers, the better bonding and involvement between fibers and concrete, and tensile
failure of fibers is more probable. But long fibers can not be mixed easily in the
concrete and especially their distribution in the mould would not be uniform. It can
affect the results of flexural tests.
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Figure 4. Failure mode of prismatic specimens

Figure 5. prismatic specimens with 1% of fibers

Figure 6. prismatic specimens after failure

According to this limitation, length of 2.5-3 cm was chosen for fibers. Considering
the cross section dimensions of the mould (10*10), this length could cause a little
nonuniformity especially in low percentage of fibers. But in higher percentages,
visual inspection of cross section revealed uniform distribution of fibers in the
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specimen cross section (Figure 6).

Figure 7. specimens with 5% of fibers after failure

Figure 7 shows the specimens with 5% of fibers after failure. It is illustrative that
despite of full failure for the three specimens, the bonding between two parts of the
specimens has yet been maintained via the fibers. If distribution of fibers in the
failure location is considered, it will seem desirably uniform. Figures.8 and 9 show
illustrative views of fibers distribution in failure surface of the specimens. In short,
these observations show that the fibers have been pulled out of concrete and did not
split due to excessive tensile stress. Also appropriate distribution of fibers can
obviously be seen in the Figures. At the end corner of specimen (where bonding is
yet present), it can be considered that the connection and bonding is conserved via
just a few number of fibers and in spite of complete failure of concrete, the strength
and bonding of the remained fibers is sufficient to carry the weight of specimen
(Figure 7). These observations may be actually efficient in selection of length,
thickness and particularly shape of fibers.

Figure 8. horizontal view of the failed specimen with 5% of fibers
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2.4. Results and Discussion
After implementation of each test, the displacements in the middle of the span
(mm) with respect to the corresponding force (kN) prepared in a table. Table.1 is
an example of such tables. In the first column of the table, the values recorded at
the time of test are presented. Displacement values for each 0.02mm are presented
for which the corresponding forces are also presented in the next column. Such
tables were prepared for all of the tests.
Table 1: values of force-deflection for specimen with 5% of fibers
primary values
Deflection (mm)
Force (kN)
0
0
0.02
0.2
0.04
0.4
0.06
0.8
0.08
1
0.1
1.2
0.12
1.2
0.14
1.4
0.16
1.6
0.18
1.8
0.2
2
0.22
2.2
0.24
2.4
0.26
2.8
0.28
3.1
0.3
3.4
0.32
3.8
0.34
4.2
0.36
4.7
0.38
5.1
0.4
5.7
0.42
6
0.44
6.6
0.46
7.2
0.48
7.6
0.5
8.2
0.52
8.4
0.54
9
0.56
9.4
0.58
10.5
0.6
10.9
0.62
11.6
0.64
12.2
0.66
12.6
0.68
13.1
0.7
13.5
0.72
14
0.74
5
0.76
5
0.78
5
0.8
5
0.82
5

final values for curve plotting
Deflection (mm)
Force (kN)
0
0
0.13
3.4
0.15
3.8
0.17
4.2
0.19
4.7
0.21
5.1
0.23
5.7
0.25
6
0.27
6.6
0.29
7.2
0.31
7.6
0.33
8.2
0.35
8.4
0.37
9
0.39
9.4
0.41
10
0.43
10.5
0.45
10.9
0.47
11.6
0.49
12.2
0.51
12.6
0.53
13.1
0.55
13.5
0.57
14
0.59
5
0.61
5
0.63
5
0.65
5
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Figure 9. Vertical view of the failed specimen with 5% of fibers

In all of the tests, displacements increased and recorded as nearly small amounts
and approximately proportional to the forces before the maximum strength point. it
should be noticed that each reading step included three displacement readings and
one force reading. Displacements were measured at the supports and at the middle
of the span and absolute amount of displacements at the middle of the span were
calculated relative to the supports displacement. In practice, it was observed that
displacement values at the supports were stopped after start of the tests. Also the
displacement values need to be corrected at the beginning of the test as follows.
At the beginning of the test, loading jaw can not thoroughly be attached on the
specimen surface. This is due to the fact that if it is attached, some bending may be
created in the specimen before the displacement gauge is adjusted to zero.
However, it should be noticed that specimens without smooth surfaces produce
even more errors in measurements which can be removed by ignoring the earlier
part of the displacements (strains).

Figure 10. load-deflection curves of three specimens with 1% of fibers

Table 2: characteristics of prismatic specimens
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In order to remove the errors, the values in the first two columns were used to plot
the force versus preliminary deflections and after determination of the earlier linear
part of the test results curve and its extension to displacement axis, the amount of
primary displacement of loading determined and removed from the results.
Values of applied load and the corrected displacements were prepared in the next
two columns of the Table.
The tables prepared in such a way after plotting the preliminary curve and
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correcting the primary readings, were used to plot the final load-deflection curve.
Load-deflection curve of three specimens with equal percentage of fibers were
plotted together for comparison. For example Figure 10 shows load-deflection
curves of three specimens with 1% of fibers.
From the tables and curves prepared and corrected, all of the critical information
has been obtained and presented in Table 2.
Table 2 presents all of the specimens characteristics in different tests. Specimens
number and fibers percentage are presented in the first and second columns,
respectively. Cross section area and weight of the specimens are given in next three
columns. It can be concluded from the table that the more the fibers in the concrete,
the lower the slump would be.
3. CONCLUSION
Considering the curves obtained from various tests, the following results can be
concluded:
The results of tests implemented on specimens with equal percent of fibers are
in good agreement so as the average of three tests can be taken as the
representative of that fiber percentage.
Although the first correction may cause a little difference in the tests results
but, first contact error and support corrections are much more effective than
the remained error.
Deformation is very slow until near point to the failure but after appearance of
the first crack, it increases and with a sudden large deformation, specimen
fails and the force decreases.
Final flexural strength of steel fiber reinforced concrete in the beam test with
three-point loading increases significantly. For example in 3% of fibers, the
strength increase up to 70%
Amount of maximum deflection increases by increase of fibers percent and in
3% of fibers, it approaches 95%.
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ABSTRACT
Cementitious materials are brittle in nature. Due to this behavior, short, randomly
and distributed fibers are mostly being used to reinforce cementitious materials.
Added fibers enhance tensile strength and flexural toughness and reduce crack
creation and propagation in cement matrix. The major effect of fibers is to act as
bridging at crack tips to resist crack propagation. Fiber bonding to cement paste is
an important factor that affects performance of the fiber reinforced cementitious
composite (FRCC). Bonding energy (adhesion) between these materials is
composed of interfacial interactions (chemical bonding) and mechanical
interactions (interlocking). The adhesion of fiber to cementitious materials can be
evaluated by pull-out test. This test is the newest method and one of the most
commonly used practical methods to evaluate performance of fibers in FRCCs.
This article presents the bonding strength results of commercial polymeric fibers to
cement matrix. To investigate adhesion of polypropylene (PP), nylon66 (N66) and
acrylic (PAN) fibers to cement matrix a single fiber pull-out test setup is designed
and fabricated. The specimens were prepared at the water-cement ratio of 0.4 and
they were tested at 7, 14 and 28 days of curing. Fiber's surface after pull-out test
was also studied by microscopic analysis. Some interesting results were obtained
from the pull-out test of different fibers. On the basis of results, it was found that
fiber should be selected for FRCC reinforcement due to their mechanical
interactions and physical/chemical/mechanical behavior in cement matrix instead
of their chemical interactions.
Keywords: adhesion, pull-out test, interfacial interactions, polymeric fibers
1. INTRODUCTION
The application of fibers to reinforce cementitious materials is an ancient subject.
At first, asbestos fibers were used in industrial process to produce fiber reinforced
cement sheets. Because of their great fiber strength and durability, high physical
and chemical resistance, none-combustibility and resistance to weathering attack
and cost effectiveness, they were used as building material during the last century
with various forms and styles to suit different needs. Despite of these properties,
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they can cause a major health hazard to human's safety [1]. Hereafter, various types
of synthetic fibers were produced and used as asbestos substitutes.
The performance of FRCC depends on many factors, such as fiber material
properties (fiber strength, stiffness, and Poisson’s ratio), fiber geometry (fiber
surface and cross section), fiber volume content, matrix properties (matrix strength,
stiffness, Poisson’s ratio), and interface properties (adhesion, frictional and
mechanical bond) [2].
Bonding depends on the structure of the fiber-matrix interface. Fiber bonding to the
cementitious matrix is an important and effective parameter on fiber reinforced
cement composites. Also, the performance of fiber reinforced composites is
strongly related to the debonding/pull-out behavior of the fibers. For this purpose,
the relationship between the pull-out load and the displacement of a fiber, when it
is pulled out from the cement matrix, serves as an important parameter in the
design of cement composite materials.
Many researchers have been done on the evaluation of bonding between fibers and
cement matrix [3-5, and 6]. Some methods and equipments were adapted for pullout test to evaluate fiber/cement bond strength in the present work.
Fiber pull-out behavior contributes to the energy absorption ability of fibers in
FRCCs. Fiber to cement bonding allows stress transfer between them. Regarding to
the importance of this behavior in composite materials, fiber/cement interface has
been studied in this research.
The aim of the present work is to characterize the bonding mechanisms of
polymeric fibers to cement matrices. To determine the bond strengths of polymeric
fibers to cement matrix, pull-out test was employed. The test setup was basically
similar to the numerous techniques that have been developed by previous
researchers. Besides the testing setup, it is also important to understand the way
that pull-out specimens are prepared. A new technique for preparing specimens for
pull-out test was suggested in this work. Fiber pull-out specimens were prepared
with single filaments of PP, N66 and PAN fibers. The surface of the used fibers
after pull-out test was evaluated by optical microscope (OM). The effect of fiber
types on the pull-out results of fiber/cement matrix at different ages of curing was
also studied.
2. MATERIALS AND EXPERIMENTS
Cement used in this study was ordinary Portland cement type II. The type of used
synthetic fibers and their properties are given in Table 1. Figures. 1-3 show the
optical microscopic images of the longitudinal and cross-sectional surface of the
fibers.

Fiber type
PP
N66
PAN

Table 1: Properties of fibers
Diameter
Density
Tensile strength
(µm)
(gram/cm3)
(MPa)
25
0.91
326
26
1.14
1122
40
1.19
344
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(a)
(b)
Figure 1. Microscopic images of N66 fibers: a) Cross-sectional, b) Longitudinal view
of fiber surface

(a)
(b)
Figure 1. Microscopic images of PAN fibers:a) Cross-sectional, b) Longitudinal view
of fiber surface

(a)
(b)
Figure 1. Microscopic images of PP fibers: a) Cross-sectional, b) Longitudinal view of
fiber surface

2.1. Specimen Preparation
Specimens for pull-out test were prepared by the equipment that has been designed
and made for this research, as shown in Figure 4. The specimens were prepared
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with a matrix made by 0.5 of water to cement ratio. After demolding, specimens
were subjected to cure in the condition of 23 ± 2°C and 100 ± 5% of relative
humidity. Pull-out tests were carried out on specimens after 7, 14 and 28 days of
curing. The embedded length for all series was 10mm long. Figure 5 shows the
pull-out specimen before test.

Single fiber

Cement

Figure 4. The equipment of pull-out
sample preparation.

Figure 5. pull-out specimen after cutting

2.2. Pull-Out Test
To investigate the bonding characteristics, single fiber pull-out test was performed.
The pull-out tests were carried out by an Instron testing machine (Tinius olsen) at
the crosshead rate of 0.02 mm/s as shown if Figure 6. The schematic representation
of the test set-up can be seen in Figure 7. The free length of single fiber was 10mm.
Load–displacement data of pull-out process were obtained and plotted by
computer.

Figure 6. single fiber pull-out test setup system
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Mounting Fixture

L=10mm
L0=10mm

Constant Fixture

Figure 7. Schematic setup of single fiber pull-out test.

3. RESULTS AND DISCUSSION
3.1. Pull-Out Test Results
The pull-out behaviors of all series are illustrated by the load-extension curves in
Figures. 8-10. In all series, it was observed that pull-out force is increased by
increasing in fiber displacement to a maximum force. Thereafter, it decreases to
zero level because of fiber slippage, pulling out or failure.
The analysis of N66 fibers load-displacement curves shows that there is no
significant difference between pull-out load at 7 and 14 days. It can be said that the
cement microstructure is not significantly changed during curing period from 7 to
14 days. The bonding strength in 28 days is remarkably higher than 7 and 14 days.
After complete debonding of specimens, N66 fiber begins to slip-out, so pull-out
force is decreased.
Increasing the cement curing age of specimens containing PP fiber from 7 to 28 has
a positive effect on pull-out load, as shown in Figure 9. Pull-out curves for PP
specimens demonstrate that there is no significant difference between 7 and 14
days specimens. Pull-out curve at 28 days indicates that mechanical bonding
between PP fiber and cement matrix is maximum. The pull-out curves show that
the fiber/matrix bond strength gets close to fiber tensile strength.
In case of PAN fibers, increasing in curing period from 7 to 14 days has no
significant effect on pull-out load. At 28 days of curing time, fiber failure happens
during pull-out process because of higher bonding strength to cement matrix, as
shown in Figure 10.
In all series, increasing curing ages from 7 to 28 days, improves bonding strength.
In general, improvement in cement hydration results in decreasing of the porosity
of hardened paste. The cement maturity has direct effects on the fiber/matrix bond
properties.
In the transition zone more nucleation sites and open space are available in the
around of the fiber surface. Based on this microstructure, CH layer in contact with
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the fibers grows much faster than the cement bulk. As reported by Chan [7], the
transition zone is considerably weaker than the cement bulk due to large CH
crystals and higher porosity. In other word, longer cement age and consequently
the increase of hydration degree results in a decrease in the porosity and finally
stronger fiber/cement interface.

Figure 8. Pull-out behavior of N66 fiber at different cement ages

Figure 9. Pull-out behavior of PP fiber at different cement ages
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Figure 10. Pull-out behavior of PAN fiber at different cement ages

Figure 11. Pull-out curves of tested fiber at 28 days cement curing

Figure 11 shows pull-out curves of different fibers at 28 days of curing. It can be
seen that PAN fibers showed higher pull-out strength in comparison to PP and N66
fibers. Figure 12 shows longitudinal image of pulled-out PAN fiber. It is evident
that some cement particles are present on fiber surface. Due to the none-round
shape of these fibers, during pull-out process, mechanical bonding can be
performed because of interlocking effect to cement matrix. The special shape of
cross-section indicates higher specific surface than round shape fibers. In other
word, PAN fibers have much contacting surface to cement matrix which leads to
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increasing frictional resistance during pull-out. In the case of other fibers (PP and
N66), the smooth surface and round shape of fibers causes less friction. However,
in specimens containing PP, due to hydrophobic properties of PP and bleeding of
cement paste, water is collected on the surface of the fiber. Therefore, calcium
hydroxide (CH) coarse crystals are produced at the PP/cement interface. These
crystals are enough big and coarse to deform PP surface. So, during pull-out, PP
fibers interlock to these crystals.
3.2. Microscopic Analysis
The surfaces of pulled-out fibers were analyzed using optical microscopy. Figure
12 shows the chemical adhesion between cement bulk and PAN fibers. Due to the
affinity between PAN fiber and cement paste which are both hydrophilic, chemical
adhesion can be produced. These observations and the image of pulled-out PAN
fibers indicate that PAN fibers have both chemical and mechanical bonding to
cement paste.

Cement
Crystals

Figure 12. PAN fibers after pull-out
process

Figure 13. PP fibers after pull-out process

Figure 14. N66 fibers after pull-out process

Study on the pulled-out PP fibers from the cement matrix with optical microscope
(OM) reveals the mechanical bonding of PP fiber to cement paste due to fiber
deformation and elongation (Figure 13). Deformed points at fiber surface resist to
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fiber pull-out and thus, pull-out load are increased. Generally, the force and energy
of fiber pull-out are increased with the presence of interlocking points between
fibers and cement matrix, but this increase is limited by fiber tensile strength. In
general, the friction bonding is changed with fiber deformation at fiber embedded
length.
As shown in Figure14, the evaluation of N66 pulled-out fibers shows that cement
particles attach to fiber surface. Based on this observation, it's found that N66
fibers have chemical bonding to cement matrix. Microscopic analysis also
demonstrates that surface of N66 fibers have not been deformed.
4. DISCUSSION
Regarding to the pull-out behavior of fibers, it is resulted that N66 fiber has lower
bonding strength to cement matrix compared to PP fibers. Microscopic analysis
demonstrates that PP fiber has no chemical bonding to cement matrix while the
presence of cement hydrates particles on the surface of N66 fibers is observed.
Based on the observation, it is found that mechanical bonding is more effective
than chemical bonding in fiber/cement matrixes.
PAN fibers have both mechanical and chemical bonding to cement matrix, due to
their hydrophilic nature and cross section shape. Thus, the bonding strength for this
fiber is higher than other studied fibers (Figure 11).
It should be noted that mechanical bonding in fiber/cement interface has an
important role to enhance the mechanical performance of cement composite
materials.
5. CONCLUSION
- The new pull-out sample preparation method was introduced in this research
on the basis of single filament pull-out test.
- Increasing cement curing period from 7 to 28 improved bonding strength for
all fibers. In general, the increase in the degree of hydration resulted in the
decrease of hardened cement paste porosity.
- The imaging of all fibers surface showed that N66 and PAN fibers had
chemical adhesion to cement matrix. The observation of propylene fiber
surface confirmed its deformations.
- PAN fibers showed to have better bonding behavior to cement matrix because
of mechanical and chemical adhesion. N66 fibers had weaker bonding action
with cement paste in comparison to PAN and PP fibers.
- In spite of the lake of chemical adhesion between cement paste and PP fibers,
high pull-out force was registered due to the mechanical interlocking.
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ABSTRACT
Alkali-silica reaction (ASR) is a major world-wide durability problem and
concretes exposed to external alkalis are particularly endangered. In Germany,
concrete pavements have a long tradition but the experiences over the last years
showed, that the currently standardized test methods are not able to consider
externally supplied alkalis from deicers sufficiently. Especially alkali acetate and
formate based deicers as used for airfields turned out to be extremely deleterious.
For this reason, an ASR performance-test that was developed at the Finger-Institute
(FIB) is used for some years now to assess specific concrete job mixtures regarding
their ASR potential under consideration of externally supplied alkalis. The lab-field
correlation of this performance-test was assessed by testing two reproduced
pavement concretes that showed ASR-distress in the field after 8-12 years in
service. It has been shown that the performance-test was able to assess the tested
concretes correctly. Contrary, the mortar-bar test could not predict the field
performance of the aggregates correctly in all cases.
Keywords: alkali-silica reaction, performance-test, deicer, pavement concrete
1. INTRODUCTION
According to the European standard EN 206-1, sufficient concrete and unit
durability is guaranteed when the recommended requirements are met. For the most
durability problems ample long-term experience exists and appropriate
recommendations are provided. However, ASR occurred with increasing frequency
to pavement concretes for highways and airfields in Germany [1, 2, 3] but also in
the USA [4, 5] in the past few years despite of following standards and additional
recommendations. This shows that the currently standardized ways and test
procedures to characterize the reactivity of aggregates and to evaluate the
durability of concrete were insufficient to avoid ASR-damage. Especially the
deleterious influence of alkali-containing deicers is not well integrated in present
ASR-test procedures.
Pavement concretes are one of the most stressed concrete types known. Placing
must be done under the given weather conditions, curing is difficult and in central
Europe, pavements are exposed to changing temperature and moisture conditions,
freeze-thaw cycles as well as deicers. Moreover, permanent dynamic traffic loads
create stresses and pre-damages (e.g. micro cracks) that support the progress of
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deterioration processes by the ingress of water and deicer. Especially the heavy
vehicle traffic plays an important role and increases year by year. All these factors
support a possible ASR more or less, depending on how well the concrete mixture
is optimized from the very beginning regarding ASR.
A typical ASR-distress on a pavement concrete containing slow/late reacting
aggregates occurs after 10-12 years in service. Repair often means complete
replacement of the damaged concrete, long before the designed service life of
about 30 years is reached. The current situation with increasing numbers of ASRdamages on pavements shows clearly the necessity of an ASR performance-test for
pavement concretes that will be exposed to external alkalis.
2. MATERIALS AND METHODS
2.1. Materials
Two damaged German highway pavement concretes were examined by thin section
analysis and it was found, that ASR was the main reason for the distress (Figure 1,
Figure 2). In concrete 1, the gravel and rhyolite aggregates were affected by ASR.
The concrete contained 360 kg/m³ of ordinary portland cement with an Na2Oeq of
about 0.95 wt.-% and a w/c of 0.44. The concrete was air-entrained with 4.5-5.0 %
air. The damage occurred after 12 years in service. In concrete 2, the used
granodiorite aggregates were clearly affected by ASR and first damage occurred
after 8 years in service.

Rhyolite
Strained
quartz

Figure 1. Highway pavement concrete 1, 14 years old, cracks running through aggregate
grains, partially filled with ASR gel (Image: Ernst Freyburg, Doreen Erfurt)

The objective was to examine, if the FIB cyclic climate storage as ASR
performance-test assesses the ASR potential correctly for these specific concrete
mixtures compared to the field experience. Therefore, concrete 1 was reproduced
in the laboratory exactly as possible, by using all the coarse and fine aggregates
from the original deposits and a comparable portland cement with a Na2Oeq of 0.90
wt.-%. For concrete 2, the granodiorite aggregates from the original deposit were
used in a typical mixture that meets all the current requirements for pavement
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concretes in Germany [6, 7].
It must be noted of course, that the geological situation in the deposits may have
changed more or less over the time, so that the reactivity of the new batches might
deviate from the material used 15 years ago. To evaluate this influence, the coarse
rhyolite aggregates from the cores of concrete 1 were extracted for a mortar-bar
test by means of shock-wave crushing [8]. For concrete 2, the available material
was not enough to perform the mortar-bar test.

Granodiorite

Figure 2. Highway pavement concrete 2, 9 years old, pore with ASR gel next to a
granodiorite grain (Image: Ernst Freyburg, Doreen Erfurt)

2.2. Mortar-Bar Test
Prior to the performance-test, new batches from the deposits as well as the
extracted coarse rhyolite aggregates from the core of concrete 1 were tested with a
mortar-bar test according to the German alkali-guideline [Error! Bookmark not
defined.]. The aggregate is crushed and sieved to obtain 450 g of the grain size
fraction 0.5-1 mm and 1-2 mm respectively. Both grain size fractions are mixed
and 450 g of innocuous quartz sand (0.1-0.5 mm) is added. The mortar bars
(4×4×16 cm) are prepared according to DIN EN 196-1 using a high-alkali portland
cement (Na2Oeq = 1.3±0.1 wt.-%) and a w/c ratio of 0.50. NaOH is added to the
mixing water to gain a total Na2Oeq of 2.5 wt.-% in order to boost alkalis and pH.
After 1 day curing at 20°C and > 95 % RH, the mortar bars were demolded and
initial length and mass were measured. Afterwards, the bars were stored at 70°C
above water until the 28th day. The expansion limit for this mortar-bar test is 1.5
mm/m after 28 days.
According to the German alkali-guideline, the tested aggregates are considered as
suitable for pavement concretes without any further testing, if they pass the mortarbar test. If the aggregates fail the test, further testing (e.g. concrete prism test) can
be done.
2.3. ASR Performance-Test
Since 2001, an alternating climate test method (cyclic climate storage) is used at
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the FIB for accelerated simulation of Central European climatic conditions, in
order to assess the durability of specific concretes for outdoor structures [9-12].
Both concrete mixtures were prepared without added alkalis (unboosted) and were
air-entrained with 4.5-5.0 % air. Concrete prisms (100×100×400 mm) were cast
from each mixture with embedded stainless steel studs for the expansion
measurements. After 24 hours, the prisms were demolded, wrapped airtight in
polyethylene foil and stored for 5 days at 20°C. Subsequently, a flexible foamed
rubber tape was glued around the upper edges of the prisms to form a railing that
will keep the NaCl solution. At the 7th day after casting, the cyclic climate storage
was started. Three prisms of every mixture were applied with the NaCl solution
(0.6 mol/l) and three more prisms with distilled water for control (Figure 3). In a
special walk-in climate simulation chamber (Feutron, Type 3705/04, Figure 3) the
concrete prisms were stored under defined cyclic alternating temperature and
moisture conditions. One cycle lasts 21 days and consists of 4 days drying at 60°C
(< 10 % RH), 14 days fog at 45°C (100 % RH) and 3 days of freeze-thaw-cycling
between +20 and –20°C (Figure 4).

Figure 3. Climate simulation chamber and concrete prisms
with NaCl solution (0.6 mol/l)
70

Freezing
and
thawing

Moistening

Drying

60

Temperature (°C)

50
40
30

Measurement at 20 °C:
• Length change
• Mass change
• Resonance frequency

20
10
0
-10
-20
-30
0

7

14

Time (d)

21

Figure 4. Scheme for one cycle of the cyclic climate storage
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At the end of the first drying phase, initial length and weight are measured and 400
g of test solution (deicer or water respectively) is applied on every prism for the
first time and remains on the prisms until the end of the cycle. After the cycle is
completed, the test solution is removed to measure length change and weight of the
prisms and is placed back again when the readings were taken. All measurements
are done at 20°C. During the second drying phase, the test solution evaporates
completely, leaving behind minor solid residues from the deicer as well as leached
substances from the concrete, e.g. alkalis. At the end of the second drying phase
new test solution is applied. In this way the cyclic climate storage continued until 9
cycles (7 month) were completed. For pavement concretes exposed to deicers it
was found that 8 cycles (6 month) are usually sufficient to assess the potential
regarding a deleterious ASR for a typical service life of 20-30 years. The expansion
limits after 8 cycles were defined with 0.5 mm/m for application of deicer solutions
(higher moisture impact) and with 0.4 mm/m for application of water only.
3. RESULTS
The mortar-bar test results show that the new batches of the rhyolite as well as the
extracted rhyolite from the core are clearly reactive. The new batches (8-16 mm,
16-22 mm) show a slightly higher expansion than the original material from the
cores. Gravel 2-8 mm and sand 0-2 mm are from the same deposit and are clearly
reactive. All the granodiorite aggregates (2-8 mm, 8-16 mm, 16-22 mm) stayed
below the limit and are non-reactive (Figure 5).

Aggregate (-)

Granodiorite 16-22 mm

1.27

Granodiorite 8-16 mm

1.40

Granodiorite 2-8 mm

1.43
1.83

Sand 0-2 mm
Gravel 2-8 mm

2.28
2.41 (Core material)

Rhyolite > 8 mm
Rhyolite 16-22 mm

3.09

Rhyolite 8-16 mm

2.75

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

th

Expansion at the 28 day after the mortar-bar test (mm/m)

Figure 5. Mortar-bar test results of the used aggregates

For the reproduced concrete 1 with the gravel and the rhyolite, the cyclic climate
storage shows that the expansion exceeds the limit of 0.5 mm/m after 7 cycles if
exposed to NaCl solution but not if exposed to water only (Figure 6).
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Figure 6. Cyclic climate storage for the reproduced pavement concrete 1

Concrete 2, the typical pavement mixture with the granodiorite aggregates, shows
deleterious expansion after 8 cycles if exposed to NaCl solution, but no critical
expansion occurred if exposed to water (Figure 7). A subsequent thin section
analysis provided clear evidence for an ASR (cracks, ASR-gel), triggered by the
granodiorite (Figure 8, Figure 9).
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Figure 7. Cyclic climate storage for the pavement concrete 2

If non-reactive aggregates are being used, no deleterious expansion occurs, no
matter if alkali-containing deicer solutions or water is applied. As an example,
Figure 10 shows the expansion of a pavement concrete with a non-reactive andesite

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 165

exposed to different deicer solutions.

Figure 8. Concrete 2 after the cyclic climate storage, granodiorite grain (G) with
micro cracks (Image: Ernst Freyburg, Doreen Erfurt)

Figure 9. Concrete 2 after the cyclic climate storage, pore with ASR gel next to a
granodiorite (G) grain (Image: Ernst Freyburg, Doreen Erfurt)

Expansion (mm/m)

0.8
0.7

Water
NaCl solution
K-formate deicer
K-acetate deicer
6th Cycle

CEM I 32.5 R, Na 2Oeq = 0.72 %, 370 kg/m³
w/c = 0.42, Air content = 4.6 %
29 % Sand 0-2 mm
18 % Andesite 2-8 mm
23 % Andesite 8-16 mm
30 % Andesite 16-22 mm

0.9

8th Cycle

1.0

0.6
Limit deicer

0.5
Limit water

0.4
0.3
0.2
0.1
0.0
0

21

42

63

84
105
Time (d)

126

147

168

189

Figure 10. Cyclic climate storage for a pavement concrete with a non-reactive andesite
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4. DISCUSSION
Since 2004, more than 130 concretes, mostly job mixtures, with different cements
and aggregates were tested with the cyclic climate storage. The objective in this
study was to verify, if the ASR potential of two concrete job mixtures can be
assessed correctly with the cyclic climate storage compared to field performance,
where both concretes showed ASR-distress after 8-12 years in service.
For concrete 1, already the mortar-bar test results showed that the gravel and the
rhyolite aggregates are reactive and that the new batches and the material in the
cores are comparable. The cyclic climate storage showed correspondingly that after
7 cycles and exposed to NaCl deicer solution a deleterious ASR occurred. This
result corresponds well to the field performance, where ASR-distress with that
specific concrete mixture occurred after 12 years in service.
For concrete 2, the granodiorite is non-reactive according to the mortar-bar test and
a portland cement with Na2Oeq ≤ 0.80 wt.-% was used. Finally, concrete 2 meets all
the requirements of the current regulations for pavement concretes [Error!
Bookmark not defined., Error! Bookmark not defined.], but deleterious
expansion occurred in the cyclic climate storage after 8 cycles exposed to the NaCl
deicer solution. Concrete 2 was assessed correctly with the cyclic climate storage
compared to field performance, because in the field ASR-distress occurred after 8
years in service. For the original highway concrete with the granodiorite, a portland
cement with Na2Oeq of 0.9-1.0 wt.-% was used according to the former regulations
(Na2Oeq ≤ 1.0 wt.-%). But also by following the new regulations for pavement
concretes (passed mortar-bar test and Na2Oeq ≤ 0.80wt.-%), ASR-distress must be
expected when using that specific granodiorite. Hence, the mortar-bar test was not
able to assess the granodiorite correctly. The mortar-bar test has been available in
Germany since 2005 and was introduced in the German alkali-guideline in 2007.
Since the mortar-bar test is used for assessing the aggregates for pavements, the
risk of ASR should have become lower for pavements build after 2005. But the risk
is not eliminated completely, because the mortar-bar test does not asses every
aggregate correctly.
It must be noted generally, that the mortar-bar test provides in many cases an
acceptable correlation with the performance-test for highway pavement concretes,
i.e. under exposure of NaCl deicer solution. But the presented results demonstrate
that there are exceptions, as also reported in other studies [13]. The situation is
much more serious for airfield pavement concretes, where deicers based on alkali
acetates and formates are used instead of NaCl. Concrete 2 (Figure 7) and a
concrete with non-reactive andesite aggregates (Figure 10) were also tested with
such airfield deicer solutions. Compared to NaCl, this resulted in a much faster and
higher expansion for concrete 2 with the supposed non-reactive granodiorite
according to the mortar-bar test. Meanwhile, a modified ASTM C 1260 mortar-bar
test is recommended from the FAA [Error! Bookmark not defined., 14], which
might provide better predictions for airfield concretes as was also found for the
tested granodiorite and andesite (Figure 11), but further research is needed with
this test.
It was found in a recent study that the solubility of portlandite increases in presence
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of alkali acetates and formates due to the formation of strong calcium acetate and
calcium formate complexes respectively (Figure 12). Thus, more and more OH–
ions will be released gradually which results in an increase of the pH and
consequently in an accelerated attack of reactive aggregates [15]. This also means
that the mortar-bar test alone is not sufficient to assess the suitability of aggregates
for use in airfield concrete pavements, because the mechanism of ASR in presence
of alkali acetates and formates is considerably different from the mechanism in
presence of NaOH or NaCl. The risk of an underestimation of the aggregate
reactivity based on a mortar-bar test is much higher in this case, why a
performance-test is highly recommended. Even low-alkali cements are not a
reliable countermeasure in this specific case to prevent a deleterious ASR
permanently (Figure 13).
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Figure 11. Modified FAA-test, mortar-bars submerged in K-formate deicer
solution at 80°C
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Figure 13. Cyclic climate storage for three tested airfield pavement concretes with a
reactive greywacke and different cement Na2Oeq exposed to K-acetate deicer solution

5. CONCLUSIONS
In concrete with reactive aggregates ASR is initiated and accelerated highly, if
exposed to alkali-containing deicers. The FIB cyclic climate storage is used as
performance-test, considering the influence of external alkalis on ASR. In this
study, the cyclic climate storage was compared to field performance. It has been
shown that two reproduced highway pavement concretes were assessed correctly
regarding their ASR potential. Both concretes and aggregates respectively showed
ASR-distress in the field after 8-12 years in service. After 7-8 cycles (5-6 month),
the concretes failed the cyclic climate storage if exposed to NaCl deicer solution, in
one case despite of following all the current requirements for pavement concretes.
Mortar-bar tests are suitable for a first short-term assessment of the reactivity of
aggregates, but some aggregates may be classified incorrectly, especially for the
use in concrete pavements. Airfield concrete pavements, exposed to alkali acetate
and formate based deicers are particularly endangered. Because of the different
mechanism, mortar-bar tests will not be reliable enough in that specific case. Even
low-alkali cements are not a reliable method to avoid deleterious ASR if reactive
aggregates are used and the concrete will be exposed to alkali-containing deicers,
especially based on acetates and formates.
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ABSTRACT
Global warming due to emission of green house gasses is one of the main
challenges in the twenty first century. The industrial activities have a major impact
on global warming due to emission of a large quantity of green house gasses by
industries particularly cement manufactures. Production of one ton of Portland
cement produce approximately one ton of carbon dioxide. In addition a large
quantity of good quality natural limestone is used in production of cement which
leads to significant reduction in natural resources. A novel cementitious material
(Coventry Binder) was developed at Department of Civil Engineering, Coventry
University using 100% industrial wastes (i.e. Basic Oxygen Slag, Plasterboard
gypsum waste and cement by pass dust). This paper presents the result of
investigation on performance of the novel binder as cement replacement. Paste,
mortar and concrete samples were prepared with various proportions of Coventry
binder, Portland cement and run of station ash. The compressive strength and
density of samples were measure at 3, 7, 28 and 90 days. It was found that paste
mixes containing 5 % and 10 % of Coventry Binder in binary system Coventry
Binder-OPC gained higher strength at 28 days than OPC samples. Increasing
Coventry Binder content in paste mixes results in a considerable decrease of
compressive strength.
Keywords: pozzolanic materials, plasterboard gypsum waste; sustainability, basic
oxygen slag, Coventry binder, run of station ash, compressive strength
1. INTRODUCTION
In the 21st century one of the most significant and important problems is Global
Warming. It can be observed that rapid changes in weather is happening around the
world i.e. hurricanes, typhoons, floods, and droughts which cause several damage
such as forests fire and agricultural problems. These weather phenomena are the
effect of increases in carbon dioxide in the atmosphere, referred to as “Greenhouse
gasses”. In the Earth’s atmosphere there are many chemical components, some of
which have a natural origin e.g. water vapour, carbon dioxide, methane and nitrous
dioxide. Some of these components are artificial i.e., man-made gases used in
aerosols [1]. The air pollution started with the Industrial Revolution in the late 18th
century. Then the whole world started developing. The manual labour began to be
replaced by machinery and all these machines were working using steam power
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which was getting by coal combustion. This was the main source of CO2 emission
which was released into the atmosphere [2]. Nowadays this problem still exists and
even arises as a result of the human convenient and comfortable lifestyle and also
because the developing countries i.e. India, China, Eastern Europe are contributing.
The Economic policy of each country is close related to Greenhouse gas emissions.
Especially developing countries and big countries like the USA have a huge
demand for production energy by industry, transportation and in construction
industrial processes, such as the production of cement [3]. These economic fields
cause the major pollution. It is a major problem to deal with because the impacts of
pollutants emitted in one country have a direct impact on citizens from other
countries. Industrial processes have a major influence on carbon dioxide emissions
and global warming. It is therefore imperative in construction industries to find
alternative materials with low environmental impact to help in reducing this
negative and dangerous phenomenon [4]. By producing 1 ton of cement, one ton of
CO2 and other gasses are emitted. Concrete is the most popular construction
material in the world [5]; however, concrete only exists with cement so novel and
modern cementitious materials must be developed to replace the ordinary Portland
cement. Most importantly, these new materials must be environmental friendly and
also help to utilise various industrial wastes in order to minimise the consumption
of the natural sources such as limestone [5]. Development of such a material will
also help to reduce the landfills. The majority of waste materials from construction
and demolition are currently landfilled [6]. Recycling and reusing waste materials
can be an effective solution for escalating problem of landfills [4]. The Civil
Engineering Department at Coventry University has been developing a novel
binder which is entirely made from waste materials [7]. The developed novel
binder was successfully used for construction of road-base, sub-bases and soil
stabilisation. The aim of this research is to evaluate the performance of the novel
binder which is referred to as ‘Coventry Binder’ as cement replacement.
Comparison will also be made for strength of mixes containing the novel binder
with mixes made with other pozzolanic materials including BOS and run of station
ash (ROSA).W
2. EXPERIMENTAL PROGRAMME
2.1. Materials
Plasterboard Gypsum (PG) used for this project was collected from demolition and
reconstruction activities. Gypsum is major component of modern buildings so
waste from construction contains up to 30% of gypsum drywall scraps by weight
[7]. Plasterboard waste was crushed by grinders and sieved through a 600 micron
sieve. The powder was then stored in a sealed bucket [8]. Basic Oxygen Slag
(BOS) is a non-metallic by-product of steel produtcion. The slag was grounded by
using a laboratory ball mill and after that sieved through a 600 micron sieve. By
Pass Dust (BPD) is obtained from kiln bypass in cement industry. By pass dust is
the waste highly alkaline materials of Portland cement manufacture. It is generated
during the calcining process in the kiln [9]. Run of station ash (ROSA) is an
unclassified ash collected from chimney stack of power stations. This is pozzolanic
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in nature and reacts with calcium hydroxide and alkalis to form calcium
silicate/aluminate hydrates which are cementitious compounds. Coventry Binder is
a blended mixture of 15 percent Plasterboard Gypsum (PG), 80 percent Basic
Oxygen Slag (BOS) and 5 percent By Pass Dust (BPD). Coarse and fine aggregates
used in mortar and concrete mixes were of natural source and complied with BS
812.
2.2. Mix Proportions
A large number of paste samples were made during this investigation. The word
“paste” which will be using in this paper means a mixture of resembling
cementitious powder and water without aggregate. The proportions of pastes used
in investigation were design in order to optimize the mixture ingredients to achieve
the highest compressive strength. The pastes mixes were prepared in five groups.
The mix proportions of mixes are shown in Tables 1 to 4.
Table 1: Mix proportions for Coventry Binder-OPC paste mixtures (Group 1)
Coventry Binder [%]
OPC [%]
W/B
5
10
20
40
60
80

95
90
80
60
40
20

0.3
0.3
0.3
0.3
0.3
0.3

Table 2: Mix proportions for PG-BOS-OPC paste mixtures (Group 2)
PG[%]
BOS [%]
OPC [%]
W/B
10
85
5
0.3
15
80
5
0.3
20
75
5
0.3
30
65
5
0.3
50
45
5
0.3
Table 3: Mix proportions for Coventry Binder-ROSA-OPC paste mixtures (Group 3)
Coventry Binder [%] ROSA [%]
OPC [%]
W/B
80
10
10
0.3
70
20
10
0.3
60
30
10
0.3
50
40
10
0.3
40
50
10
0.3
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Table 4: Mix proportions for BOS-OPC paste mixtures (Group 4)
BOS [%]
OPC [%]
W/B
90
80
60
40
20

10
20
40
60
80

0.3
0.3
0.3
0.3
0.3

The mix in group 5 was made with 100 percent ordinary Portland cement (OPC)
and 30 percent of water. This group was used as control mix to be compares with
strength samples in groups 1 to 4. Mortar and concrete mixes were also made to
investigate the performance and binding properties of Coventry binder with
aggregates (Tables 5 and 6).
Table 5: Mix Proportions for mortar mixture
OPC
Coarse agg.
Fine agg.
Coventry Binder
[kg/m3]
[kg/m3]
[kg/m3]
[kg/m3]
266
114
0
1905

Water
[kg/m3]
171

Table 6: Mix proportion for concrete mixture
OPC
Coarse agg.
Fine agg.
Coventry Binder
[kg/m3]
[kg/m3]
[kg/m3]
[kg/m3]

Water
[kg/m3]

210

90

1200

800

135

2.3. Experimental Method
The mixing for pastes and mortar was carried out in a mechanical mixer having a 2
litre capacity. Mixing and casting procedure was as follows:
 Dry mixing of PG, BOS, BPD, ROSA and OPC (depending on which
ingredients are applicable for each mix) for 1 minute.
 Half of the mixing water was added during next one minute of mixing.
 Mixing was continued for next minute at medium speed.
 The mixer was stopped and mixture was scraped off the sides of the bowl.
 The rest of the mixing water was added and mixing was carried out for a
further one minute at medium speed.
 The mixture was poured in two layers in 50mm cube moulds.
 Each layer was fully compacted using a vibrating table.
Mortar and concrete mixes were also prepared using the similar procedure with
only difference that aggregates were mixed with one third of required water prior
to adding the dry mixed binder. 50 mm and 100 mm moulds were used for casting
mortar and concrete samples respectively. All samples were demoulded after 24
hours and stored in containers in constant temperature 20±2 °C and 98 % RH
humidity. The compressive strength of paste samples was measured at 3, 7, 28 and
90 days and compressive strength of mortar and concrete samples was measured at
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3, 7 and 28 days. The Lloyd computerised crushing machine was used for
compressive strength test of paste and mortar samples.
3. RESULTS AND DISCUSSION
3.1. OPC-Coventry Binder Paste Mixes (Group 1)
The results of compressive strength (Figure 1) showed that an increase in
substitution of OPC with Coventry Binder had no significant beneficial effect on
early and long term compressive strength. However, the mix incorporating 5
percent and 10 percent Coventry Binder achieved a higher compressive strength
than paste mix made with 100 percent OPC at 28 days. This therefore indicates that
the mix with 5% Coventry Binder and 95% Ordinary Portland cement is the
optimum mixture in this combination. Pozzolanic reaction of part of slag present in
Coventry Binder with calcium hydroxide of cement may be a reason for higher
strength of the mix containing 5% Coventry Binder. In other mixes Coventry
Binders appeared to act as filler and therefore the strength decreased due to less
cement used in the mix.

Maximum Stress [MPa]

90.0
80.0
70.0
60.0

5% Coventry Binder
10% Coventry Binder
20% Coventry Binder
40% Coventry Binder
60% Coventry Binder
80% Coventry Binder
OPC

Group 1

50.0
40.0
30.0
20.0
10.0
0.0
3

7

Age [days]

28

90

Figure 1. Compressive strength development of Coventry Binder-OPC paste mixes
(W/B ratio 0.3)

3.2. PG-BOS-OPC Paste Mixes (Group 2)
Figure 2 shows the compressive strength development of paste mixes made with
5% OPC and various BOS/PG contents. It was observed that in the ternary system
increasing the Plasterboard Gypsum content in the mix resulted in decrease in long
term compressive strength of pastes in this group. However, substitutions of PG
with BOS led to higher strength gain. It can be also observed that all mixes
achieved 90-day compressive strength of about 5.0 MPa. It was found that the
compressive strength of PG-BOS-OPC mixes were the lowest compared to other
mixes studied.
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Figure 2. Compressive strength development for PG – BOS mixes (5% OPC content)

3.3. Coventry Binder-Rosa-OPC Paste Mixes (Group 3)
The strength development of paste mixes using various proportions of Coventry
Binder and ROSA with constant 10% OPC and water to binder ratio 0.3 are shown
in Figure 3. Results indicate that the mix containing 40% Coventry Binder and
50% ROSA achieved the highest strength at 7 and 28 days. Paste mixes containing
40, 50 and 60% Coventry Binder with subsequent amount of ROSA showed
similar compressive strength 34.5 MPa at 90 days. This indicates that up to 60% of
the binder can be replaced with novel Coventry Binder without significant effect on
long term compressive strength of the mix.

Figure 3. Compressive strength development for Coventry Binder-ROSA mixes
(10% OPC content)
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Further investigation is needed to evaluate the strength of ternary mixes containing
the lesser percentage of Coventry Binder with greater amount of ROSA.
3.4. BOS-OPC Paste Mixes (Group 4)
It was found that replacing of Ordinary Portland Cement with Basic Oxygen Slag
does not has beneficial effect on early and long term compressive strength (Figure
4). However, the mix incorporating 40 percent BOS achieved the highest
compressive strength at 3 days and mix containing 20 percent BOS achieved the
highest long term strength at 28 and 90 days.

Maximum Stress [MPa]

100.0
80.0
60.0

90% BOS,
80% BOS,
60% BOS,
40% BOS,
20% BOS,
OPC

Group 4
10% OPC
20% OPC
40% OPC
60% OPC
80% OPC

40.0
20.0
0.0
3

7

Age [days]

28

90

Figure 4. Compressive strength development for BOS-OPC mixes with
constant W/B ratio

Therefore it can be observed that the paste mix with 20% BOS and 80% OPC is the
optimum mixture in this combination.

Figure 5. Compressive strength development of concrete made with Coventry Binder
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3.5. Coventry Binder-OPC Concrete Mix
Figure 5 shows the strength development of concrete mix containing 210 kg/m3
Coventry Binder and 90 kg/m3 OPC. It also contains coarse and fine aggregate. It
was found that the long term strength at 28 days is equal 8.9 MPa. The result
showed that it the strength was lower that the lowest class of concrete C12/15 with
20 MPa cube strenght (Figure 5) [10]. This indicates that although the paste mixes
containing Coventry binder achieved comparable strength with OPC samples, the
weak binding of the novel binder with aggregates resulted in low compressive
strength ion concrete samples.
3.6. Coventry Binder-OPC Mortar Mix
Mortar mix samples contained 266 kg/m3 Coventry Binder and 114 kg/m3 ordinary
Portland cement. It was observed that after 3 and 7 days compressive strength was
low, however after 28 days age compressive strength was 3.8 MPa (Figure 6). This
showed that the long term strength for mortar containing Coventry Binder was
comparable to standard class mortar M2.5 and M5 [11].

Figure 6. The compressive strength development of mortar mixture contains Coventry
Binder

4. CONCLUSIONS
Base on results of this research the following conclusions can be drawn:
 Replacing ordinary Portland cement with Coventry Binder does not have a
beneficial effect on early and long term compressive strengths.
 Paste mixes containing 5% and 10% of Coventry Binder in binary system
Coventry Binder-OPC gained higher strength at 28 days than ordinary
Portland cement paste mixes. Paste mixes containing 20% of Coventry
Binder achieved nearly similar compressive strength at 28 days compared
to mixes made with 100% OPC.
 In the ternary system PG-BOS-OPC, increasing the amount of Plasterboard
Gypsum content in the paste mixes results in a reduction in long term
compressive strength. 60% of Coventry Binder can be used as a cement

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 179







replacement in ternary system Coventry Binder-ROSA-OPC.
Replacing ordinary Portland cement with Basic Oxygen Slag does not have
a beneficial effect on early and long term compressive strengths. The paste
mixes in binary system BOS-OPC containing 20% BOS gained slightly
lower compressive strength at 28 days than the OPC samples.
Paste mixes containing 20% Coventry Binder have a higher compressive
strength at 3 days compared to paste mixes containing 20% of Basic
Oxygen Slag. Paste mixes containing 40% Coventry Binder showed lower
compressive strength than mixes made with 40% BOS at 3 and 7 days;
however, the 28-day strength was similar.
Replacement of high level cement with Coventry Binder resulted in
considerably lower strength than ordinary concrete mixes. This is due to
relatively weaker binding of the novel binder to coarse aggregates particularly
at early ages. However, the long term strength of mortar mixes containing
Coventry Binder was comparable to standard mortar class M2.5 and M5.
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ABSTRACT
Today large number of researches are carried out on concrete properties due to it's
widely use as an important construction material. The most part of concrete is
cement which its cost decrease leads to producing of economical concrete. Using
the industrial sweepings such as copper blast furnace slag which have pozzolan
properties can make the cement economical. By using these materials not only
production costs of cement will be reduced but also saving costs of sweepings will
be eliminated and natural environment will be protected. In this research copper
blast furnace slag milled to mesh325 which in this mesh maximum diameter of
grains are 45 micron. 455 cubic specimens with size of 15×15×15 and cylindrical
specimens with size of 30×15 have been made. Compressive and tensile
experiments carried out and the results showed the positive effect of Taftan
pozzolan and copper slag on concrete properties.
Keywords: copper blast furnace slag, compressive and tensile strength of concrete
1. INTRODUCTION
Concrete is a construction material composed of cement as well as sand and aggregate.
Today the usage of pozzolans either natural or artificial has been increased. One of
these artificial pozzolans is the slag of metal melt furnace such as iron, copper, etc.
several researches on iron slag have been carried out in and out of Iran.
Although acceptable studies have been conducted by Prof. Barzin Mobasher at
Arizona State University in America; there are no earlier ones in Iran. Slag is a
byproduct of metal smelting which float to the top during the smelting process
because of its low density. It includes the compounds presenting in ores as well as
the materials adding for lowering down the melting point of gangue. Copper ores
usually include acid gangue which mainly have silica. These are the industrial
waste materials which are removed from melting tank. Up to 300 thousand tons
slags are produced each year during the production of copper. Slag was prepared
from two kinds of copper furnace: Reverb -from Sarcheshmeh copper Complexand flash furnace. There is about 1% copper in the slag of converter furnace which
transferred to reverb one to obtain. Then it is exposed to the weather and cooled
down after exiting the furnace. But in the Flash furnace at the copper factory of
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Khatun abad in Rafsanjan, the slag is cooled down by water after exiting. given
such a high cooling rate makes the slag not to be crystallized and results in
amorphous solid.
Therefore the substituting this kind of slag in the constituent of cement instead of
reverb copper slag or pozzolan works very well. In the experiment conducted by
Shargh Kan Micronize in Birjand both the slags were distinguished to be
completely amorphous and enduring against the mill. Because the subject was
comparing the effect of using copper slag and Taftan pozzolan on concrete
properties so the grains diameter had to be similar to pozzolan in size. Therefore
the slag was milled and the grains diameter decreased less than 45 micron. Because
of being amorphous and high hardness (6 to 7 Mohs) this was a slow process.
Unexpectedly, reverb kind was milled easier.
2. CHEMICAL ANALYSIS OF REVERB SLAG
As the slag will be a constituent of cement, its elements and components should be
examined. Therefore chemical analysis was performed by Khash Cement Factory.
The following table 1 demonstrates the chemical analysis of reverb slag:
SiO2

CaO

Al2O3

Fe2O3

SO3

MgO

Cl

K2O

Na2O

35.8

6

8.1

46.84

0.72

0.3

0.09

1.44

0.7

Activate module can be calculated by the following formula.
CaO + MgO + Al 2 O 3
≥1
SiO 2

(0.3+6+8.1)/35.8=0.4≤ 1

Based on this formula the activation module is less than one and it is expected that
it does not have appropriate properties. On the other hand according to ASTMC
618-92A the summation of this three oxides (Fe2O3, CaO, SiO2) exceeds the
percentile requirement of pozzolanic activity. This number compares various
pozzolans for their degree of reactivity as compared to class F flyash. In this
research for the study of compressive and tensile strength samples with different
gravity percentages (5, 10, 15, 20, 25, 30) and ages (7, 28 days, 3 months, 6
months, and 1 year) were made and studied within 3 months. Study on 6months
and 1 year samples continues.
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3. INITIAL AND FINAL SETTING TIMES OF THE CEMENT PASTE
In the present study, the cement of Qaen (type two), the slag of Khatoon abad and
Sarcheshmeh Copper Complex and the pozzolan of Taftan were used. The time of
the cement paste experiment only carried out on 20% of the pozzolan and the
copper slag replacement of cement.
30
25

24.76

20
16.32

15

Control Specimen

10
5
0
rate of development
7days to 28 days

Chart 1. Ratio of Strength Relative to
That Other Ages

rate of development
28days to3month

Chart 2. Compressive Strength Rate of
Growth for The Witnes Specimen

In this experiment the following results using ASTM C150-200 were obtained:
(here the Vicat method has been used) (a cubic specimen 5×5×5 in dimension for
compressive strength and a cylindrical specimen 30×15 in dimension for tensile
strength). Based on this table, the flash copper slag and the pozzolan behave the
same way and have the same final and initial paste, in comparison with the other
samples, the reverb copper slag has a more initial set but its final set is closer to the
cement one. In higher temperature of Sistan and Baluchestan using of this cement
compound is advised because it reduces the volume variety to a minimum and will
prevent the likely crack due to the volume changes.
4. STUDY OF THE SAMPLES’ COMPRESSIVE STRENGTH WITH THE
CONTROL SPECIMEN
Analysis and study of the samples have a considerable importance and should be
investigated. Samples with different gravity percentages (5 to 30%) used as cement
replacement were made. Study on 6 months and 1 year ones continue. Control
Specimen got 68% and 86% of the three months strength after 7 and 28 days
respectively. At the end of three month rate of development became 16.32.
Analysis of the Flash Samples:
120
100
80
60

Chart 3. Compressive Strength of the
Copper Slag Concrete

30%flash

25%flash

20%flash

3month
10%flash

25%flash

30%flash

15%flash

7days

28days

20
0

20%flash

5%flash

3month

7days

40

15%flash

28days

5%flash

7days

10%flash

Control
Specimen

450
400
350
300
250
200
150
100
50
0

7days

Chart 4. Compressive Strength of
Flash Copper Slag concrete
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The 5% flash sample considered to be the most samples because its three months
strength is 58% superior to the three months sample. And 28 days sample is
approximately equal to the control specimen.
The 28 days strength of the 10% flash sample is about 37% superior to the control
specimen and the three months sample exceeds in early strength (400) by as much
as 428 which is the appropriate percentage.

Chart 5. Compressive Strength of
Growth for Flash Copper Slag

7days
28days

25%reverb

30%reverb

15%reverb

20%reverb

5%reverb

3month
10%reverb

Control
Specimen

500
450
400
350
300
250
200
150
100
50
0
7days

Chart 6. Compertive Results for Reverb
Concrete

The strength of the 15% flash sample is about 431 which corresponds to the three
months control specimen and it is superior to the specific strength. The 28days
sample has the 99% of the control specimen strength. And the rate of compressive
strength development during 3 months has increased in comparison to the 28 days
sample. Therefore this sample has an appropriate compressive strength. The 3
months sample of the 20% flash has the 96% of the control specimen and
compressive strength is superior to the specific one. Note that 28% of the control
specimen strength took place during the 28 days period. The 20% flash sample is
also appropriate one.
The compressive strength of the 25% flash sample is not appropriate because it has
the 73% and the 76% of the control specimen strength during 28 day and 3 month
period respectively. This sample has 83% of the specific strength during 3 months
which is a very small amount.
The 30% flash sample has a better function than the 55% because it has 88% and
86% of the control specimen strength during 28 day and 3month period
respectively. Note that 69% of the control specimen strength took place during the
7 day period. The rate of development for 3month sample is about 14%.
4.1. Analysis of Reverb Sample’s Compressive Strength
In this study two dosages of 5% and 15% samples considered to be ideal. At the
28th and 90th day, 5% sample exceeds in strength by as much as 4% and 7%
respectively over the control specimen. The strength of 15% sample during the 28
day and 3 month period is respectively 2% and 1% superior to the control sample.
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Chart 7. Compressive Strength Rate of
Growth Reverb Copper Slag Concrete

Chart 8. Compressive Strength Rate of
Growth for The Witness And Reverb
Copper Slag Concrete

Rate of development in 3 month period for 5% sample is about 19.36, reflecting a
high rate of development in comparison to the other samples during the 3month
period. The strength of the 3 months sample is superior to the control sample as
much as 16%. The 20% reverb sample has 83% and 81% of the control specimen
strength in 28 day and 3 month period respectively which is not an appropriate
sample. But at the 3rd month, 25% reverb sample exceeds in strength by as much as
10% over the control sample and it has 94% of the control sample strength.
At the end of the 3rd month, rate of development for the 15% and 20% samples is
14% but this number for the 25% dosage is about 20%.
Because the 30% sample has 75% and 78% of the control sample strength at 28
day and 3 month period respectively, it is not considered to be an ideal sample. Its
rate rate of development is 21%.

Chart 9. Compressive Strength Rate of
Growth for The Witness and pozzolan
concrete
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Chart 10. Compressive Strength of the
Pozzolan concrete

4.2. Analysis of Pozzolan’s Compressive Strength
The best sample for pozzolans was 5% one but it had 92% of strength during the 3
month period. Rate of development for this sample was 14 to 33% while the 15%
sample had a high rate of development.
The reverb and flash copper slags behave well than the pozzolans. The 5% flash
samples at ages of 7, 28, and 30 days were superior to the 5% pozzolan sample as
much as 3-10%. In comparison to the pozzolan sample the compressive strength of
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the 10% flash sample was superior as much as 11-19%.
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Chart 11. Compressive Strength Rate of
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The 15% flash sample exceeds in strength as much as 4.5-26% over the 15%
pozzolan sample.
The strength of the 20% flash sample is superior to the pozzolan sample as much as
20%.
The 25% flash sample at age of 7 days was superior to the pozzolan one at age of 7
days over 5% but at the ages of 28, 30 days it was lower than the similar pozzolan
sample as much as 3-5%.
The 5-25% reverb samples at the ages of 7,28,and 30 days were superior to the 525% pozzolan samples as much as 4-34%.
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4.3. The study of tensile VS. Bending Strength
For calculating tensile and flexural strength, cylindrical specimens (15×30 in
dimension) were made and the Brazilian method was adopted for calculating the
tensile strength but the coefficient made in this method was different from the
experimental coefficient.
In experimental method, strength can be calculated from the following formula:
(N/mm2)
(cf= compressive strength of cylindrical specimen)
Experiment on the cylindrical specimens for calculating tensile strength showed
this results:
The coefficient for samples at ages of 7, 28 and 90 days became 1057, 1.5 and
1.375 respectively (Kg/Cm2).
For calculating flexural strength the following experimental formula is used:
Which in comparison to the tensile strength formula is 18% superior. According to
the calculated coefficient, the flexural strength is higher than the tensile one.
The tensile strength showed increase with the addition of copper slag. The positive
rate of development for three dosages of 5,10 and 20% of reverb samples stand in
contrast with the 15, 25 and 30% samples i.e. the increase in ages of samples will
decrease the tensile strength.
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Chart 16. Tensile Strength of The Pozzolan
Concrete Speciems
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For the 10-25% flash samples, the tensile strength is positive as compared to the 5
and 30% samples reflecting negative one.
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The increase in percentage and ages of pozzolan translates into an increase in the
rate of development. Forexample three dosages of 10,15,and 15% pozzolan
samples have a rate of development between 4-22% but 5 and 15% sample have a
negative rate of development.
5. CONCLUSION
The studies carried out on the copper slag resulted in an improvement in the
concrete properties such as tensile strength as well as compressive one.
The flash samples had a high tensile and compressive strength than the reverb ones.
However the reverb samples were better than pozzolan ones. Therefore the flash
samples (for 5%slag) considered to be optimum and ideal.
The 10 -20% flash copper slag had a compressive strength as much as the specific
one; so the following benefits can be derived from the usage of them in concrete:
1. Using the potential of the artificial pozzolans in development projects
2. Lowering the cost of the concrete production
3. Optimizing the concrete’s quality
4. Increasing the concrete efficiency and the quality of concrete productions
5. Increasing the age of concrete constructions against erosion factors
6. Eliminating the materials added in the concrete compound resulted in lowering
the cost of the concrete
7. Making a change in development
8. Eliminating slag in copper smelting operation
9. Lowering the use of energy in the concrete production
10. Protecting the environment from the copper wastes
11. Using in the concrete constructions such as damming, silos, water reservoirs, etc.
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ﺑﺮرﺳﻲ آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺗﺄﺛﻴﺮ ﭘﻮزوﻻن ﺧﺎش ﺑﺮ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ  RCCدر ﺳﻨﻴﻦ ﺑﺎﻻ
3

وﺣﻴﺪ ﺧﻠﻴﻠﻲ ﺧﺮّم ،1ﺣﻤﻴﺪرﺿﺎ وﺛﻮﻗﻲ ﻓﺮ ،2ﻋﺒﺎس ﻣﻨﺼﻮري
 .1داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ ﺳﺎزهﻫﺎي ﻫﻴﺪروﻟﻴﻜﻲ ،داﻧﺸﮕﺎه آزاد واﺣﺪ ﺗﻬﺮان ﺟﻨﻮب
 .2اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﮕﺎه آزاد اﺳﻼﻣﻲواﺣﺪ ﺗﻬﺮان ﺟﻨﻮب
 .3اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﮕﺎه آزاد اﺳﻼﻣﻲواﺣﺪ ﺗﻬﺮان ﺟﻨﻮب

ﭼﻜﻴﺪه
در دﻫﻪ اﺧﻴﺮ ،ﺑﺘﻦ ﻏﻠﺘﻜﻲ ) (Roller Compacted Concreteﺑﻌﻨﻮان ﻳﻚ ﻣﺼﺎﻟﺢ ﺟﺪﻳﺪ ﻳﺎ ﺑـﻪ ﻋﺒـﺎرت ﺑﻬﺘـﺮ روش
اﺟﺮاي ﺟﺪﻳﺪ ،در ﻛﺎرﻫﺎي ﻣﺨﺘﻠﻒ ﺑﺨﺼﻮص در ﺻﻨﻌﺖ ﺳﺪ ﺳﺎزي ﭘﻴﺸﺮﻓﺖ ﻓﺮاواﻧﻲ داﺷـﺘﻪ و در ﺣـﺎل ﺣﺎﺿـﺮ ﻣـﻮرد
ﺗﻮﺟﻪ دﺳﺖ اﻧﺪرﻛﺎراناﻳﻦ ﺻﻨﻌﺖ و ﻣﻮﺳﺴﺎت ﺗﺤﻘﻴﻘﺎﺗﻲ و داﻧﺸﮕﺎﻫﻲ ﻣﻲﺑﺎﺷﺪ.
اﻣﺮوزه اﺳﺘﻔﺎده از ﻣﻮاد ﭘﻮزوﻻﻧﻲ ﺑﻪ ﻋﻨﻮان ﻣﺼﺎﻟﺤﻲ داراي ﺧﺎﺻﻴﺖ ﺳﻴﻤﺎﻧﻲ و ﺟﺎﻳﮕﺰﻳﻦ ﺷﻮﻧﺪه در ﻗﺴﻤﺘﻲ از ﺳﻴﻤﺎن
ﭘﺮﺗﻠﻨﺪ ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻨﻲ ﻣﻮرد ﺗﻮﺟﻪ زﻳﺎدي ﻣﻲﺑﺎﺷﺪ .ﻋﻠﺖاﻳﻦ اﻣﺮ ﺑﻬﺒﻮد اﻛﺜﺮ ﺧﻮاص ﺑـﺘﻦ و ﻗﻴﻤـﺖ ﻛﻤﺘـﺮ ﺑـﻮﻳﮋه در
ﭘﺮوزهﻫﺎي ﺳﺪﺳﺎزي ﻣﻲﺑﺎﺷﺪ.
دراﻳﻦ ﻣﻘﺎﻟﻪ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﭘﻮزوﻻن ﻃﺒﻴﻌﻲ ﺗﻔﺘﺎن ﻧﺰدﻳﻜﺘﺮﻳﻦ ﻣﻨﺒﻊ ﺑﻪ ﻣﺤﻞ اﺟﺮاي ﭘﺮوژه ﺳـﺪ زﻳـﺮدان و ﻛﺎرﺧﺎﻧـﻪ
ﺳﻴﻤﺎن ﺧﺎش ﻣﻲﺑﺎﺷﺪ ﺗﺎﺛﻴﺮآن در اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻣﺘﺮاﻛﻢ ﻏﻠﺘﻜﻲ ) (RCCدر ﺳـﻨﻴﻦ ﺑـﺎﻻ ﻣـﻮرد ﺑﺮرﺳـﻲ ﻗـﺮار
ﮔﺮﻓﺘﻪ اﺳﺖ.
ﻧﺘﺎﻳﺞاﻳﻦ ﺗﺤﻘﻴﻖ ﺗﺎﻛﻴﺪي ﺑﺮ ﻋﻤﻠﻜﺮد ﭘﻮزوﻻن ﺧﺎش در اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ از  28روز ﺑﻪ  90ﻳـﺎ  180روز ﺑـﻮده و اﻳـﻦ
ﻣﻮﺿﻮع زﻣﺎﻧﻲ ﻛﺎرﻛﺮد دارد ﻛﻪ ﺑﺨﻮاﻫﻴﻢ ﺑﺎ ﺛﺎﺑﺖ ﻧﮕﺎﻫﺪاﺷﺘﻦ ﺳﻨﻴﻦ ﻣﻘﺎوﻣﺖ ﻣﺸﺨﺼﻪ ،از ﻣﻘﺪارﺳـﻴﻤﺎن ﻛﺎﺳـﺘﻪ و ﺑـﻪ
اﻧﺘﻈﺎر ﻣﻘﺎوﻣﺖ دراز ﻣﺪت ﭘﻮزوﻻن ﺑﻨﺸﻴﻨﻴﻢ.
ﻛﻠﻴﺪواژهﻫﺎ :ﭘﻮزوﻻن ،ﺑﺘﻦ ﻏﻠﺘﻜﻲ ،ﭘﻮزوﻻن ﺧﺎش ،ﺳﺪ ﺑﺘﻨﻲ ﻏﻠﺘﻜﻲ
 -1ﻣﻘﺪﻣﻪ
ﭘﻮزوﻻن ﻣﺎدهاي اﺳﺖ ﻛﻪ در ﻣﺠﺎورت ﺑﺎ آب آﻫﻚ ﺧﻮاص ﺳﻴﻤﺎﻧﻲ از ﺧـﻮد ﻧـﺸﺎن ﻣـﻲدﻫـﺪ .ﭘـﻮزوﻻن ﺑـﺮ اﺳـﺎس
اﺳﺘﺎﻧﺪارد  ASTM-C618ﭼﻨﻴﻦ ﺗﻌﺮﻳﻒ ﻣﻲﺷﻮد»:ﭘﻮزوﻻن ﻣﺎدهاي اﺳﺖ ﺳﻴﻠﻴـﺴﻲ ﻳـﺎ ﺳﻴﻠﻴـﺴﻲ آﻟﻮﻣﻴﻨـﺎﺗﻲ ﻛـﻪ ﺑـﻪ
ﺧﻮدي ﺧﻮد ارزش ﭼﺴﺒﻨﺪﮔﻲ ﻧﺪارد ،اﻣﺎ ﺑﻪ ﺷﻜﻞ ذرات ﺑﺴﻴﺎر رﻳﺰ در ﻣﺠﺎورت رﻃﻮﺑﺖ ﺑﺎ درﺟﺎت ﺣﺮارت ﻣﻌﻤـﻮﻟﻲ ﺑـﺎ
ﻫﻴﺪروﻛﺴﻴﺪ ﻛﻠﺴﻴﻢ واﻛﻨﺶ ﺷﻴﻤﻴﺎﻳﻲ داﺷﺘﻪ و ﺗﺮﻛﻴﺒﺎﺗﻲ را ﺑـﻪ وﺟـﻮد ﻣـﻲآورد ﻛـﻪ ﺧﺎﺻـﻴﺖ ﺳـﻴﻤﺎﻧﻲ و ﭼـﺴﺒﻨﺪﮔﻲ
ﻣﻲآورد«] .[7ﭘﻮزوﻻن ﻣﺎدهاي ﻇﺒﻴﻌﻲ ﻳﺎ ﻣﺼﻨﻮﻋﻲ اﺳﺖ ﻛﻪ ﺣﺎوي ﺳﻴﻠﻴﺲ ﻓﻌـﺎل ﻣـﻲﺑﺎﺷـﺪ .ﻻزم اﺳـﺖ ﻛـﻪ ﻣـﺎده
ﭘﻮزوﻻن ﺑﻪ ﺷﻜﻞ ﭘﻮدر ﺷﺪه ﺑﺎﺷﺪ ،زﻳﺮا ﻓﻘﻂ دراﻳﻦ ﺻﻮرت ﺳﻴﻠﻴﺲ ﻣﻲﺗﻮاﻧـﺪ در ﺣـﻀﻮر آب ﺑـﺎ آﻫـﻚ )ﻛـﻪ ﺑـﺮ اﺛـﺮ
ﻫﻴﺪراﺗﺎﺳﻴﻮن ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪاﻳﺠﺎد ﻣﻲﮔﺮدد( ﺳﻴﻠﻴﻜﺎﺗﻬﺎي ﻛﻠﺴﻴﻢ ﭘﺎﻳﺪار را ﻛﻪ داراي ﺧﻮاص ﭼـﺴﺒﻨﺪﮔﻲ اﻧـﺪ ،ﺗـﺸﻜﻴﻞ
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دﻫﺪ .ﻫﻤﭽﻨﻴﻦ ﺳﻴﻠﻴﺲ ﻣﻮاد ﭘﻮزوﻻﻧﻲ ﺑﺎﻳﺪ ﻏﻴﺮ ﻛﺮﻳﺴﺘﺎﻟﻪ ﺑﺎﺷﺪ ،زﻳﺮا ﻗﺎﺑﻠﻴﺖاﻳﺠﺎد واﻛﻨﺶ ﺳﻴﻠﻴﺲ ﻣﺘﺒﻠﻮر ﺑـﺴﻴﺎر ﻛـﻢ
اﺳﺖ].[8
ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﭘﻮزوﻻﻧﻲ ﺳﻴﻤﺎﻧﻲ اﺳﺖ ﻛﻪ از ﻣﺨﻠﻮط ﺳـﻴﻤﺎن و ﭘـﻮزوﻻن در ﻛﺎرﺧﺎﻧـﻪ ﺗﻬﻴـﻪ ﻣـﻲﺷـﻮد .اﻏﻠـﺐ ﻣـﻮاد
ﭘﻮزوﻻﻧﻲ از ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪي اﺳﺖ ﻛﻪ ﺟﺎﻳﮕﺰﻳﻦ آن ﻣﻲﺷﻮﻧﺪ ارزاﻧﺘﺮﻧﺪ .وﻟﻲ اﻣﺘﻴـﺎز آﻧﻬـﺎ در ﻫﻴﺪراﺗﺎﺳـﻴﻮن ﻛﻨـﺪ و در
ﻧﺘﻴﺠﻪ روﻧﺪ اﻓﺰاﻳﺶ ﺣﺮارت ﻛﻢ ﻧﻬﻔﺘﻪ اﺳﺖ .در ﺑﺘﻦ ﺣﺠﻴﻢاﻳﻦ اﻣﺮ اﻫﻤﻴﺖ زﻳﺎدي دارد و ﺑﻪ ﻫﻤﻴﻦ دﻟﻴﻞ دراﻳـﻦ ﻧـﻮع
ﺑﺘﻦﻫﺎ ﻏﺎﻟﺒﺎ ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﭘﻮزوﻻﻧﻲ ﺑﺎ ﺟﺎﻳﮕﺰﻳﻨﻲ ﺑﺨﺸﻲ از ﺳـﻴﻤﺎن ﭘﺮﺗﻠﻨـﺪ ﺑـﺎ ﻣـﻮاد ﭘـﻮزوﻻﻧﻲ ﻣـﺼﺮف ﻣـﻲﺷـﻮد.
ﺳﻴﻤﺎﻧﻬﺎي ﭘﺮﺗﻠﻨﺪ ﭘﻮزوﻻﻧﻲ در ﺑﺮاﺑﺮ ﺣﻤﻠـﻪ ﺳـﻮﻟﻔﺎﺗﻬﺎ و ﺑﻌـﻀﻲ از ﻋﻮاﻣـﻞ ﻣﺨـﺮب ﻣﻘﺎوﻣـﺖ ﺧـﻮﺑﻲ از ﺧـﻮد ﻧـﺸﺎن
ﻣﻲدﻫﻨﺪ.اﻳﻦ اﻣﺮ ﺑﻪ دﻟﻴﻞ واﻛﻨﺶ ﭘﻮزوﻻﻧﻲ اﺳﺖ ﻛﻪ ﻣﻘﺪار ﻛﻤﺘﺮي آﻫﻚ ﺑﻪ ﺟﺎي ﻣﻲﮔﺬارد ﺗﺎ ﺑﻪ ﺧﺎرج راه ﻳﺎﺑﺪ و ﻧﻴﺰ
ﻧﻔﻮذﭘﺬﻳﺮي ﺑﺘﻦ را ﻛﺎﻫﺶ ﻣﻲدﻫﺪ] .[6ﻟﻴﻜﻦ ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ ﻳﺦ زدن وآب ﺷﺪن ﺗﺎ ﺳﻨﻴﻦ ﺑﺎﻻﺗﺮ ﻛﻪ واﻛـﻨﺶ ﻋﻤـﺪه
ﭘﻮزوﻻن ﺗﺨﻠﺨﻞ ﺧﻤﻴﺮ ﺳﻴﻤﺎن را ﻛﺎﻫﺶ داده اﺳﺖ،ﻧﻤﻲﺗﻮاﻧﺪاﻳﺠﺎد ﺷﻮد].[9
ﻋﻤﻠﻜﺮد ﭘﻮزوﻻن در ﺟﻠﻮﮔﻴﺮي از اﻧﺒﺴﺎط ﻣﻀﺮ ﻗﻠﻴﺎﻳﻲ ،ﻣﻨﻔﻚ از واﻛﻨﺶ زاﻳﻲ آن – ﻛﻪ ﻧﺘﻴﺠـﻪ ﻗﻬـﺮي آن اﻓـﺰاﻳﺶ
ﻣﻘﺎوﻣﺖ اﺳﺖ  -ﻧﺨﻮاﻫﺪ ﺑﻮد .ﭘﻮزوﻻن ﺑﺎ ﺗﺸﻜﻴﻞ ژﻟﻬﺎﻳﻲ ﻛﻪ ﻇﺮﻓﻴﺖ ﻧﮕﻬﺪاري ﻗﻠﻴﺎﻳﻲﻫﺎ را اﻓﺰاﻳﺶ داده و ﻧﻴﺰ ﺑﺎﻋـﺚ
اﻳﺠﺎد رﻳﺰ ﺳﺎﺧﺘﺎري ﻣﺘﺮاﻛﻢ ﺗﺮ در ﻣﺨﻠﻮط ﺑﺘﻦ ﻣﻲﺷﻮد ،ﻣﺎﻧﻊ اﻧﺒﺴﺎط ﻣﻀﺮ ﻗﻠﻴﺎﻳﻲ ﻣﻲﮔﺮدد .در واﻗﻊ واﻛﻨﺶِ ﺑﻪ ﻧﺴﺒﺖ
زود ﻫﻨﮕﺎم ﺳﻴﻤﺎن و ﭘﻮزوﻻن اﺳﺖ ﻛﻪ ﻣﺠﺎﻟﻲ ﺑﺮاي واﻛـﻨﺶ ﺳـﻨﮕﺪاﻧﻪﻫـﺎي ﻓﻌـﺎل ﺑـﺎ ﻗﻠﻴـﺎﻳﻲﻫـﺎي ﺳـﻴﻤﺎن ﺑـﺎﻗﻲ
ﻧﻤﻲﮔﺬارد .اﻳﻦ ﻓﻌﻞ و اﻧﻔﻌﺎﻻت ،ﻫﻤﺎﻧﻬﺎﻳﻲ اﺳﺖ ﻛﻪ ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﺗﻮﺳﻂ ﭘﻮزوﻻن ﻣﻲﺷﻮد].[4
از ﻋﻠﻞ اﺻﻠﻲ اﺳﺘﻔﺎده از ﻣﻮاد ﭘﻮزوﻻﻧﻲ در ﺳﺪ ﺳﺎزي ﻣﻼﺣﻈﺎت اﻗﺘﺼﺎدي و دوام اﺳـﺖ .وﻟـﻲ اﺳـﺘﻔﺎده ازاﻳـﻦ ﻣـﻮاد
ﻣﻮﺟﺐ ﺗﻐﻴﻴﺮ ﺧﻮاص ﺑﺘﻦ ﻣﻴﮕﺮدد .اﻏﻠﺐ ﺧﺎﻛﺴﺘﺮﻫﺎي ﺑﺎدي ﺑـﺎ ﻛﻠـﺴﻴﻢ ﻛـﻢ و ﭘﻮزوﻻﻧﻬـﺎي ﻃﺒﻴﻌـﻲ ﺑﺎﻋـﺚ ﻛـﺎﻫﺶ
ﻣﻘﺎوﻣﺖﻫﺎي ﺳﻨﻴﻦ  28روز و اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﻧﻬﺎﻳﻲ ﺧﻮاﻫﻨﺪ ﺷﺪ .در ﻣﻘﺎﻳـﺴﻪ ﺑـﺎ ﺑـﺘﻦ ﺑـﺪون ﭘـﻮزوﻻن ،ﺑـﺘﻦﻫـﺎي
ﺳﺮﺑﺎرهاي ﻳﺎ داراي ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﺎ ﻛﻠﺴﻴﻢ ﻛﻢ ،ﻣﻌﻤﻮﻻ ﻣﻘﺎوﻣﺖﻫﺎي ﻛﻤﺘﺮي را در ﺳـﻨﻴﻦ ﻳـﻚ و ﺳـﻪ روزه ﻧـﺸﺎن
داده ،وﻟﻲ در ﻋﻮض ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﭘﺲ از ﻫﻔﺖ روز ﻋﻤﻞ آوري ﻗﺎﺑﻞ ﺗﻮﺟﻪ ﺧﻮاﻫﺪ ﺑـﻮد .ﭘﻮزوﻻﻧﻬـﺎي ﻓﻌـﺎل ﻣﺎﻧﻨـﺪ
ﺧﺎﻛﺴﺘﺮ ﭘﻮﺳﺘﻪ ﺑﺮﻧﺞ و ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ ﻗﺎدرﻧﺪ ﺑﺘﻦﻫﺎي ﭘﺮ ﻣﻘﺎوﻣﺘﻲ در ﺳﻨﻴﻦ ﻛﻢ و زﻳﺎداﻳﺠﺎد ﻛﻨﻨـﺪ.اﻳـﻦ وﺿـﻌﻴﺖ ﺑـﻪ
ﺧﺼﻮص ﺑﺎ ﻛﺎرﺑﺮد ﻣﻮاد اﻓﺰودﻧﻲ ﻛﺎﻫﻨﺪه آب ﺑﻪ ﻣﻨﻈﻮر ﻛﺎﻫﺶ آب ﻣﺼﺮﻓﻲ ﺷﺪت ﻣﻲﻳﺎﺑﺪ].[8
اﮔﺮﭼﻪ ﭘﻮزوﻻن ﺧﺎش ﺑﻪ ﻋﻨﻮان ﻳﻚ ﭘﻮزوﻻن ﻃﺒﻴﻌﻲ در ﺳﺎﻟﻬﺎي اﺧﻴﺮ ﻣﻮرد ﺑﺮرﺳﻲﻫﺎي ﺗﺤﻘﻴﻘـﺎﺗﻲ و آزﻣﺎﻳـﺸﮕﺎﻫﻲ
ﻗﺮار ﮔﺮﻓﺘﻪ ،اﻣﺎ ﺗﺎ ﻛﻨﻮن در ﭘﺮوژه اي ﻣﻮرد اﺳﺘﻔﺎده ﮔﺴﺘﺮده ﻗﺮار ﻧﮕﺮﻓﺘﻪ اﺳﺖ .ﺳﺪ ﺟﮕﻴﻦ و ﺳﺪ زﻳﺮدان ﺗﻘﺮﻳﺒﺎً اوﻟـﻴﻦ
ﻣﺼﺮف ﻛﻨﻨﺪﮔﺎن ﻋﻤﺪه اﻳﻦ ﭘﻮزوﻻن ﻫﺴﺘﻨﺪ .از آﻧﺠﺎ ﻛﻪ ﻃﺮاﺣﺎن ﺳﺪﻫﺎي ﺟﮕـﻴﻦ و زﻳـﺮدان – ﻛـﻪ اوﻟـﻴﻦ ﺳـﺪﻫﺎي
ﻣﺨﺰﻧﻲ اﻳﺮان از ﻧﻮع  RCCﻫﺴﺘﻨﺪ – ﻛﺎرﺑﺮد ﭘﻮزوﻻن ﺧﺎش را در ﺑﺘﻦ رﻳﺰﻳﻬﺎ ﭘﻴﺶ ﺑﻴﻨﻲ ﻛﺮده اﻧﺪ ،ﻗﻄﻌﺎً ﺑﺮ ﻋﻤﻠﻜـﺮد
اﻳﻦ ﭘﻮزوﻻن واﻗﻒ ﺑﻮده اﻧﺪ .ﺑﺎﺗﻮﺟﻪ ﺑﻪاﻳﻨﻜﻪ درﺣﺎل ﺣﺎﺿﺮ در ﭘﺮوژه ﺳﺪ زﻳﺮدان ﭘﻮزوﻻن ﺧﺎش در ﺣﺎل اﺳﺘﻔﺎده اﺳﺖ
و ﺗﺎ ﻛﻨﻮن ﭼﻨﺪ ﻫﺰار ﻣﺘﺮ ﻣﻜﻌﺐ ﺑﺘﻦ رﻳﺰي ﺑﺎ اﺳﺘﻔﺎده از آن اﻧﺠﺎم ﺷﺪه اﺳﺖ .دراﻳﻦ ﻣﻘﺎﻟﻪ ﺳﻌﻲ ﺷـﺪه اﺳـﺖ ﻛـﻪ ﺑـﻪ
ﻧﻘﺶ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ دراز ﻣﺪت ﺑﺘﻨﻬﺎي  RCCدر دراز ﻣﺪت اﺷﺎره ﺷﻮد.
 -2روش ﺗﺤﻘﻴﻖ
 ﺳﺪ زﻳﺮدانﺑﻪ ﻣﻨﻈﻮر ﺗﺎﻣﻴﻦ آب ﺷﺮب ﺷﻬﺮﻫﺎي ﭼﺎﺑﻬﺎر و ﻛﻨﺎرك و آب ﻣﻮردﻧﻴﺎز ﺑﺮاي ﺗﻮﺳﻌﻪ ﻛﺸﺎورزي دﺷﺖﻫـﺎي ﭘﻴﺮﺳـﻬﺮاب،
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ﻛﻬﻴﺮ و ﻻش از ﻃﺮﻳﻖ ﻣﻬﺎر آبﻫﺎي ﺳﻄﺤﻲ و ﻫﻤﭽﻨﻴﻦ ﺑﻬﺮه ﺑﺮداري از آبﻫﺎي زﻳﺮزﻣﻴﻨﻲ دﺷﺖﻫﺎي ﺳﻪ ﮔﺎﻧﻪ ﻓﻮق
اﻟﺬﻛﺮ ،ﺷﺮﻛﺖ ﺳﻬﺎﻣﻲآب ﻣﻨﻄﻘﻪ اي ﺳﻴﺴﺘﺎن و ﺑﻠﻮﭼﺴﺘﺎن در ﻣﻬﺮﻣﺎه ﺳﺎل  62ﻗﺮارداد ﻣﻄﺎﻟﻌﺎﺗﻲ ﺑـﺎ ﮔـﺮوه ﻫﻤﻜـﺎري
ﻣﻬﻨﺪﺳﻴﻦ ﻣﺸﺎور ﭘﮋوﻫﺎب – آﺑﻔﻦ -ﻛﺎراب ﻣﻨﻌﻘﺪ ﮔﺮدﻳﺪ .ﭘﺲ از ﻣﻄﺎﻟﻌﺎت اوﻟﻴـﻪ ﻃـﺮح زﻳـﺮدان ﺑـﻪ ﻋﻨـﻮان ﻳﻜـﻲ از
ﻃﺮحﻫﺎي ﺑﻪ ﺻﻮرت دو ﻣﻨﻈﻮره ﺗﺎﻣﻴﻦ آب ﺷﺮب و ﻛﺸﺎورزي در اوﻟﻮﻳﺖ ﻗﺮار ﮔﺮﻓﺖ .ﻣﺘﻌﺎﻗﺒـﺎً در اواﺧـﺮ ﺳـﺎل 1380
اﺟﺮاي ﺳﺪ ﻣﺨﺰﻧﻲ زﻳﺮدان ﻛﻪ از ﻧﻮع ﺑﺘﻨﻲ وزﻧﻲ  RCCاﺳﺖ ﺑﻪ ﭘﻴﻤﺎﻧﻜﺎر واﮔﺬار ﮔﺮدﻳﺪ.
 ﺳﻴﻤﺎنﺳﻴﻤﺎن ﻣﻮرد اﺳﺘﻔﺎده در ﺑﺘﻦ ﻏﻠﺘﻜﻲ و ﺳﺎﻳﺮ اﺟﺰاي ﺑﺪﻧﻪ ﺳﺪ و ﺳﺎزهﻫﺎي واﺑﺴﺘﻪ ،از ﻧﻮع ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﭘﻮزوﻻﻧﻲ ﻧـﻮع
 IPﻣﻲﺑﺎﺷﺪ .ﻣﺸﺨﺼﺎت اﻳﻦ ﺳﻴﻤﺎن ﻣﻄﺎﺑﻖ اﺳﺘﺎﻧﺪارد ﺳﻴﻤﺎﻧﻬﺎي آﻣﻴﺨﺘﻪ ) (ASTM C595ﻧﻮع  IPو ﻣﻴﺰان ﭘﻮزوﻻن
ﺣﺪاﻗﻞ  25و ﺣﺪاﻛﺜﺮ  35درﺻﺪ وزﻧﻲ ﻣﺤﺼﻮل ﻣﻲﺑﺎﺷﺪ.
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ روﻧﺪ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ  7 ،3و  28روزه ﺳﻴﻤﺎن  ،IPﻗﺎدر ﺧﻮاﻫﻴﻢ ﺑﻮد ﺑﺎ ﺑﺮازش ﻣﻨﺤﻨﻲ ﻟﮕـﺎرﻳﺘﻤﻲ ،ﻣﻌﺎدﻟـﻪ
ﻣﻘﺎوﻣﺖ  -زﻣﺎن را ﺑﺮاي اﻳﻦ ﻧﻮع ﺳﻴﻤﺎن ﺑﺪﺳﺖ آورﻳﻢ )ﺷﻜﻞ  .(1ﺑﺮ اﺳﺎس اﻳﻦ ﻣﻌﺎدﻟﻪ ،ﻣﻘﺎوﻣـﺖ  90 ،28 ،7و 180
روزه و ﺑﻪ دﻧﺒﺎل آن ﺿﺮاﻳﺐ رﺷﺪ ﻣﻘﺎوﻣﺖ ﻗﺎﺑﻞ ﻣﺤﺎﺳﺒﻪ اﺳﺖ )ﺟﺪاول  1و .(2
ASTM C595, IP: Portland Pozzolan Cement
400
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ﺷﻜﻞ  -1ﺑﺮازش ﻣﻨﺤﻨﻲ ﻟﮕﺎرﻳﺘﻤﻲﺑﺮ ﻧﺘﺎﻳﺞ  7 ،3و  28روزه ﺳﻴﻤﺎن IP

ﺟﺪول  :1ﻣﻘﺎوﻣﺘﻬﺎي ﻣﺤﺎﺳﺒﻪ ﺷﺪه ﺑﺎ ﺑﺮازش ﻣﻨﺤﻨﻲ ﻟﮕﺎرﻳﺘﻤﻲﺑﺮ ﻧﺘﺎﻳﺞ  7 ،3و  28روزه ﺳﻴﻤﺎن IP
180

90

28

7

ﺳﻦ )روز(

360

323

261

188

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري )(kg/cm2

ﺟﺪول  :2ﺿﺮاﻳﺐ رﺷﺪ ﻣﺤﺎﺳﺒﻪ ﺷﺪه ﺑﺎ ﺑﺮازش ﻣﻨﺤﻨﻲ ﻟﮕﺎرﻳﺘﻤﻲﺑﺮ ﻧﺘﺎﻳﺞ  7 ،3و  28روزه ﺳﻴﻤﺎن IP
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180/7

90/7

28/7

روز/روز

1.11

1.24

1.92

1.72

1.39

ﻛﺴﺐ ﺷﺪه
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 -ﭘﻮزوﻻن

ﺳﻨﮕﻬﺎي ﭘﻮزوﻻﻧﻲ در اﻛﺜﺮ ﻧﻘﺎط اﻳﺮان ﻳﺎﻓﺖ ﻣﻲﺷﻮﻧﺪ؛ وﻟﻲ در ﺣﺎل ﺣﺎﺿﺮ ﻣﻲﺗـﻮان ﺑـﻪ دﻳﺎﺗﻤﻴـﺖ ﻣﻤﻘـﺎن آذرﺷـﻬﺮ،
ﭘﺎﻣﻴﺲ ﺳﺒﻼن ،ﺗﻮفﻫﺎي آﺗﺸﻔﺸﺎﻧﻲ ﺗﺮاس ﺟﺎﺟﺮود ،زﺋﻮﻟﻴﺖ ﻣﻴﺎﻧﻪ ،ﺗﻮف آﺗﺸﻔﺸﺎﻧﻲ ﺑـﺴﺘﺎن آﺑـﺎد و ﺗﻔﺘـﺎن و ﭘـﺎﻣﻴﺲ
ﺗﻔﺘﺎن اﺷﺎره ﻛﺮد .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﭘﻮزوﻻن ﻃﺒﻴﻌﻲ ﺗﻔﺘﺎن ﻧﺰدﻳﻜﺘﺮﻳﻦ ﻣﻨﺒﻊ ﺑﻪ ﻣﺤﻞ اﺟﺮاي ﭘﺮوژه زﻳﺮدان و ﻛﺎرﺧﺎﻧـﻪ
ﺳﻴﻤﺎن ﺧﺎش ﻣﻲﺑﺎﺷﺪ در اداﻣﻪ ،ﻣﺸﺨﺼﺎت اﻳﻦ ﭘﻮزوﻻن در ﺟﺪول  3ﺑﻪ ﺗﻔﺼﻴﻞ ﺑﻴﺸﺘﺮي آورده ﺷﺪه اﺳﺖ.
ﺟﺪول  :3ﻣﺸﺨﺼﺎت ﭘﻮزوﻻن ﺗﻔﺘﺎن ﺑﺎ اﻟﺰاﻣﺎت اﺳﺘﺎﻧﺪارد ASTM C618

ﺗﺮﻛﻴﺒﺎت ﺷﻴﻤﻴﺎﻳﻲ
SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
L.O.I
SO3
SiO2+Al2O3+Fe2O3

ﭘﻮزوﻻن ﺗﻔﺘﺎن

ASTM C618

56-59
17-19
5
5-7
1/2-2
3/5
1/3-2
2-5
1,7-3
78-83

ﺣﺪاﻛﺜﺮ  10درﺻﺪ
ﺣﺪاﻛﺜﺮ  4درﺻﺪ
ﺣﺪاﻗﻞ  70درﺻﺪ

 ﺗﺴﺘﻬﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲﻓﻌﺎﻟﻴﺘﻬﺎي اﻧﺠﺎم ﺷﺪه در اﻳﻦ آزﻣﺎﻳﺸﻬﺎ ،در واﻗﻊ ﺑﺨﺶ اول آزﻣﺎﻳﺸﻬﺎي ﺷﻨﺎﺳﺎﻳﻲ ﻣﺼﺎﻟﺢ و ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺳـﺪ ﻣﺨﺰﻧـﻲ
زﻳﺮدان ﺑﻮده ﻟﺬا ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ اﺳﺘﻔﺎده ﺷﺪه در اﻳﻦ آزﻣﺎﻳﺸﻬﺎ ﻫﻤﺎن ﻣﺼﺎﻟﺢ ﻣﺤﻠﻲ زﻳﺮدان ﺑﻮده و ﻧﻴﺰ از ﺳﻴﻤﺎن ﺗﻴـﭗ
دو ﭘﻮزوﻻﻧﻲ وﻳﮋه و ﭘﻮزوﻻن ﭘﻮدر ﺷﺪه ﺗﻔﺘﺎن ،ﻣﺤﺼﻮﻻت ﻛﺎرﺧﺎﻧﻪ ﺳﻴﻤﺎن ﺧﺎش اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
در اﻳﻦ ﻣﻄﺎﻟﻌﺎت ﺑﺮاي ﻫﺮ ﻃﺮح ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺳﺪ زﻳﺮدان ،ﺗﻌﺪاد  6ﻧﻤﻮﻧﻪ اﺳﺘﻮاﻧﻪ اي  15*30ﺗﻬﻴﻪ ﺷﺪه اﺳﺖ ﻛﻪ ﭘـﺲ
از ﮔﺬﺷﺖ  28 , 7و  90روز ﻧﮕﻬﺪاري در ﺷﺮاﻳﻂ اﺳﺘﺎﻧﺪارد آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺑﻪ ﻣﻨﻈﻮر ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري زﻳـﺮ ﺟـﻚ
ﺑﺘﻦ ﺷﻜﻦ ﻗﺮار ﮔﺮﻓﺘﻨﺪ .ﻣﻴﺎﻧﮕﻴﻦ ﻣﻘﺎوﻣﺖ ﻫﺮ دو ﻧﻤﻮﻧﻪ ﺑﻌﻨﻮان ﻧﺘﻴﺠﻪ ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺖ.
ﺟﺪول  4ﻣﻮاد ﻣﺘﺸﻜﻠﻪ ﻃﺮﺣﻬﺎي اﺧﺘﻼط و ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ را ﻧﺸﺎن ﻣﻲدﻫﺪ .در اﻳﻦ ﻃﺮﺣﻬﺎ از ﺳﻴﻤﺎن ﭘﻮزوﻻﻧﻲ ﺧﺎش
)ﺣﺎوي  %15ﭘﻮزوﻻن( ﺑﺎ اﻓﺰودن ﻣﻘﺪاري ﮔَﺮد ﭘﻮزوﻻن اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
 ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻼت ﺳﻴﻤﺎنﺑﺮاي آﮔﺎﻫﻲ از ﻣﻴﺰان ﺗﺄﺛﻴﺮ ﭘﻮزوﻻن ﺧﺎش ﺑﺮ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ،ﻳﻚ ﺳﺮي آزﻣﺎﻳﺶ ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري ﻣـﻼت ﺑـﺮاي
ﺳﻴﻤﺎن ﺣﺎوي  40 ،30 ،20و  50درﺻﺪ ﭘﻮزوﻻن ﻣﻄﺎﺑﻖ  ASTM C349اﻧﺠﺎم ﮔﺮﻓﺖ .ﺗﻌﺪادي از ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ
ﺷــﺪه و ﻫﻤﭽﻨــﻴﻦ روش آزﻣــﺎﻳﺶ در ﺷــﻜﻞ  2اراﺋــﻪ ﺷــﺪه اﺳــﺖ .ﻫﻤﭽﻨــﻴﻦ ﻧﺘــﺎﻳﺞ اﺧــﺬ ﺷــﺪه درﺷــﻜﻞ  3اراﺋــﻪ
ﺷﺪه اﺳﺖ.
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ﺟﺪول  :4ﻣﻮاد ﻣﺘﺸﻜﻠﻪ و ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﻬﺎي ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲ
ﺷﻤﺎره
ﻃﺮح
اﺧﺘﻼط

ﻣﻮاد ﻣﺘﺸﻜﻠﻪ )(kg/m3
ﺳﻨﮕﺪاﻧﻪ

ﺳﻴﻤﺎن

ﭘﻮزوﻻن

آب

2060
2040
2040
1980
2060
2060

136
136
153
204
162
136

54
54
62
36
28
54

120
140
140
150
120
120

1
2
3
5
6
7

زﻣﺎن

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري )(kg/cm2

وﻳﺒﻲ

28

 7روزه

)ﺛﺎﻧﻴﻪ(
30
20
25
20
23
28

 90روزه

روزه

35,3
52,6
39,7
95,3
73,0
51,1

35,3
118,2
153,0
266,6
155,2
127,3

33,0
44,4
77,1
147,7
124,5
71,2

وزن
ﻣﺨﺼﻮص
)(Kg/m3
2350
2310
2430
2370
2310
2340

ﺟﺪول  :5ﺿﺮاﻳﺐ رﺷﺪ ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲ
ﻛﺴﺐ ﺷﺪه

ﻛﺴﺐ ﺷﺪه

ﻛﺴﺐ

ﺿﺮﻳﺐ

ﺿﺮﻳﺐ

ﻧﺴﺒﺖ ﭘﻮزوﻻن ﺑﻪ

ﺷﻤﺎره

90/28

90/7

ﺷﺪه 28/7

رﺷﺪ 90

رﺷﺪ 28

ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ

ﻃﺮح

1.07
2.66
1.98
1.81
1.25
1.79

1.00
2.25
3.85
2.80
2.13
2.49

0.93
0.84
1.94
1.55
1.71
1.39

0.19
0.62
0.71
1.11
0.82
0.67

0.17
0.23
0.36
0.62
0.66
0.37

39.2
39.2
39.5
27.8
27.5
39.2

1
2
3
5
6
7

1.76

2.42

1.39

0.69

0.40

ﻣﻴﺎﻧﮕﻴﻦ

ﺷﻜﻞ  -2ﻧﻤﻮﻧﻪﻫﺎي ﻣﻨﺸﻮري ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻼت ﺳﻴﻤﺎن
500

465

465

450
449

427

422

400

353
323

300

7 day

288
267

42 day

250

244
222

90 day

200

150

)Mortar Compressive Strength (kg/cm2

377
350

100

50

0
50

30

40

20

)Pozzolan Content (%

ﺷﻜﻞ  -3ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﻤﻮﻧﻪﻫﺎي ﻣﻼت ﺳﻴﻤﺎن ﺣﺎوي ﻣﻘﺎدﻳﺮ ﻣﺨﺘﻠﻒ ﭘﻮزوﻻن
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در ﺷﻜﻞ  4ﻣﻨﺤﻨﻲﻫﺎي رﺷﺪ ﻟﮕﺎرﻳﺘﻤﻲﺑﺮاي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻼﺗﻬﺎي ﺣﺎوي  40 ،30 ،20و  50درﺻﺪ ﭘـﻮزوﻻن ﺑـﺎ
زﻣﺎن رﺳﻢ ﺷﺪه اﺳﺖ.
Compressive Strength vs. Time; Mortar Test
500
f(20%P) = 73.10Ln(t) + 152.76
f(30%P) = 79.01Ln(t) + 116.40
450
f(40%P) = 69.73Ln(t) + 104.93
f(50%P) = 59.94Ln(t) + 103.63

350

20% P

300

)Comp. Strength (kg/cm2

400

30% P
40% P
250

50% P

200
100

80

90

60

70

40
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0

)Time (day

ﺷﻜﻞ  -4ﺑﺮازش ﻣﻨﺤﻨﻴﻬﺎي ﻟﮕﺎرﻳﺘﻤﻲﺑﺮ ﻧﺘﺎﻳﺞ  42 ،7و  90روزه

ﺑﺮ اﺳﺎس ﻣﻌﺎدﻻت ﺣﺎﺻﻠﻪ از ﺷﻜﻞ  ،4ﻣﻲﺗﻮان ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻼت ﺳﻴﻤﺎن را ﺑﺎزاي ﻣﻘﺎدﻳﺮ ﻣﺨﺘﻠـﻒ ﭘـﻮزوﻻن در
ﺳﻨﻴﻦ  90 ،28 ،7و  180روزه ﺑﺪﺳﺖ آورد )ﺟﺪول .(5
ﺟﺪول  :5ﻣﻘﺎوﻣﺘﻬﺎي ﻣﺤﺎﺳﺒﻪ ﺷﺪه ﺑﺎ ﺑﺮازش ﻣﻨﺤﻨﻴﻬﺎي ﻟﮕﺎرﻳﺘﻤﻲﺑﺮ ﻧﺘﺎﻳﺞ  42 ،7و  90روزه
180

90

28

7

زﻣﺎن)روز(

532
527
467
415

482
472
419
373

396
380
337
303

295
270
241
220

)f(20%P
)f(30%P
)f(40%P
)f(50%P

ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺟﺪول  5ﺿﺮاﻳﺐ رﺷﺪ ﻣﻘﺎوﻣﺖ ﺑﻪ ﺷﺮح ﺟﺪول  6ﺑﺪﺳﺖ آورده ﻣﻲﺷﻮد .ﻣﻴﺎﻧﮕﻴﻦ ﺧﻄﻲ ﺿـﺮاﻳﺐ رﺷـﺪ در
ﺳﻄﺮ ﭘﺎﻳﻴﻨﻲ ﺟﺪول  6ﻣﺤﺎﺳﺒﻪ ﺷﺪه اﺳﺖ.
ﺟﺪول  :6ﺿﺮاﻳﺐ رﺷﺪ ﻣﺤﺎﺳﺒﻪ ﺷﺪه ﺑﺎ ﺑﺮازش ﻣﻨﺤﻨﻴﻬﺎي ﻟﮕﺎرﻳﺘﻤﻲﺑﺮ ﻧﺘﺎﻳﺞ  42 ،7و  90روزه
180/90

90/28

180/7

90/7

28/7

ﻣﻴﺰان ﭘﻮزوﻻن )(%

1.105
1.116
1.115
1.111
1.11

1.215
1.243
1.241
1.231
1.23

1.805
1.950
1.941
1.884
1.89

1.633
1.747
1.740
1.695
1.70

1.344
1.405
1.402
1.377
1.38

20
30
40
50

ﻣﻴﺎﻧﮕﻴﻦ

اﮔﺮ اﻳﻦ ﺿﺮاﻳﺐ رﺷﺪ را ﺑﺮ روي ﻧﻤﻮداري ﻣﺎﻧﻨﺪ ﺷﻜﻞ  ،5ﺷﺎﻣﻞ ﻣﻨﺤﻨﻲﻫﺎي درﺟﻪ ﺳﻪ ﺑﺎ ﺿﺮﻳﺐ رﮔﺮﺳـﻴﻮن  1ﭘﻴـﺎده
ﺷﻮﻧﺪ ،ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد ﻛﻪ ﺑﻴﺸﺘﺮﻳﻦ ﺿﺮﻳﺐ رﺷﺪ در ﻧﺴﺒﺖ وزﻧﻲ  33,8درﺻﺪ ﭘﻮزوﻻن ﺣﺎﺻﻞ ﻣـﻲﺷـﻮد؛ ﻳﻌﻨـﻲ ﺑـﺎ
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ﻓﺮضِ داﺷﺘﻦ ﻣﺨﻠﻮﻃﻬﺎي ﺑﺎ ﻣﻘﺎوﻣﺖ  7روزه ﻳﻜﺴﺎن ،ﻣﺨﻠﻮط ﺣﺎوي  33,8درﺻﺪ ﭘﻮزوﻻن ﺑﻴﺸﺘﺮﻳﻦ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ
را در ﺳﻨﻴﻦ ﺑﺎﻻﺗﺮ ﺧﻮاﻫﺪ داﺷﺖ .ﺑﺎزاي ﻣﻘﺪار ﭘﻮزوﻻن ﺑﻬﻴﻨﻪ ،ﺿﺮاﻳﺐ رﺷﺪ ﻣﺎﻛﺰﻳﻤﻢ  28ﺑﻪ  90 ،7ﺑﻪ  7و  180ﺑـﻪ 7
روزه ﺑﻪ ﺗﺮﺗﻴﺐ ﻋﺒﺎرت ﺧﻮاﻫﻨﺪ ﺑﻮد از  1,75 ،1,41و 1,96
Strength Gain for Different Pozzolan Content; Mortar Test
2.0

1.9
180/7
1.8
y = 1.751E-05x3 - 2.345E-03x 2 + 9.848E-02x + 6.328E-01
1.7

3

y = 1.377E-05x - 1.844E-03x + 7.746E-02x + 7.112E-01

1.5

90/7

1.4

Strength Gain

2

1.6

1.3

y = 7.477E-06x 3 - 1.001E-03x2 + 4.205E-02x + 8.432E-01

1.2
28/7

Optimum Pozzolan
Content: 33.80 %

1.1

1.0
40

50

20

30

0

10

)Pozzolan Content (%

ﺷﻜﻞ  -5ﺗﻌﻴﻴﻦ درﺻﺪ ﭘﻮزوﻻن ﺑﻬﻴﻨﻪ ﺑﺎ ﺑﺮازش ﻣﻨﺤﻨﻴﻬﺎي درﺟﻪ  3ﺑﺮ ﺿﺮاﻳﺐ رﺷﺪ

 آزﻣﺎﻳﺸﻬﺎي ﻣﻘﺪﻣﺎﺗﻲ ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲدر اﻳﻦ ﻣﺮﺣﻠﻪ ﺑﺮاي ﻫﺮ ﻣﺨﻠﻮط ﻋﻼوه ﺑﺮ ﻧﻤﻮﻧﻪﻫﺎي  7و  28روزه ،ﻧﻤﻮﻧﻪﻫﺎي  90روزه ﻧﻴﺰ ﺳﺎﺧﺘﻪ ﺷﺪ ﺗـﺎ ﺑـﺮ اﺳـﺎس
آﻧﻬﺎ روﻧﺪ رﺷﺪ ﻣﻘﺎوﻣﺖ داﻧﺴﺘﻪ ﺷﻮد .در ﺷﻜﻞ  6ﻣﻘﺎوﻣﺘﻬﺎي  90روزه در ﻣﻘﺎﺑﻞ ﻣﻘﺎوﻣﺘﻬـﺎي  28روزه  -ﺑـﻪ ﺗﻔﻜﻴـﻚ
ﺑﺮاي ﻣﺨﻠﻮﻃﻬﺎي ﺣﺎوي  25درﺻﺪ و  35درﺻﺪ ﭘﻮزوﻻن  -رﺳﻢ ﺷﺪه اﻧﺪ .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ ﻣﻲﺑﻴﻨﻴﺪ ﻣﻨﺤﻨﻲﻫـﺎي رﺷـﺪ
ﻣﻘﺎوﻣﺖ از ﻫﻤﺒﺴﺘﮕﻲ ﺧﻮﺑﻲ ﺑﺮﺧﻮردارﻧﺪ.
220

200

f(90) = 1.29 f(28) + 10.12
R2 = 0.96

180

160

120

25% pozzolan
35% pozzolan

100

f(90) = 1.15 f(28) + 6.77
R2 = 0.94

80

)90 day strength (kg/cm2

140

60
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0
160
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120

100
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0

)28 day strength (kg/cm2

ﺷﻜﻞ  -6راﺑﻄﻪ ﺑﻴﻦ ﻣﻘﺎوﻣﺖ  90روزه ﻣﺨﻠﻮﻃﻬﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺑﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه آﻧﻬﺎ

ﺑﺎﻻﺗﺮ ﺑﻮدن ﺧﻂ ﻣﺮﺑﻮط ﺑﻪ ﭘﻮزوﻻن  35درﺻﺪ ﻧﺴﺒﺖ ﺑﻪ ﭘﻮزوﻻن  25درﺻﺪ در ﺷﻜﻞ  6ﺑﻪ ﻣﻌﻨﺎي آﻧﺴﺖ ﻛـﻪ ﺑـﺮاي
دو ﻣﺨﻠﻮط ﺑﺎ ﻣﻘﺎوﻣﺖ  28روزه ﻳﻜﺴﺎن ،ﭘﻮزوﻻن  35درﺻﺪ ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺑﻴﺸﺘﺮي در ﺳﻦ  90روزه ﻧـﺴﺒﺖ
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ﺑﻪ ﭘﻮزوﻻن  25درﺻﺪ ﺧﻮاﻫﺪ ﺷﺪ؛ ﻳﻌﻨﻲ ﻣﻘﺪار ﭘﻮزوﻻن ﻓﻌﺎل ،ﻋﺪدي ﺑﻴﺶ از  25درﺻـﺪ ﻣـﻲﺑﺎﺷـﺪ .ﺷـﻜﻞ  ،6روﻧـﺪ
ﻛﺴﺐ ﻣﻘﺎوﻣﺖ  28ﺗﺎ  90روزه را ﺑﺼﻮرت ﺗﺎﺑﻌﻲ از ﻣﻘﺎوﻣﺖ  28روزه ﻧﺸﺎن ﻣﻲدﻫﺪ.
 آزﻣﺎﻳﺸﺎت ﺗﻜﻤﻴﻠﻲ ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲدر اﻳﻦ ﻣﺮﺣﻠﻪ ﻣﺠﻤﻮﻋﺎً  16ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻛﺎر ﺷﺪه اﺳﺖ .ﻧﺘﺎﻳﺞ  90 ،28 ،7و  180روزه ﻫﻤـﻪ ﻃﺮﺣﻬـﺎ در
ﺟﺪول  7اراﺋﻪ ﮔﺮدﻳﺪه اﺳﺖ .ﻣﻘﺎدﻳﺮ ﻣﺤﺎﺳﺒﻪ ﺷﺪه در ﺳﻄﺮ آﺧﺮ ﺟﺪول  ،7ﻣﻴﺎﻧﮕﻴﻦ ﺿﺮاﻳﺐ رﺷﺪ ﻃﺮﺣﻬﺎي ﺣـﺎوي 25
و  30درﺻﺪ ﭘﻮزوﻻن اﺳﺖ .ﻣﻘﺪار ﻣﺘﻮﺳﻂ ﺿﺮﻳﺐ رﺷﺪ  90ﺑـﻪ  28روزه ﺑـﺮاي ﻃﺮﺣﻬـﺎي ﺣـﺎوي  25ﺗـﺎ  30درﺻـﺪ
ﭘﻮزوﻻن ﺑﺮاﺑﺮ 1,19و  180ﺑﻪ  90روزه ﺑﺮاﺑﺮ  1,10اﺳﺖ.
در ﺷﻜﻞ  7ﻣﻨﺤﻨﻴﻬﺎي آب ﺑﻪ ﺳﻴﻤﺎن و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  90 ،28 ،7و  180روزه ،ﺑـﺮاي ﻃﺮﺣﻬـﺎي ﺣـﺎوي  25و 30
درﺻﺪ ﭘﻮزوﻻن رﺳﻢ ﺷﺪه اﺳﺖ .ﻫﻤﺎﻧﻄﻮر ﻛﻪ دﻳﺪه ﻣﻲﺷﻮد در ﺳﻨﻴﻦ ﺑﺎﻻﺗﺮ ،ﺿﺮاﻳﺐ رﮔﺮﺳﻴﻮن ﻣﻨﺤﻨﻴﻬﺎ ﺑﻴـﺸﺘﺮ ﺷـﺪه
ﻛﻪ اﻳﻦ ﻧﺸﺎن از ﻋﻤﻠﻜﺮد ﭘﻮزوﻻن در دراز ﻣﺪت و ﺟﺒﺮانِ ﺿﻌﻔﻬﺎي اﺣﺘﻤﺎﻟﻲ ﻣﻮﺟﻮد در رﻳﺰ ﺳﺎﺧﺘﺎر ﺑﺘﻦ ﻏﻠﺘﻜﻲ دارد.
ﺟﺪول  :7ﻧﺘﺎﻳﺞ ﻃﺮﺣﻬﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ و ﺿﺮاﻳﺐ رﺷﺪ ﻣﺮﺑﻮﻃﻪ
ﻣﻘﺎوﻣﺖ ﻛﺴﺐ ﺷﺪه

زﻣﺎن

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري)(kg/cm2

وﻳﺒﻲ

ﻧﺴﺒﺖ آب
ﺑﻪ ﻣﺼﺎﻟﺢ
ﺳﻴﻤﺎﻧﻲ

180/90

90/28

180/7

90/7

28/7

180

90

28

7

ﺛﺎﻧﻴﻪ

وزﻧﻲ

1.11
1.12
1.11
1.05
1.08
1.09
1.15
1.26
1.14
1.07
1.02
1.04
1.15
1.06
1.10

1.12
1.12
1.20
1.14
1.15
1.17
1.09
1.20
1.04
1.30
1.41
1.60
1.37
1.25
1.19

1.65
1.76
1.80
1.54
1.72
1.70
1.76
2.08
1.61
1.53
1.47
2.08
1.71
1.58
1.67

1.49
1.57
1.62
1.46
1.59
1.57
1.53
1.64
1.42
1.43
1.44
2.00
1.48
1.49
1.52

1.32
1.40
1.36
1.28
1.37
1.34
1.41
1.38
1.36
1.09
1.02
1.25
1.08
1.19
1.29

193.2
197.1
230.5
224.5
155.7
158.5
174.2
189.9
202.9
161.2
167.5
175.3
186.9
275.8

173.7
176.0
208.0
212.9
143.7
145.9
152.1
150.4
178.6
150.2
163.9
168.6
162.6
259.6

154.5
156.5
173.9
186.3
124.5
125.1
140.1
125.7
171.0
115.2
115.8
105.7
118.4
208.3

116.8
111.8
128.1
146.0
90.7
93.1
99.1
91.4
126.0
105.3
114.1
84.3
109.6
174.7

14
30
30
25
20
28
26
10
12
16
15
15
25
∞

0.70
0.69
0.60
0.63
0.84
0.76
0.76
0.67
0.61
0.83
0.61
0.67
0.74
0.56

ﻧﺎم ﻃﺮح

R170-20-02
R170-20-03
R190-20-01
R190-20-02
R150-20-01
R150-20-02
R150-20-03
R208-47-01
R210-38-01
R150-20-04
R195-47-01
R195-43-01
R170-20-04
R200-30-01

ﻣﻴﺎﻧﮕﻴﻦ

 -4ﺑﺤﺚ
اﻳﻦ ﺗﺤﻘﻴﻖ ﺟﻬﺖ ﺻﺤﻪ ﮔﺬاردن ﺑﺮ ﻋﻤﻠﻜﺮد ﭘﻮزوﻻن ﺧﺎش در اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ از  28روز ﺑﻪ  90ﻳﺎ  180روز ﺑﻮده و
اﻳﻦ ﻣﻮﺿﻮع زﻣﺎﻧﻲ ﻛﺎرﻛﺮد دارد ﻛﻪ ﺑﺨﻮاﻫﻴﻢ ﺑﺎ ﺛﺎﺑﺖ ﻧﮕﺎﻫﺪاﺷﺘﻦ ﺳﻨﻴﻦ ﻣﻘﺎوﻣﺖ ﻣﺸﺨﺼﻪ ،از ﻣﻘﺪارﺳـﻴﻤﺎن ﻛﺎﺳـﺘﻪ و
ﺑﻪ اﻧﺘﻈﺎر ﻣﻘﺎوﻣﺖ دراز ﻣﺪت ﭘﻮزوﻻن ﺑﻨﺸﻴﻨﻴﻢ .ﻳﻚ ﻣﻘﺎﻳﺴﻪ اﻧﺠﺎم ﮔﺮﻓﺘﻪ در ﺧﺼﻮص ﻣﻘﺎوﻣﺖ ﻓﺸﺎري و ﻫﺰﻳﻨﻪ ﺗﻮﻟﻴﺪ
ﺑﺘﻦ دﻻﻟﺖ ﺑﺮاﻳﻦ ﻣﻮﺿﻮع دارد ﻛﻪ اﻓﺰودن ﭘﻮزوﻻﻧﻬﺎ ﺑﻪ ﺳﻴﻤﺎن ﻣﻨﺠـﺮ ﺑـﻪ اﻗﺘـﺼﺎدي ﺷـﺪن ﻃـﺮح و اﺛـﺮات زﻳـﺴﺖ
ﻣﺤﻴﻄﻲ در ارﺗﺒﺎط ﺑﺎ روﺷﻬﺎي ﺗﻮﻟﻴﺪ ﺳﻴﻤﺎن دارد].[18
اﻳﻦ ﺑﺤﺚ ﻣﺘﻔﺎوت از آﻧﺴﺖ ﻛﻪ ﺑﺨﻮاﻫﻴﻢ ﺳﻨﻴﻦ ﻣﻘﺎوﻣﺖ ﻣﺸﺨﺼﻪ را اﻓﺰاﻳﺶ دﻫﻴﻢ ﭼﺮا ﻛﻪ در ﺻﻮرت اﻓﺰاﻳﺶ ﺳﻨﻴﻦ
ﻣﻘﺎوﻣﺖ ﻣﺸﺨﺼﻪ در ﺳﻨﻴﻦ ﺗﻌﻴﻴﻦ ﺷﺪه ﺑﺎﻳﺪ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻣﻮرد ﻧﻈﺮ دﺳﺖ ﭘﻴﺪا ﻛﻨﻴﻢ و در اﻳﻦ ﻣﻴﺎن دﻳﮕﺮ ﺟـﺎﻳﻲ ﺑـﺮاي
ﺣﺪس و ﮔﻤﺎن ﺑﺎﻗﻲ ﻧﺨﻮاﻫﺪ ﻣﺎﻧﺪ.
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)Relation of W/(C+P) Ratio and Comp. Strength of RCC Mixtures (25% P
300

f180 = 120.48(w/c+p)-1.34
R2 = 0.95
f90 = 107.69(w/c+p)-1.40

250

R2 = 0.93

R2 = 0.87

f7 = 71.45(w/c+p)-1.37
R2 = 0.83

150

)Comp. Strength (kg/cm2

f28 = 90.02(w/c+p)-1.41

200

100

0.85

0.80

0.75

0.70

0.65

0.60

0.55

0.50

50
0.45

)W/(C+P
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ﻫﻤﭽﻨﻴﻦ ﺑﺎ ﺗﻐﻴﻴﺮ ﻣﻘﺎوﻣﺖ ﻣﺸﺨﺼﻪ ﺑﺘﻨﻬﺎي  RCCﻗﺎدر ﺧﻮاﻫﻴﻢ ﺑﻮد ﻣﻘﺪار ﺳـﻴﻤﺎن ﻣـﺼﺮﻓﻲ در ﻫـﺮ ﻣﺘـﺮ ﻣﻜﻌـﺐ را
ﻛﺎﻫﺶ داده و از ﭘﺘﺎﻧﺴﻴﻞ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﭘﻮزوﻻن در دراز ﻣﺪت ﺑﻬﺮه ﻣﻨﺪ ﺷﻮﻳﻢ .در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺑﺘﻦ ﺑﺪون ﭘﻮزوﻻن،
ﺑﺘﻦﻫﺎي ﺳﺮﺑﺎرهاي ﻳﺎ داراي ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﺎ ﻛﻠﺴﻴﻢ ﻛﻢ ،ﻣﻌﻤﻮﻻ ﻣﻘﺎوﻣﺖﻫﺎي ﻛﻤﺘﺮي را در ﺳﻨﻴﻦ ﻳـﻚ و ﺳـﻪ روزه
ﻧﺸﺎن داده ،وﻟﻲ در ﻋﻮض ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﭘﺲ از ﻫﻔﺖ روز ﻋﻤﻞ آوري ﻗﺎﺑﻞ ﺗﻮﺟﻪ ﺧﻮاﻫﺪ ﺑﻮد[15].ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻦ
ﻏﻠﺘﻜﻲ ﺳﺎﺧﺘﻪ ﺷﺪه ﻫﻤﺮاه ﺑﺎ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﻧﻴﺰ ﻧﺸﺎن دﻫﻨﺪه رﺷﺪ ﻣﻘﺎوﻣﺘﻲ ﻣﻨﺎﺳﺒﻲ در ﺳﻨﻴﻦ ﻣﺨﺘﻠﻒ ﺟﺰ در ﺳﻨﻴﻦ 3
و  7روزه از ﺧﻮد ﻧﺸﺎن داده اﻧﺪ] .[17ﻛﻪاﻳﻦ ﻣﻮﺿﻮع درﺗﺤﻘﻴﻖ ﺑﻪ ﻋﻤﻞ آﻣﺪه ﺑﻪ وﺿﻮح ﻗﺎﺑﻞ ﻣﺸﺎﻫﺪه ﺑﻮد.
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪاﻳﻨﻜﻪ اﺳﺘﻔﺎده از ﭘﻮزوﻻن ﺑﺮاي ﻛﻨﺘﺮل واﻛﻨﺸﻬﺎي ﻣﻀﺮ ﻗﻠﻴﺎﻳﻲِ ﻣﺼﺎﻟﺢ ﻣﻨﻄﻘﻪ ﺳﺪ زﻳﺮدان ﻻزم اﺳـﺖ ،اﻣـﺎ
ﻛﺎرﺑﺮد ﭘﻮزوﻻن ﺑﻌﻨﻮان ﺟﺎﻳﮕﺰﻳﻦ ) (Replacementﺳﻴﻤﺎن و ﺑﺮاي ﻛﺎﺳﺘﻦ از ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن و ﻛﻨﺘـﺮل ﻣـﺴﺎﺋﻞ
ﺣﺮارﺗﻲ اﺳﺖ و اﻳﻦ در ﺻﻮرﺗﻲ ﻣﺤﻘﻖ ﻣﻲﺷﻮد ﻛﻪ ﺑﻪ اﺛﺮ اﻓﺰاﻳﺸﻲ ﭘﻮزوﻻن ﺑﺮ ﻣﻘﺎوﻣﺖ دراز ﻣﺪت آن ﺗﻜﻴﻪ ﻛﻨﻴﻢ
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﻄﺎﻟﺐ ﻓﻮق ﻣﻲﺗﻮان ﻣﻄﺎﻟﺐ را ﺑﻪ ﺻﻮرت زﻳﺮ ﺧﻼﺻﻪ ﻧﻤﻮد:
 (1ﻳﻜﻲ ازﻣﻬﻤﺘﺮﻳﻦ ﺧﺎﺻﻴﺖﻫﺎي ﻣﻮﺟﻮد در ﺑﺘﻦ ﭘﻮزوﻻﻧﻲ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ دراز ﻣﺪت آﻧﻬﺎ اﺳﺖ.
 (2ﻛﺎﻫﺶ ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن ﻣﻲﺗﻮاﻧﺪ اﺣﺘﻤﺎل ﭘﻴﺪاﻳﺶ ﺗﺮﻛﻬﺎي ﺣﺮارﺗﻲ در ﺑـﺘﻦ رﻳـﺰي ﻗﻄﻌـﺎت ﺣﺠـﻴﻢ را
ﻛﺎﻫﺶ دﻫﺪ.
 (3ﻳﻜﻲ از ﺧﺮاﺑﻲﻫﺎي ﻋﻤﺪه در ﺳﺪﻫﺎ ،واﻛﻨﺶ ﻗﻠﻴﺎﻳﻲ ﺳﻨﮕﺪاﻧﻪﻫﺎﺳﺖ .ﺑﺎ ﻛﺎرﺑﺮد ﭘﻮزوﻻﻧﻬﺎ ﻣﻲﺗﻮان ﺗﺎ ﺣـﺪود
زﻳﺎدي واﻛﻨﺶ ﻣﺬﻛﻮر را ﺗﺤﺖ ﻛﻨﺘﺮل درآورد.
 (4ﻣﺰﻳﺖ اﻗﺘﺼﺎدي اﺳﺘﻔﺎده از ﭘﻮزوﻻن ،در اﻛﺜﺮ ﻣﻮارد ﻗﻴﻤﺖ ﻛﻤﺘﺮ آن در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺳﻴﻤﺎن اﺳﺖ.
 (5درﺻﺪ ﺑﻬﻴﻨﻪ ﭘﻮزوﻻﻧﻬﺎ ﺑﺎﻳﺴﺘﻲ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻣﻜﺎﻧﺎت ﻛﺎرﮔﺎه و ﻣﻼﺣﻈﺎت ﻓﻨﻲ ﺗﻌﻴﻴﻦ ﮔﺮدد .اﻟﺒﺘﻪ ﺑﺎ ﺗﻮﺟﻪ ﺑـﻪ
ﺷﺮاﻳﻂ ﮔﺮم آب وﻫﻮاﻳﻲ ﻣﻨﺎﻃﻖ ﺟﻨﻮباﻳﺮان و روادارﻳﻬﺎي زﻳﺎد ﻛﺎرﮔﺎﻫﻲ ،اﺳﺘﻔﺎده از ﭘﻮزوﻻن ﺑﺎ ﻋﻴﺎر ﺑـﺎﻻ
ﺗﻮﺻﻴﻪ ﻣﻲﺷﻮد.
 (6اﺳﺘﻔﺎده از ﭘﻮزوﻻﻧﻬﺎ در ﺑﺘﻦ ﻫﻢ اﻗﺘﺼﺎدي و ﻫﻢ ﻣﻨﺠﺮ ﺑﻪ اﺻﻼح ﺧﺼﻮﺻﻴﺎت ﺑـﺘﻦ ﺗـﺎزه و ﺳـﺨﺖ ﺷـﺪه
ﻣﻲﺷﻮد ] [16ﻛﻪ در آزﻣﺎﻳـﺸﺎت اﻧﺠـﺎم ﮔﺮﻓﺘـﻪ ﻧﻴـﺰ ﺑﻬﺒـﻮد و رﺷـﺪ ﺧـﺼﻮﺻﻴﺎت ﺑـﺘﻦ ﻏﻠﺘﻜـﻲ از ﺟﻤﻠـﻪ
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ﺗﺸﻜﺮ وﻗﺪرداﻧﻲ
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ABSTRACT
In this paper, the nonlinear seismic behavior of three ordinary moment-resisting
concrete space frames with unsymmetrical plan in three, four and five stories are
evaluated using pushover analysis. The three buildings were originally designed
according to existing Iranian codes. Seismic loads are calculated and distributed
over the height of the frame using both rectangular and triangular forms. It has
been found that the obtained capacity curves have been affected greatly by the
forms of loading. Results have been also produced in form of story drifts to
establish the performance level of these buildings. The results show that all of the
frames in both directions are within the life safety performance level.
Keywords: pushover, concrete frame, Seismic assessment, irregularity, design
codes
1. INTRODUCTION
Experience shows that buildings with irregularities are prone to earthquake
damage, as observed in many earthquakes in the past. Despite structural regularity
is quite easy to obtain through a careful design; it is very common that, in the
reality, different irregularities can occur, changing the seismic performance of the
building. However, current codes fail to provide acceptable definition of an
irregular structure. Moreover, most of the seismic codes fall short of providing
sufficient specifications for designing irregular buildings. As an example, the
ASCE/SEI 7-05 standard [1] defines five types of horizontal structural
irregularities. One type of irregularity is reentrant corner irregularity, and this
irregularity is considered to exist where both plan projections of the structure
beyond a reentrant corner are greater than 15% of the plan dimension of the
structure in the given direction. In the ASCE/SEI 7-05 standard [1], additional
provisions are given to increase the design forces for connections of diaphragms to
vertical elements and to collectors and for connections of collectors to the vertical
elements. Although such provisions are not adequate to take care of all the stresses
concentrated at different points of the buildings, the Iranian Code of Practice [2]
has not provided similar provisions. Furthermore, the Iranian Code of Practice for
Seismic Resistant [2] has given more relaxed regulations for such irregularity by
specification projections of more than 25% of the plan dimension in the given
direction. Accordingly, there is an apparent need to develop a more accurate
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analysis procedure to provide information on the seismic response of irregular
structures. In this paper, an introductory investigation on the effect of such
irregularities on the total behavior of the buildings is carried out.
In this paper; and as shown in Figure 1, reinforced concrete frames having plan
projections between 33 to 50% are examined. These buildings have been designed
according to the current Iranian codes of practice [2, 3]. However, and to examine
the validity of these practices and evaluate the real strength of these structures, a
performance based design need to be carried out. To meet this requirement, static
pushover analysis is used to investigate the effect of such irregularities on the total
behavior of the buildings.
The recent advents of performance based design show that an inelastic procedure
commonly referred to as the pushover analysis is a viable method to assess damage
vulnerability of buildings [4, 5]. This procedure is a static, nonlinear one in which the
magnitude of the structural loading is incrementally increased in accordance with
certain predefined patterns. With the increase in the magnitude of the loading, weak
links and failure modes of the structure are found. The loading is monotonic with the
effects of the cyclic behavior and load reversals being estimated by using a modified
monotonic force-deformation criteria and with damping approximations. The present
pushover analysis has been carried out using the "SAP2000" software [6]. The
method used by this software is based on procedure C given in ATC-40 [7].

(a)

(b)

Figure 1. Plan view of the building structure (a) a 3-story building (b) 4 and 5- story
buildings

In most studies, the method was applied to symmetrical structures. Assuming the
floors act as rigid diaphragms, the state of damage of the building can be inferred
from applying a two dimensional pushover analysis on the building. The
advantages and the limitations of this analysis for damage assessment are described
by Lawson et al. [8]. Usually, the presence of an asymmetry in a given structure
makes the pushover analysis rather complicated, since floor displacements of the
building will consist of both translational and rotational components. The lateral
load resisting elements located at different positions in plan will experience
different deformations. Torsional effect can be particularly damaging to elements
located at or near the flexible edge of the building where the translational and
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rotational components of the floor displacement are additive.
In the last few years several proposals have been put forward to extend traditional
pushover analysis to the assessment of three-dimensional models. Among the early
ones is that of Moghadam and Tso [9, 10]. It has been based on the study of the
non-linear static behavior of the critical frames only, identified by means of LDP
analyses performed on three-dimensional models. Other attempts to extend and
verify 3D pushover algorithms can be found in references [11-13]. Furthermore,
Fajfar et al. [14-16] extended the N2 method to three-dimensional structures. On
the other hand, Chopra and Goel [17] have presented an extension of the MPA
(Modal Pushover Analysis) procedure for asymmetric-plan structures.
2. SAMPLE STRUCTURES
In this paper, the nonlinear seismic behavior of three ordinary moment-resisting
concrete space frames with unsymmetrical plan in three, four and five stories are
evaluated. The plan configurations of these space frames contain reentrant corners.
To compare the nonlinear response of structures differently involved in the
inelastic range of behavior, each building was designed according to the rules
proposed by the Iranian Code of Practice [2], for low ductility structures. However
in all these cases, the masses of the floors are less than 5% from the corresponding
centers of rigidity of the floors in both perpendicular directions.
Using the Iranian Code of Practice for Seismic Resistant [2], the design was
performed with reference to the importance category II, assuming peak ground
acceleration equal to 0.25 g and parameters shaping a soil profile II spectrum.
According to the code provisions the strength level of the structures was defined by
assuming an R-factor equal to 5.00 for the low ductility (LD) buildings, and
consistently with the supposed importance category, an importance factor equal to
1.0 was assumed.
The floors were considered to be subjected to dead loads equal to 620 kg/m2 (due
to self weight, finishes and permanent partitions) and to live loads equal to 200
kg/m2. Moreover, claddings weighting 500 kg/m were considered to be present
along the external perimeter of buildings and parapets weighting 200 kg/m were
considered to be present along the external perimeter of the roof. Design lateral
forces are given in Table-1.
Table 1: Design lateral forces
Buildings
Loads (ton)
3-story
52.1
4-story
51.7
5-story
65.1

The three gravity (vertical) loads used in this paper are as follows:
GR1 = 1.1 (QD + QL)

(1)

GR2 = 0.9 QD

(2)
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GR3 = QD + 0.2 QL

(3)

In Equations (1-3), QD is the total dead loads and QL is the total live loads.
For lateral seismic loads, the analysis was performed by assuming two types of
lateral loads distributions. First by assuming a triangular distributions similar to
that obtained by the equivalent static analysis method, and second by assuming
rectangular distributions proportional to the weight of the floor. Combining these
loads with the three vertical loads defined in Equations 1 to 3, buildings were
tested under the effect of twenty four different combinations. These are as follows:
(a) PX1 and –PX1 triangular distributions of lateral forces + GR1
(b) PX2 and –PX2 triangular distributions of lateral forces + GR2
(c) PX3 and –PX3 triangular distributions of lateral forces + GR3
(d) PY1 and –PY1 triangular distributions of lateral forces + GR1
(e) PY2 and –PY2 triangular distributions of lateral forces + GR2
(f) PY3 and –PY3 triangular distributions of lateral forces + GR3
(g) FX1 and –FX1 rectangular distributions of lateral forces + GR1
(h) FX2 and –FX2 rectangular distributions of lateral forces + GR2
(i) FX3 and –FX3 rectangular distributions of lateral forces + GR3
(j) FY1 and –FY1 rectangular distributions of lateral forces + GR1
(k) FY2 and –FY2 rectangular distributions of lateral forces + GR2
(l) FY3 and –FY3 rectangular distributions of lateral forces + GR3
Each of the Frames considered has uniform storey height of 3m. The strength of
the beams and columns in the frame are allocated following the "strong columnweak beam" capacity design procedure. All members of the frame have been
designed according to the Iranian Concrete Code of Practice [3]. All columns have
square cross-section of 300*300 mm. at the upper two stories and 350*350 mm. at
the third storey and 400*400 mm for the first and second stories. The required
different strength levels in columns were also obtained by varying the amount of
reinforcement. All the beams have rectangular cross-section 0f 200*300 mm. Table
2 contains detail of column and beam cross-sections and reinforcements. All
members were detailed considering a normal weight concrete with compressive
strength of 250 kg/cm2 and steel having yield strength equal to 4000 kg/cm2.
Table 2: Columns and beams cross-sections
Buildings
First Floor
Second
Floor
Columns (dimensions in
cm.)

Beams (dimensions in cm.)

Third Floor

3-storey
B= 35
8 Φ20
B= 30
8 Φ 20
B= 30
8 Φ 20

4-storey
B= 40
12 Φ 20
B= 35
8 Φ 20
B= 30
8 Φ 20
B= 30
8 Φ 20

Fourth Floor

-

Fifth Floor

-

-

All

b= 20
h=30

b=20
h=30

5-storey
B= 40
16 Φ 20
B= 40
12 Φ 20
B= 35
8 Φ 20
B= 30
8 Φ 20
B= 30
8 Φ 20
b=20
h=30
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3. RESULTS
3.1. Global Yield Criteria
Since the yield point is not clear in the plot of base shear versus top displacement,
an idealized elasto-plastic system was assumed to find the approximated yield
point in the global response of the structure. Yield displacement is based on the
idealized elasto-plastic system with reduced stiffness which is evaluated as the
secant stiffness at 75% of the ultimate strength.
A sample of the displacements corresponding to the yield points for different
vertical and lateral loads for the 5-story is given in Table 3. Same calculations are
repeated for pushover curves in the negative direction and the results are similar to
those given in Table 3.
Table 3: Displacements (cm.) corresponding to the yield points for different loads
Loads
Fx
Px
Fy
Py
GR1
17
17
18
18
GR2
17
17
18
18
GR3
17
17
18
18

3.2. Performance Curves
To obtain the capacity curve, seismic loads are calculated and distributed over the
height of the frame using both rectangular and triangular forms. Some examples of
the resulting capacity curves for the three buildings are shown in Figure (2). All
curves show similar features. They are linear initially but start to deviate from
linearity when inelastic actions start to take place. With the increase of
displacements, the capacity curves become linear, but with much smaller slopes that
sometimes approaching flat shapes. Furthermore, it can be concluded that the curves
obtained for all the three gravity loads are approximately similar to each other while
they are more sensitive to the type of lateral loads, as shown in Figure (3).

(a)
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(b)

(c)
Figure 2. The performance curves for (a) 3-story building (b) 4-story building (c) 5story building

Figure 3. The performance curves for 5-story building for GR3
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3.3. The Performance Point
The performance point for a given set of values is defined by the intersection of the
capacity curve and the single demand spectrum curve. Results for the 5-Story
buildings are given in Tables 4 and 5.
Table 4: Performance points for the 5-story buildings for a fixed gravity load and
different lateral loads in the (x) and (-x) directions
Displacements
Displacements
Forces at the
Forces at the
Lateral
at the
Lateral
at the
Performance
Performance
Loads
Loads
Performance
Performance
Point (ton)
Point (ton)
Point (cm)
Point (cm)
PX1
19.73
69.29
-PX1
-19.87
-69.27
PX2
19.34
68.23
-PX2
-19.46
-68.26
PX3
19.53
68.84
-PX3
-19.67
-68.80
FX1
17.73
84.57
-FX1
-17.87
-84.54
FX2
17.32
83.78
-FX2
-17.44
-83.83
FX3
17.33
83.50
-FX3
-17.67
-84.20
Table 5: Performance points for the 5-story buildings for a fixed gravity load and
different lateral loads in the (y) and (-y) directions
Displacements
Displacements
Forces at the
Forces at the
Lateral
Lateral
at the
at the
Performance
Performance
Loads
Performance
Loads
Performance
Point (ton)
Point (ton)
Point (cm)
Point (cm)
PY1
20.97
66.98
-PY1
-21.03
-66.98
PY2
20.58
66.89
-PY2
-20.62
-66.13
PY3
20.77
67.00
-PY3
-20.83
-66.97
FY1
18.77
81.23
-FY1
-18.83
-81.24
FY2
18.37
81.27
-FY2
-18.37
-81.27
FY3
18.57
81.25
-FY3
-18.63
-81.25

3.4. Maximum Displacement
Considering the maximum roof displacement of the buildings, the results obtained
denote that all of the frames in both directions are within the life safety
performance level.
3.5. Inter-Story Drift
On the structure level, the inter-story drift ratio (ID) is one of the simplest and most
commonly used damage indicators. Similar comparisons are carried out on the
prediction of the maximum inter-storey drift ratios. Samples of the results are
presented in Figure (4). In this figure, inter-storey drift ratios are compared to the
limit values subscribed by FEMA 356 [18] for the life safety and immediate
occupancy performance levels.
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(a)

(b)
Figure 4. Performance of 5-story RC frame based on maximum inter-storey drifts
ratios X-direction (b) Y-direction

3.5. Plastic Hinge Formation
The damage state of the structure at the peak base shear for the 3-story building is
given in Figure 5. For more details on the formation of plastic hinges at different
performance level is given in Reference [19].

Figure 5. Plastic hinges in the 3-story building under PX1
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4. SUMMARY AND CONCLUSIONS
Since current codes fall short of providing simplified analytical tools for irregular
structures, it is necessary to use an analytical procedure that can describe the
seismic response of such buildings. The present paper utilizes the pushover
analysis; a procedure based on "the capacity curve" concept, to investigate irregular
M
buildings.
The results obtained show that:
(a) Performance curves obtained for all the three gravity loads, for a given
lateral load, are approximately the same while they show more sensitivity to
the type of lateral loads.
(b) Irregularities similar to that investigated in the present paper have little
influence on the total behavior of the building.
(c) The results obtained denote that all of the frames in both directions are
within the life safety performance level. It can be concluded that using
Iranian codes to design irregular reinforced concrete frames of three to five
stories is acceptable for providing life safety performance level.
(d) Comparing the formation of plastic hinges in the three buildings, the 5-story
building has shown better performance than the other two.
However, given the preliminary nature of this study, additional work considering
different 3D buildings need to be carried out before any definitive conclusions and
recommendations might be made.
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ABSTRACT
Masonry infilled reinforced concrete frames are among the most widely used types
of buildings in Iran. In the past, masonry infill walls have often been treated as
nonstructural elements in buildings, and their effects are not included in the
analysis and design procedure. Furthermore, the interaction between infill and
frame is usually ignored in the design procedure. Past experience has shown that
infill walls have significant positive or negative effects on the global behavior of
buildings and, therefore, should be addressed appropriately. This paper reviews and
compares analysis and design provisions of this system in various seismic design
codes and identifies the most important issues that are related to it. Stiffness,
strength, natural period, response reduction factor, irregularities, and effect of
openings are among the items discussed in this paper.
Keywords: infill, concrete frame, seismic design, design codes, masonry
1. INTRODUCTION
Unreinforced masonry (URM) infill panels are widely used throughout the world,
including seismically active regions. They are usually used as interior partitions
and external walls in concrete frames, but they are treated as nonstructural
elements and not included in the analysis and design procedure. Such a simplified
design approach does not predict the level at which the damage in the infill panel
occurs, on the other hand it does not consider the global and local effects of having
these stiff and brittle elements coupled with the primary lateral load-resisting
system [1]. However, and contrary to common practice, field experience and
experimental investigations [1-4] show that infill walls, if effectively confined by
the frame, are remarkable in increasing the initial stiffness, strength and energy
dissipation of RC (reinforced concrete) frames, especially if the structural system
itself has little engineered earthquake resistance.
Typically, MI (masonry infill) walls are made of brittle materials that lose capacity
in a rapid manner. Accordingly, the combined effect of brittleness and high
stiffness has a negative implication on the seismic performance of the bounding
frames. In particular, loss of integrity of the infills in the ground storey may
produce a soft storey and trigger global collapse [5]. Furthermore, if infills are nonuniformly distributed in planes or in elevation, inelastic deformation demands will
concentrate in the part of the building which has more sparse infills (i.e., to the
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“flexible” side of a building asymmetrically infilled in plan, or to the “weak” or
“soft” storey of the infilled frame) [5]. Generally, improper arrangement of infill
walls causes a significant increase in the demand forces on the diaphragm and
collector elements (adjacent beams and columns) that results in brittle shear
failures, short column phenomena, and torsional response to the translational
horizontal components of the seismic action. In such cases, both the frame and the
floor system should be adequately designed for such increase in the demand forces.
From the structural point of view, the structural response of infilled frames depends
on numerous parameters. Overall geometry of infills, dimensions of concrete
members, the variability of mechanical properties of infill and concrete members,
reinforcement conFigure urations, the relative frame to infill stiffness, location and
dimension of openings, distribution of MI walls throughout the story and
construction details are some of these important parameters. Although, a large
amount of research related to infilled frame structures has been conducted, some
uncertainties still remain. One important source of uncertainty is the type of
interaction between the infill and the frame. The interaction between the frame and
the infill panel sometimes changes the structural response significantly.
This paper reviews and compares analysis and design provisions related to infilled
RC frames in seismic design codes. In designing RC frames, in general, infills can
be grouped into two categories: isolated infills and shear infills. However, few
seismic codes specify recommendations on isolated infills. When ductile RC
frames are designed to withstand large displacements without collapse, masonry
infills should be isolated from the confining frame by sufficient gaps at the top and
on both sides. The isolation (gaps) between the infill and the frame must be greater
than any possible deformation expected by the frame, thus prohibiting any
infill/frame interaction. These infills are not considered as structural elements. In
this manner, MI walls do not affect the frame performance and frame
displacements are not restrained. Another advantage of the isolated MI is that the
walls remain undamaged, thereby reducing post-earthquake repair costs. In the
following sections, some of the important issues discussed in the seismic codes are
reviewed.
2. INATURAL PERIOD
Natural periods of vibration of buildings depend upon their mass and lateral
stiffness. Presence of non-isolated MI walls in buildings increases both the mass
and stiffness of buildings. Consequently, the natural period of an MI-RC frame is
normally lower than that of the corresponding bare frame.
All seismic codes rely heavily on empirical formulae for the natural period for
estimating design seismic force. However, few codes specify formulae for MI-RC
frames. The comparison of these formulae for different structural systems is given
in Table 1. Beside empirical formulae, most seismic standards recommend the use
of Rayleigh formula for natural period [6, 10], or other general dynamic methods.
According to Crowley and Pinho [11], the use of uncracked section in the
computation of elastic natural periods of RC structures is inadequate because it
would lead to an underestimation of the displacement demands. Cracking of critical
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elements such as beams generally occurs under gravity loading alone, and even in
those cases where cracking is not found to have occurred before the design seismic
level of excitation, it will occur early on in the response to excitation and thereafter
the stiffness will reduce rapidly. As a result, many seismic codes like IS 2800
provides provisions for calculations of natural periods based on effective
stiffnesses [6]. Others like NEHRP 2003 [9] and EC8 [10] have based their
equations on the measured periods of buildings during earthquakes where at least a
limited amount of cracking of the MI-RC frame occurred. On the other hand, the
optional use of T = 0.1N, given by NEHRP 2003 [9] and many other codes, has
been found inadequate for MI-RC frames [12]. More details about this subject can
be found in Reference [13].

Structural
type
Steel
momentresisting
frames

Table 1: Natural period in different codes
ASCE-06 [8]
IS 2800 [6]
UBC 97[7]
& NEHRP
2003 [9]

EC8 [10]

0.08(H)0.75

0.0853(hn)0.75

0.0724(hn)0.8

0.085(H)0.75

RC
momentresisting
frames

0.07(H)0.75

0.0731(hn)0.75

0.0466(hn)0.9

0.075(H)0.75

For structures
with MI walls

Steel moment
frames:
0.8*.08(H)0.75
Concrete
moment frames:
0.8*0.7(H)0.75

[

0.0743(hn)0.75/
Ac

(see note no.1)

-

0.075(H)0.75/
Ac

(see note no.2 )

]

1- A c = ∑ A e 0.2 + (D e / h n ) 2
Ac is the combined effective area, in m2, of the MI shear walls in the first story of
the structure.
Ae is the minimum cross-sectional area in any horizontal plane in the first story of
the building, in m2. De is the length, in m, of the wall e in the first story in the
direction parallel to the applied forces. hn is the cross-sectional depth in m above
the base to Level n. De/hn should not exceed 0.9.
2- A c = ∑ [A i (0.2 + (l wi / h )) 2 ]
Ac is the total effective area, in m2, of the MI shear walls in the first story of the
structure.
Ai is the effective cross-sectional area of the wall i in the first story of the building,
in m2. Lwi is the length, in m, of the wall i in the first story in the considered
direction, and h is the cross-sectional depth in m. lwi/h should not exceed 0.9.
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3. RESPONSE REDUCTION FACTOR
The response reduced factor (R) is an empirical factor intended to account for
damping, overstrength, and the ductility inherent in the structural system at
displacements great enough to surpass initial yield and approach the ultimate load
displacement of the structural system [9]. The (R) values, contained in most
seismic codes are largely based on engineering judgment of the performance of the
various materials and systems in past earthquakes [9]. Furthermore, it is difficult to
compare (R) values given in different codes since they use different design
philosophies and safety and load factors. Therefore, (R) values need to be
compared for different building systems within a particular code only. (R) value for
MI-RC frames is generally less than that for bare frames, thus most codes require
MI-RC frames to be designed for higher force levels than the corresponding bare
frames (about 1.15 to 3.0 times). Comparison of the response reduction factors for
different structural systems is given in Table 2.
Table 2: Response reduction factor in different codes
Allowable Stress

Ultimate Strength

Lateral
Resisting
System

IS 2800
[6]

UBC 94
[14]

UBC97
[7]

New American
Codes [8,9 & 15]

EC8 [10]

CSMF1

10

12

8.5

8

4.5αu/α1

CIMF2

7

8

5.5

5

3αu/α1

3

4

5

3.5

3

COMF

4

SMW 5.5

CSMF1 +
MI Walls

10

8

5.5

CIMF2 +
MI Walls

77

7

4.2

COMF3 +
MI Walls

-

6

4.2

IMW5 4
IMW5 3.5
6

OMW 3
-

28
28
-

1. CSMF = Concrete Special Moment Resisting Frame
2. CIMF = Concrete Intermediate Moment Resisting Frame
3. COMF = Concrete Ordinary Moment Resisting Frame
4. SMW = Special Masonry Shear Wall
5. IMW = Intermediate Masonry Shear Wall
6. OMW = Ordinary Masonry Shear Wall
7. This reduction factor is for buildings without infill. For infilled frames, natural
period is calculated according to table 1
8. This is for RC frames with MI in contact with the frame
4. LATERAL LOAD SHARING BETWEEN INFILL AND FRAME
The RC frame and MI walls must resist the prescribed lateral seismic force in
accordance with their relative rigidities considering fully the interaction of the
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walls and the RC frames as a single system. This analysis must be made in
accordance with the principles of structural mechanics considering the relative
rigidities of the elements and torsion in the system. Deformations imposed upon
members of the RC frame by their interaction with the MI walls must be
considered in this analysis [9]. According to most codes, the frame alone is
required to be designed to independently resist full vertical loads and at least 25%
of the design seismic forces [6, 9, and 13]. MI walls, which are normally very stiff
initially, attract most of the lateral forces, but may fail prematurely because of the
brittle behavior. In such cases, RC frames must have sufficient backup strength to
avoid the collapse of the structure. Accordingly, EC8 [10] puts more strict
regulations by requiring that RC frames need to resist at least 50-65% of the total
lateral loads in addition to the full vertical loads.
5. PLAN IRREGULARITIES
A building may have a symmetrical geometric shape without re-entrant corners or
wings but still be classified as irregular in plan because of distribution of mass (i.e.,
asymmetric placement of MI walls) or vertical, seismic-force-resisting elements
[9]. According to EC8 [10], slight plan irregularities may be taken into account by
doubling the accidental eccentricity. In case of severe plan irregularities, due to
excessive unsymmetrical placement of MI walls, three-dimensional analysis is
required considering stiffness distribution related to the uncertain position of MI
walls.
6. VERTICAL IRREGULARITIES
Vertical irregularities are introduced into MI-RC frames due to reduction or
absence of MI walls in a particular story compared to adjacent stories, e.g.,
buildings with parking space in the first story and MI walls on upper stories. In
general, this gives rise to mass, stiffness, and strength irregularities along the
height of buildings. Vertical irregularities in the bottom stories make the beams and
columns of those stories more susceptible to damage or failure [9]. Open ground
story buildings have consistently shown poor performance during past earthquakes
across the world.
According to IS: 1893 [16], all the columns of the soft/weak storey should be
designed for 2.5 times the seismic demand. On the other hand, EC8 [10]
recommends an increase in the resistance of columns of soft stories by a factor η
that is given by:
η = 1+

ΔVRW
≤ q (Units: ΔVRW ,
VED

∑

∑ VED in N)

(1)

where q is the response reduction factor given in Table-2, ΔVRW is the total
reduction in lateral resistance of MI walls in a story compared to the story above,
and
VED is the sum of seismic shear forces acting on all structural vertical

∑

elements of the story concerned. The design forces are not required to be increased
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if the factor η is less than 1.1.
7. STRENGTH OF MASONRY INFILL
In designing infill panels, simple analytical tools that encompass the wide variety
of possible failure mechanisms of infilled frames should be developed to assist in
the design and performance evaluation of these structures. Although strength of MI
walls does not have any direct implications on the ultimate strength of ductile RC
frames; in some cases, failure modes of MI walls control the failure modes of non
ductile RC frames. Many formulae had been developed in the past [17-19],
however, these have only been reflected recently in seismic design codes. In cases
where the infill component controls the stiffness, FEMA 306 [20] and NZSEE [21]
specify four inplane modes of failures, namely, sliding shear failure, compression
failure, diagonal tension failure of panel and general shear failure of panel. On the
other hand, panel strength in FEMA 356 [22] is given by the shear sliding (bedjoint) strength only with no enhancement for axial stress.
8. STIFFNESS OF MASONRY INFILL
The stiffness of any structure generally affects both forces and displacements. For
calculation of design seismic force, the use of a lower estimate of the stiffness
leads to unconservative results. On the other hand, controlling the drift
requirements under seismic loads, it is unconservative to make a higher estimate of
stiffness. Hence, some standards have suggested the use of two different analytical
models for buildings:
a. the model to be used for calculation of design seismic force should include all
stiffness contributions, including those of nonstructural members.
b. the model to be used for drift calculation should include all possible
contributions to flexibility and should not include stiffness contributions of
members that cannot be relied upon to provide stiffness at large displacements,
such as MI walls.
For example, to calculate forces in the structure, NEHRP 2003 [9] has suggested
the use of the natural periods given in Table-1. However, to prevent the use of a
flexible frame, an upper bound on the value of natural period that can be used to
calculate the design force has been specified. On the other hand, most seismic
codes including NEHRP 2003 [9] put lower bound on the overall seismic design
force. For determining the story drift limits, NEHRP 2003 has permitted the use of
computed natural periods without using the upper limit [9].
MI walls are laterally much stiffer than RC frames, and therefore, the initial
stiffness of the MI-RC frames largely depends upon the stiffness of MI walls.
Accordingly, it is quite important to have a reliable method to estimate the stiffness
of the infill. For global building analysis purposes, the compression struts
representing infill stiffness of solid infill panels may be placed concentrically
across the diagonals of the frame, effectively forming a concentrically braced
frame system. This model has been adopted by many seismic codes [10, 20-22] and
is based on the work of Mainstone [23]. In this model, however, the forces imposed
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on columns and beams of the frame by the infill are not represented. To account for
these effects, compression struts may be placed eccentrically within the frames [2122]. If the analytical models incorporate eccentrically located compression struts as
shown in Figure (1), the results should yield infill effects on columns directly.
Diagonally concentric equivalent struts may also be used to incorporate infill panel
stiffnesses into analytical models for perforated infill panels (e.g., infills with
window openings). Analysis of local effects, however, must consider various
possible stress fields that can potentially develop within the infill. As an alternative
to the approach described above, FEMA 356 [22] suggests the use of multiple
compression struts, as have been proposed by Hamburger [24].

Figure 1. Modeling the adverse effect of an infill panel on the performance of the
perimeter frame showing (a) the placement of the strut, and (b) the moment pattern
on the columns

9. EFFECT OF OPENINGS IN MASONRY INFILL ON STRENGTH
Presence of openings in MI walls changes the actual behavior of RC frames because
of reduction in lateral strength and stiffness. Such infills pose the hazard of out-ofplane collapse. Hence, it is best to avoid situations that lead to infill panels of large
width or height [16]. Unfortunately, there is little information on the effects of
openings on the strength and stiffness of MI-RC frames in seismic codes [13].
The effect of opening in the infill wall is to reduce the lateral stiffness and strength
of the frame. This can be represented by a diagonal strut of reduced width. The
reduction factor is defined as ratio of reduced strut width to strut-width
corresponding to fully infilled frame. Using IS: 1893 [16], equation for the
reduction factor ρw is given as:
(2)
ρw = 1− 2.5Ar, ρw ≥0
where, Ar is the opening area ratio, which is the ratio of face area of opening to the
face area of infill. On the other hand, NZSEE [21] specifies different reduction
factor λopening based on the width of opening measured across a horizontal plane
Lopening and given by Equation (3):

208 / Design of Masonry Infilled Reinforced Concrete…. –––––––––––––––––––––––––

λopening = 1 −

1.5 Lopening
Linf

, λopening ≥ 0

(3)

According to EC 8 [10], large openings are required to be framed with RC
elements across the full length and thickness of walls. Vertical RC elements of at
least 150 mm dimension are required at both sides of any opening larger than 1.5
m2 area .Longitudinal steel in the element shall not be less than 300 mm2 or 1% of
the cross-sectional area of the element. Shear reinforcement in the form of stirrups
of at least 5 mm diameter is required with a minimum spacing of 150 mm [10].
10. OUT-OF-PLANE STRENGTH OF MASONRY INFILLS
During earthquakes, MI walls are subjected to high in-plane shear forces because
of their high initial stiffness. Tension cracks are formed along the loaded diagonal
in MI walls, which causes reduction in their lateral strength. In addition,
connection between the RC frame and MI wall is generally weak and MI wall may
get separated from RC frames during the in-plane or out-of-plane ground motion,
and thus become susceptible for collapse in the out-of-plane direction. However,
such an out-of-plane collapse is not common for walls of low slenderness value
and for well-confined masonry infill walls. From the above statements, it is clear
that isolated infill walls are more susceptible to collapse than shear infill walls in
the out-of-plane direction.
Different seismic codes require that nonbearing wall panels that are attached to or
enclose the structure be designed to resist the inertial forces and to accommodate
movements of the structure resulting from lateral forces [6, 9] or temperature
change [9]. This is particularly important for systems composed of brittle materials
or materials with low flexural strength [9]. Once masonry walls crack, continued
shaking can easily cause collapse in the heavy infill blocks and pose a serious life
safety threat to building inhabitants. Furthermore, panel support systems often lack
redundancy and failure of a single connection can have catastrophic consequences.
In recognition of this, different codes require fasteners to be designed for
approximately 4 times the required panel force and that the connecting member be
ductile [6, 9]. This is intended to ensure that the energy absorption takes place in
the connecting member and not at the connection itself and that the more brittle
fasteners remain essentially elastic under seismic loading [9].
The out of plane strength of MI walls has been given by many seismic codes [2022]. On the other hand, EC8 [10] suggests several preventive measures to avoid
brittle failure, premature disintegration, and out-of-plane failure of masonry infill
walls during earthquakes, especially for slender walls (ratio of the smaller in length
or height to thickness greater than 15). The measures includes providing light wire
meshes adequately anchored on masonry infill walls and on RC frames, wall ties
fixed to columns and cast into bedding planes of masonry, and concrete posts and
belts across the panels and through the full thickness of the masonry infill. On the
other hand, FEMA 356 [22] suggests that MI panels not in tight contact with
perimeter frame members should be restrained for out-of-plane forces. This may be
accomplished by installing steel angles or plates on each side of the infills, and
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welding or bolting the angles or plates to the perimeter frame members.
11. LOCAL EFFECTS DUE TO MASONRY INFILLS
Presence of infills modifies and magnifies the shear demands on the frame members
by shortening the distance between in-span plastic hinges (Figure 1). The shear
demand will be a maximum when flexural plastic hinges form at each end of this socalled "short column". EC8 [10] requirements for local effects are as follows:
1) Because of the particular vulnerability of the infill walls of ground floors, a
seismically induced irregularity is to be expected there and appropriate
measures should be taken. If a more precise method is not used, the entire
length of the columns of the ground floor should be considered as the critical
length and confined accordingly.
2) If the height of the infills is smaller than the clear length of the adjacent
columns, as shown in Figure (2), the following measures should be taken:
a) The entire length of the columns (Lceffi) is considered as critical region and
should be reinforced with the amount and pattern of stirrups required for
critical regions;
b) The consequences of the decrease of the shear span ratio of those columns
should be appropriately covered. In this calculation the clear length of the
column Lcl should be taken equal to the length of the column not in contact
with the infills.
c) The transverse reinforcement to resist this shear force should be placed
along the length of the column not in contact with the infills and extend
along a length hc (dimension of the column cross-section in the plane of the
infill) into the column part in contact with the infills.
d) If Lceffi, the length of the column not in contact with the infills is less than
1.5 hc, the shear force should be resisted by diagonal reinforcement.
3) Where the infills extend to the entire clear length of the adjacent columns, and
there are masonry walls on only one side of the column (e.g. corner columns),
the entire length of the column should be considered as a critical region and be
reinforced with the amount and pattern of stirrups required for critical regions.

Figure 2. The effect of partial infills on frame performance
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4) The length, of columns Lcl over which the diagonal strut force of the infill is
applied, should be verified in shear for the smaller of the following two shear
forces:
a) The horizontal component of the strut force of the infill, assumed to be
equal to the horizontal shear strength of the panel, as estimated on the basis
of the shear strength of bed joints; or
b) The shear force computed in accordance with Equation (4), depending on
the ductility class.
V = γRd ((MRd,c1 + MRd,c2)/ Lcl)

(4)

where Lc1 is the contact length (Lceff or Lceff1), and γRd is an overstrength factor.
SUMMARY AND CONCLUSIONS
In the present paper, design provisions for MI-RC in different seismic codes are
reviewed. Taking the current practices into consideration, these provisions provide
a good base for design and construct masonry infill panels. However, major issues
in various seismic codes need further attention. These issues can be summarized as
follows:
Natural Period: Empirical estimation of natural period addresses very simple and
regular MI-RC frames. Because of practical reasons, most RC buildings become
irregular when masonry infill walls are added in RC frames. Therefore, most of the
empirical equations may not estimate the natural periods of such buildings with
sufficient accuracy.
Weak and Soft Stories: Design of weak/soft-story frame members is done in
different seismic codes based on empirical or semi-empirical relations. Very
limited literature is available in support of these relations. Hence there is an urgent
need for more research in this area.
Strength and stiffness of MI-RC frame: In calculating the strength and the
stiffness of MI-RC frames, many simplified assumptions are used. Neglecting the
effect of nonstructural components and the presence of openings in masonry infill
walls are some examples of such simplifications. The current ‘state-of-the-art’
method used to account for infill panels is to model an equivalent strut to represent
the stiffness of the panels. It has been reported that this model give good results
within the linear range. However, using these models beyond the mortar cracking
or failure of the infill walls needs further studies. Furthermore, results from
experimental and finite element investigations suggest a strong interaction between
in-plane and out-of-plane capacities of the infill walls. Neglecting this interaction
may lead to unconservative seismic risk evaluation. Accordingly, reflecting these
issues in the new editions of seismic codes is of high priority.
Response Reduction Factor: There is no consensus in various seismic codes on
values of response reduction factor, which reflects that more research is needed on
reliable estimation of strength and ductility of such buildings.
Irregularities: Sesmic codes address the problems associated with plan and
vertical irregularities in MI-RC frames in different ways. However, in case of
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severe irregularities in plan due to the unsymmetrical arrangement of the infills,
spatial models need to be specified for the analysis of the structure, including, if
necessary, a sensitivity analysis regarding the position and the stiffness of the
infills.
Local effect: Local effects that occurred due to the frame-infill-interaction need to
be taken into account. Efficient strengthening methods of nonductile columns need
to be specified in seismic codes in order to avoid irreparable damage and
catastrophic failure of the structure.
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ABSTRACT
Predicting the behavior of RC shear walls under bending moment without
existence of interaction of any other kind of loadings like shear or axial load is
simple and can be conducted with good accuracy. But what is a great concern, is
predicting their behavior under the interaction of shear, axial and flexural loadings.
In this research, there is an effort to investigate the behavior of RC shear walls
under this condition of loading with a novel approach. A general but simple macro
model is proposed that can include flexural and shear behavior of the wall by
considering the effects of pull put and slippage of reinforcing bars as well as
concrete tension softening, stiffening and confinement. This simple model is
applicable to different wall shapes with different reinforcement ratios and its
prediction has good agreement with experimental results. The predicted behavior
of the walls is compared with some available experimental results to show the
accuracy of the proposed method.
Keywords: RC shear wall, behavior, nonlinear analysis, P-M-V interaction,
modeling
1. INTRODUCTION
Reinforced concrete walls are very effective in resistance of lateral loads imposed
by earthquakes. They provide high strength and stiffness and if truly designed, can
also provide good ductility for structures.
So many analytical and experimental researches have been carried out to study the
seismic behavior of RC walls and RC frame-wall systems. The response of these
elements is complex and their overall behavior is influenced by a combination of
flexural, shear, and axial deformations. Prediction of the exact inelastic response of
RC walls requires accurate analytical material models that consider the important
characteristics and behavioral response features such as concrete tension-stiffening,
nonlinear shear behavior and effects of loading condition, confinement, transverse
reinforcement, and reinforcing bars slippage on strength, stiffness and deformation
capacity.
Analytical modeling of the inelastic behavior of RC wall systems can be
accomplished either by using microscopic finite element models or macroscopic
models. Various analytical models have been proposed for predicting the inelastic
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behavior response of RC walls through a microscopic or macroscopic approach.
Although microscopic finite element models can provide a refined and detailed
definition of the local response, their efficiency, practicality, and reliability are
questionable due to complexities involved in developing the model and interpreting
the results. Macroscopic models, on the other hand, are practical and efficient,
although their application is restricted, based on the simplifying assumptions upon
which the model is based[1].
A common macro modeling approach is using a beam-column element model. This
model consists of an elastic flexural element with a nonlinear rotational spring at
each end to account for the inelastic behavior of critical regions (Error! Reference
source not found.). To model the RC walls more realistically, improvements, such
as multiple spring representation [2], varying inelastic zones [3], and specific
inelastic shear behavior [4] have been introduced into simple beam column models.
However, inelastic response of structural walls subjected to horizontal loads is
dominated by large tensile strains and fixed end rotation due to bond slip effects,
associated with shifting of the neutral axis. This feature cannot directly be modeled
by a beam-column model, which assumes that rotations occur around points on the
centroidal axis of the wall and this method disregards the important features of the
experimentally observed behavior, including the variation of the neutral axis of the
wall cross section, rocking and reinforcing bars slippage [1].

Figure 1. Beam-column element model[1]

Kabeyasawa et al. [5] proposed a new macroscopic three-vertical-line element
model (TVLEM) to account for the features that beam-column model cannot
capture. In this model, the wall was idealized as three vertical line elements with
rigid beams at the top and bottom levels (Figure 1). In this model, shear stiffness
degradation was incorporated, but was assumed to be independent of the axial load
and bending moment.
This method is improved by different authors such as Vulcano et el. [6], [7],
Kabeyasawa [8] and Colotti [9].
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Figure 1. Three-vertical-line element model (TVLEM)[1]

In this paper a novel macro model is proposed that can include flexural and shear
behavior of the wall by considering the effects of reinforcing bars pull put and
slippage, concrete tension softening and stiffening and confinement. This simple
model is applicable to different wall shapes and reinforcement ratios and shows
good agreement with experimental results.
2. ANALYTICAL MODEL
The adopted method for nonlinear analysis of RC walls in this paper can take into
account the effects of flexural and shear behavior. Flexural behavior is computed
by considering a macro fiber model for the wall with including the effects of
confinement and reinforcing bars pull-out. Shear behavior is predicted according to
a nonlinear analysis of RC elements under in-plane stresses through a fixed
smeared crack analysis approach.
In this method, as is shown in Figure 3, the force-displacement curve of the
flexural behavior, reinforcement pull out and shear behavior of the wall is
computed separately and will be combined to obtain the total nonlinear behavior of
the wall. The total behavior of the wall is computed by adding the displacements
caused by each of the three behavioral modes that have been mentioned above for
any shear value (Figure ). If one of the behavioral modes has lower strength than
the others, it will be the controlling behavior (e.g. Shear behavior in Figure ).

Figure 2. Adopted method for computing the behavior of RC walls
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3. FLEXURAL MODELING
3.1. Moment Curvature Analysis
Adopted method here for flexural analysis of RC wall resembles a macro fiber
model. In this model, the wall is divided into a series of uniaxial elements (Error!
Reference source not found.) and then by considering the appropriate material
uniaxial nonlinear models, the moment-curvature analysis of the wall will be done
with considering the effects of confinement and reinforcing bars pull out from the
foundation. Each fiber in the model can have different material properties and steel
ratio. Maekawa's [10] material models are used for modeling the uniaxial behavior
of the concrete and reinforcing bars.

Figure 4. RC wall geometry and fibers definition

Knowing the applied axial force on the wall, the moment curvature analysis is done
by assuming a linear strain distribution across the section and calculating the
stresses in each fiber (Error! Reference source not found.) and controlling if
Eq.(1) is satisfied. If this equation is satisfied, the moment and curvature in the
section can be computed according to Eq.(2) and Eq.(3) in that step, and if it is not,
then the assumed strain distribution should be corrected in an iterative procedure.
This procedure is repeated in several steps until the failure of the steels or crushing
of the concrete occurs.

Figure 5. Assumed strain distribution in the section
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where, σ i is the stress in each fiber, Ai is the area of each fiber, N is the constant
axial force applied to the wall, yi is the fiber distance to the neutral axis of the
section, κ is the curvature of the section, ε t is the first layer strain, ε c is the last
layer strain and l is the length of the section.

Figure 6. Moment-curvature behavior of a RC wall

3.2. Shear Displacement Curve Due to Flexural Behavior
By using the Eq. (4) the shear corresponding to the moment of the wall can be
computed in each step and the curvature is convertible to the wall base rotation, θ ,
by using the Eq. (5). The top displacement of the wall can also be calculated by
using Eq. (6).
M
h

(4)

κ.x
dx
h

(5)

l
h

(6)

V=
h

θ=∫
0

δ=θ

where h is the wall height. So by computing the shear and the corresponding
displacement in each step, the shear displacement curve of the wall due to flexural
behavior is attained.
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Figure 7. Determination of the wall rotation Figure

4. REINFORCMENT PULL OUT
In reinforced concrete members, local discontinuities, such as pulling out of
reinforcing bars from the thicker element and sinking the thinner element to the
thicker one, tend to take place as a result of abrupt changes in the section stiffness
at the joint planes connecting two components of different thickness [11]. This
phenomenon has an important effect on the displacements of the wall that should
be considered in the analytical methods to obtain good results in comparison to
experimental results. Here, the Maekawa's pull out model [11] is used to consider
this important effect. This model describes a relation between steel strain and
loaded end slip or relative displacement of steel bar to concrete and is applicable to
both elastic and plastic stress states. This model is capable of giving a unique
strain-slip relation for a bar that has a long embedded length and that has slip at the
free-end prevented (Eq. (7)).

⎧s = ε s (2 + 3500ε s ) for ε <ε y
⎪
⎨s = s y for ε y < ε <ε sh
⎪
⎩s = s y + 0.047( f u − f y )(ε s − ε sh )

(7)

where ε s is the bar strain, s y is the normalized slip when bar strain is equal to
yield strain, f u is the tensile strength of steel bar, f y is yield strength of the bar
and s is normalized slip that is related to bar diameter and concrete compressive
strength as follows:

s=

Slip f ' c 0.67
(
)
D 200

(8)

where D is the bar diameter, f ' c is the concrete compressive strength and s is
normalized slip as defined in Eq. (8). Using this model, the moment rotation curve
of the wall due to slipping can be computed (Error! Reference source not
found.).
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Figure 8. Slip calculation flowchart

5. SHEAR MODELING
Nonlinear analysis of the wall in shear is done through a fixed smeared crack
approach by considering the wall as a RC element.

Figure 9. Shear modeling of RC walls
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In the smeared crack approaches the cracks and reinforcing bars are idealized as
being smeared over the element. The cracks, once generated, are not modeled
directly but their effects will be considered by changing the material constitutive
models. Generally, the smeared crack approach is conducted by two methods.
Rotating crack approach and fixed crack approach. The rotating crack approach
assumes that the crack direction coincides with the principal direction of average
strain. Accordingly, it can be changed or rotated following the stress condition
(Error! Reference source not found.), and because the shear stress vanishes on
the continually updated principle planes, no shear model is needed in this method.
In the step-by-step computation, one crack is considered and the previous ones are
erased. So the rotating crack approach does not explicitly account for shear slip and
shear stress transfer due to aggregate interlock. In the fixed crack approach the
crack direction once generated will not change during the analysis until the
direction changes more than a specific value. So there will be shear stress in the
assumed crack direction and the shear transfer due to aggregate interlock will be
considered. In this paper the fixed smeared crack approach is used to model the
shear behavior of RC wall in an iterative procedure as shown in.

Figure 10. Rotating smeared crack approach

Figure 11. Fixed smeared crack approach
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Figure 12. Fixed smeared crack approach flow chart for analysis of RC element

6. VERIFICATION
To control the accuracy of the adopted method, the analysis results are compared
with the experimental behavior of some RC walls. The experimental data for the
first example are taken from (Lanker and Mang[12]). The wall shape and
reinforcement arrangement are shown in. This wall is analyzed with the adopted
method and the results are compared in Figure 13.
The second RC wall is taken from Oesterle et al. [13]. This wall is also analyzed
with the adopted method and the results are compared in Figure 15.
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Figure 13. Experimental and analytical behavior of the first wall

Figure 14. Geometry and reinforcement arrangement of the second wall[14]
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Figure 15. Experimental and analytical results of the second wall

7. CONCLUSION
In this paper a general macro modeling method is proposed that can include
flexural and shear behavior of the wall by considering the effects of reinforcing
bars pull put and slippage, concrete tension softening, stiffening and confinement.
This method can be used to predict the nonlinear response of RC walls by
considering all important characteristics and behavioral response features, and is
applicable to different wall shapes and the amount of reinforcement. To study the
accuracy of the proposed method, the results are compared with some experimental
results and their good agreement is shown.
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ABSTRACT
Seismic evaluation of the behavior of irregular structures is one of the most
important steps in the retrofitting process of such structures. Irregularity can be in
the elevation or in the plan of a structure. Irregularity in plan shape which is due to
the difference between the position of the center of stiffness and the mass center of
a structure caused by architectural requirements is usually inevitable. In this study
the analytical and experimental models of project CM-4 Structural Retrofit
Strategies, part of the Mid-America Earthquake Center Core Research Program
under the Thrust Area Consequence Minimization. tested at full scale at the
European Laboratory for Structural Assessment (ELSA) of the Joint Research
Center (JRC), Ispra, Italy are modeled in the general purpose ABAQUS. The
analytical results of the models generated in ABAQUS compare favorably with the
experimental and analytical results of the project.
Having verified the reliability the accuracy of the adopted analysis methods the
seismic behavior of an irregular reinforced concrete building designed according to
the Iranian Code of Practice for Seismic Resistant Design of Buildings, Standard
No. 2800 has been investigated using the model. The investigated parameters
include the capacity of the building, the maximum displacement, the relative
displacement of the stories and the dynamic characteristics of the building.
Keywords: seismic evaluation; irregular structures; maximum displacement;
relative displacement
1. INTRODUCTION
One of the most important factors in design of each structure against lateral loads
or in retrofitting an existing buildings is the better understanding of the behavior
and response of it against such loads. In fact, having enough information about the
behavior of an structure can result in more accurate, safer, and more economical
design of it. Seismic evaluation of an structure is greatly influenced by its
geometry, regularity, and irregularity. Different aspects of response and behavior
of regular structures can be predicted to some extent, but in case of irregular ones it
is otherwise. Thus according to different building codes much attention should be
paid to the design of such structures for which the results of nonlinear and dynamic
analyses are used to determine the validity of a design. Given the observations
noted above, seismic evaluation of irregular structures is essential.In this study
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having verified the capability of an analytical model to simulate the nonlinear
behavior of an irregular structure investigated experimentally, the provisions of the
Iranian seismic code concerning design of irregular structures are also checked
through the nonlinear static and dynamic analyses of an irregular RC building
designed according to the mentioned provisions.
2. GENERAL DESCRIPTION OF THE TEST BUILDING
2.1. Geometry of the Test Model
The structure is a simplification of an actual three-story building which is a
representative of older construction in Southern Europe without earthquake design
provisions. It is also similar to pre-seismic code construction in many other parts of
the world. The test building has been designed for gravity loads alone, using the
concrete design code applied in Greece between 1954 and 1995. Total dead loads
and 30% of live loads are used for the gravity loads in the analysis. An overview of
the test building and the plan of a typical repetitive floor are presented in Figure1.
Infill walls and stairs are omitted in the model. Dimensions of the building are
represented in Figure 2 and details of member dimensions and reinforcement are
represented in Figure 3. Slabs are omitted in the analytical model and their
contribution to beam stiffness and strength is reflected by effective width of the Tsection. For the modeling of beams, a reinforced concrete T-section is utilized and
the effective flange width is assumed to be the beam width plus 7% of the clear
span of the beam on either side of the web (Fardis, 1994).

Figure 1. Overview of the Test Model and Plan

Figure 2. Geometry of the Test Model
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Figure 3. Member Dimensions and Reinforcement

The plan of the test structure in Figure 1(b) shows that beams adjacent to C6 are
not in alignment, thus gaps between center lines of beams (B5 and B6) and the
column (C6) should be considered in the modeling of the beam column connection
at C6. As shown in Figure 4, rigid elements are utilized to connect center lines of
beams and columns in order to model the force transfer between members and
torsion due to gaps between center lines of members.

Figure 4. Rigid Arms for Modeling of C6 (Plan)

2.2. Assumed Material Properties And Modeling Assumptions
Assumed material properties and assumptions for the analytical modeling of the
test structure are summarized in Table 1.
2.3. Static Pushover Analysis
Nonlinear static pushover analyses are performed in order to estimate overall
capacity and basic characteristics of the test structure such as peak base shears and
weak directions. The 1st mode shape is utilized in calculating the base shear and
distribution of the lateral forces on the structure. It should be noted that according
to FEMA356 in case of irregular structures lateral load should be applied in both
directions with 100% load in one direction and 30% in the orthogonal direction.
Distributions of equivalent lateral load on the plan and pushover curves of the test
structure are represented in Figure 5 and Figure 6, respectively.
Using the assumptions summarized in Table 1 nonlinear static pushover analysis of
the test structure is performed in ABAQUS and the curve obtained is compared
with the one of ELSA model in Figure 7.
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Figure 5. Distribution of Equivalent
Lateral Load on the Plan

Figure 6. Static Pushover Curves

Figure 7. Base Shear-Top Displacement Response of the Test Structure

Dynamic time history analysis using ground motion accelerations, as recommended
mostly by building codes, has been used to investigate the seismic behavior of the
test structure. Failure prevention was considered as an important criterion for
selection of a record to obtain more controllable results and a stream of good
response data in the real test. After observation and comparison of analysis results
Montenegro 1979 (Herceg Novi) was selected. Two orthogonal components of the
selected semi-artificial record, Montenegro 1979 (Herceg Novi) with peak ground
acceleration (PGA) intensity of 1g are presented in Figure 8.
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Table 1: Assumed Material Properties and Assumptions for the Analytical Modeling
Both of ELSA Model & Main Model
Items in analytical
modeling

Assumptions
Analytical Modeling in ZeusNL

Material

Reinforcement
steel

Concrete

Structural Modeling

Stress-strain
relationship
Self weight of
RC member
Gravity loads
Seismic dead
load for mass
calculation
Mass
distribution
P-delta effect
Viscous
damping
Analysis
program
Element model
Centerline
dimensions
Rigid offset at
beam column
connection
M-M-N
interaction
Effective flange
width of Tbeams

Analytical Modeling in ABAQUS

(FeB32K from Italian market)
Yield strength
fy=459 MPa (Φ 12)
fy=377 MPa (Φ20)
Post-yield stiffness to pre-yield
stiffness ratio
E2/E1=0.0032 (Φ12)
E2/E1=0.0056 (Φ20)
Young's modulus
E1=206000 MPa
Compressive strength
f'c=25 MPa
Confinement factor
K=1.01, from Mander et al. (1988)

Compressive strength
f'c=25 MPa
Confinement factor
K=1.1, from Mander et al. (1988)

Reinforcement steel
Bilinear Elasto-plastic model
Concrete
Model of Martinez-Rueda and
Elnashai (1997)
based on Mander et al. (1988)

Reinforcement steel
Bilinear Elasto-plastic model
Concrete
Model of Martinez-Rueda and
Elnashai (1997)
based on Mander et al. (1988)

25000 kg/m3

25000 kg/m3

DL+0.3LL

DL+0.2LL

DL+0.3LL

DL+0.2LL

Distributed at beam column
connections
Considered
No (Only hysteretic damping was
considered.

Distributed at beam column
connections
Considered

Yield strength
fy=400 MPa
Post-yield stiffness to pre-yield
stiffness ratio
E2/E1=0.0056
Young's modulus
E1=206000 MPa

Rayleigh damping has been used

ZeusNL (V.1.5)

ABAQUS 6.3

Distributed plasticity model

Distributed plasticity model

Yes

Yes

Yes (both at beam ends and column
ends)

No

Yes

-

Web width plus 7% of the clear span
of
the beam on either side of the web

-
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2.3. NONLINEAR DYNAMIC ANALYSIS

Figure 8. Acceleration Response History of Montenegro 1979 - Herceg Novi

After scaling down their PGA to 0.12g, 0.14g and 0.16g, they were applied to the
building in eight different sets of directions as shown in Figure 9. Each
combination of directions is defined as D1-D8, respectively.

Figure 9. Combinations of Directions to Apply Ground Motions

Montenegro 1979 (Herceg Novi) record at 0.15g PGA in the direction D1 had been
selected as an appropriate earthquake scenario for the test. Using the same record at
0.15g PGA in the direction D1 nonlinear dynamic analysis of the test structure is
performed in ABAQUS and the curve obtained is compared with the one of ELSA
model in Figure 10 and Figure 11. Which verifies the accuracy of the adopted
analysis methods.
Having verified the reliability of the analytical model generated and analyzed in
ABAQUS, the seismic behavior of an irregular reinforced concrete building
designed according to the Iranian Code of Practice for Seismic Resistant Design of
Buildings, Standard No. 2800, has been investigated using the model, so that the
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possible deficiencies of the mentioned code becomes evident. (The designed model
is called the main model at the rest of the paper)

Figure 10. Comparison of the Top Displacement Histories of ELSA Investigation and
the Model Generated in ABAQUS (X direction)

Figure 11. Comparison of the Top Displacement Histories of ELSA Investigation and
the Model Generated in ABAQUS (Y direction)

3. DESIGN OF AN IRREGULAR RC BUILDING
The type of irregularity of the building should be selected in such a way that covers
most of the existing or under construction buildings. As observed in most of the
structures, due to architectural and urban planning provisions, irregularity is
usually in plan shapes. Thus a building with irregular plan shape and simple
enough to be simulated in ABAQUS has been selected (Figure 12). The structure
of the model has been designed according to the Iranian Code of Practice for
Seismic Resistant Design of Buildings, Standard No. 2800, and ACI 318-99 in
ETABS.V.8.2.7.
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a) 3D View of the Model
b) Plan of the Model
Figure 12. Overview of the Model and Plan

3.1. Simulation of the Main Model in Abaqus
Assumed material properties and assumptions for the analytical modeling of the
main model are summarized in Table 2. A model proposed by Mander et al. (1988)
is adopted for stress-strain relationships of confined concrete and evaluating the
confining effect K (Figure 13).

Figure 13. Stress-Strain Relationship of Confined Concrete

3.2. Modal Analysis
In order to understand the overall response of the structure, periods and mode
shapes are obtained using 3D modeling in ABAQUS. Three main mode shapes and
corresponding frequencies are presented in Figure 14.
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Figure 14. Three Main Mode Shapes

3.3. Nonlinear Static Analysis
As mentioned in previous sections nonlinear static pushover analyses are
performed in order to estimate overall capacity and basic characteristics of a
structure such as peak base shears and weak directions, and according to
FEMA356 in case of irregular structures lateral load should be applied in both
directions with 100% load in one direction and 30% in the orthogonal direction.
Thus in this phase of the study the model has been subjected to lateral load first in
one direction(X) and then in both directions (100% load in one direction and 30%
in the orthogonal direction) (Figure 15), and the results are presented in Figure 16.

Figure 15. Distribution of Equivalent
Lateral Load on the Plan

Figure 16. Base Shear Versus top
Displacement of the Model

3.4. Nonlinear Dynamic Analysis
Time-history dynamic analysis using ground motion accelerograms has been
recommended mostly by building codes. According to the Iranian Code of Practice
for Seismic Resistant Design of Buildings, Standard No. 2800 ground motion
effects can be applied either by acceleration spectrum or time history. In this study,
according to the code, three scaled accelerograms have been used. (Table 3 and
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Table 4). The results of the nonlinear dynamic analysis subjected to Montenegro
1979 (semi artificial) ground motion, are indicated in Figure 17, Figure 18, and
Figure 19.
Table 3
PGA (y)
1g
0.933g
0.312g

PGA (x)
1g
0.878g
0.214g

Earthquake
Montenegro1979 ( semi artificial)
Tabas
El-Centro
Table 4

Max PGA
after Scaled
0.35g
0.35g
0.457g
0.5151g
0.3868g
0.435g

Scale
factor
0.35
0.35
0.52
0.552
1.801
1.249

Max PGA

Items

Earthquake

1g
1g
0.878g
0.933g
0.214g
0.312g

PGA (X)
PGA (Y)
PGA (X)
PGA (Y)
PGA (X)
PGA (Y)

Montenegro1979
( semi artificial)
Tabas
El-Centro

4. CONCLUSIONS
Since the building has been designed according to the Iranian Standard No. 2800,
its provisions and the observations of similar building codes can be used to
evaluate the results of the analyses

Figure 17. Base Shear-Time Response of the Model in Both Directions (X, Y)

Figure 18. Top Displacement-Time Response of Column C5 in Both Directions (X, Y)
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Figure 19. Drift -Time Response of C5 at 3rd Floor in Both Directions (X, Y)

Figure 20. Torque at the Top of Column C5, Subjected to El-Centro Ground Motion.

4.1. The Conclusions of the Nonlinear Static Analysis
1. according to the capacity curve obtained through static pushover analysis the
maximum inelastic displacement of the structures with a period of about 0.7 second,
2.5%, determined by FEME and Iranian seismic design code, is observed in the main
model and softening of the model begins at the displacement of about 40cm.
2. The displacement of about 40cm is observed in the obtained capacity curve. In
this region the amount of the force does not change considerably, and the structure
withstands the applied load at the large displacement caused by yield and failure of
the longitudinal reinforcement of the members until the collapse of the building.
Comparing the results with the results of the model tested by ELSA, it can be
concluded that the structure designed according to the Iranian seismic code is much
more ductile and can absorb much more energy.
3. As mentioned before, according to the provisions of seismic codes, irregular
structures should be loaded in both directions which, as observed in the ELSA
model, accounts for the reduction in the ductility of the structure (Figure). While
the results obtained by the analysis of the main model (designed by the authors)
prove the fact that in the provisions of the Iranian seismic code this phenomenon
has been taken into account and no reduction in the ductility of the model due to
bidirectional loading has been observed.
4.2. The Conclusions of the Nonlinear Dynamic Analysis
1. The relative lateral displacement of stories of the structure subjected to El Centro
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and Tabas accelerograms has not exceeded the maximum amount defined in the
Iranian seismic code, except for the lateral displacement of the third story resulted
from Montenegro accelerogram which was about 4cm and 1.33% of the allowable
relative displacement in the code.
2. The amount of the torsion is considerable and as illustrated in Figure 14 the
torsional mode shape is the third mode shape with a period of 0.536 sec which is
about the period of the first mode shape (0.659 sec). as was expected, column C5 is
subjected to the maximum amount of torsion.
4.3. Final Conclusion
Considering all the results stated above it can be concluded that the provisions of
the Iranian Code of Practice for Seismic Resistant Design of Buildings, Standard
No. 2800 are appropriate for seismic design of the irregular reinforced concrete
structures having 5 stories or being 18 meters in height.
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ABSTRACT
In this paper a new method for nonlinear analysis of two dimensional reinforced
concrete frames is proposed. In numerical modeling each frame is divided into two
types of joint and beam-column elements. The effect of bond-slip has been
considered in the formulation of beam-column element by removing perfect bond
assumption from fiber method. Joint elements are formulated upon major behaviors
including Pull-out of embedded longitudinal bars, shear and flexural deformation
of joint panel and shear slip in interface section between joint and neighboring
element. Four types of joint elements have been generated according to their
position in the frame. Each element type has been modeled based on the major
behaviors of that through the combination of one or more defined mechanisms and
sub-elements. The reliability of the method has been assessed through the
comparison of numerical and experimental results for a one bay two storey frame
and a good agreement between experimental and analytical results is observed.
Keywords: nonlinear analysis, RC frames, bond-slip, joint element
1. INTRODUCTION
Much effort has been devoted in the last forty years to the development of models
of nonlinear analysis of reinforced concrete frame (RCF). These researches can be
classified into three categories: behavior of steel and concrete materials, interaction
between bars and concrete and finally, numerical method for nonlinear analysis. In
the field of material behavior, numerous models have been proposed, among
which the Kent-Park model [1] is the most popular model for the stress-strain
relationship of concrete and that of Giuffre-Menegotto-Pinto (GMP) [2,3] model
for steel bars. In the field of interaction between concrete and bars, Eligehausen et
al. [4] proposed a model for bond stress-slip between bars and concrete. Also other
researchers such as Muguruma et al., Hawkins et al., Mirza et al. and Mehlhorn et
al. proposed their models for bond stress-slip relationship [5]. Other researchers
complemented and modified the previous models according to their experimental
works and proposed their models [6]. In the beginning two-component model was
proposed by Clough et al. [7] for the numerical analysis of RCF. After that several
concentrated plasticity constitutive models have been proposed to date. Such
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models include stiffness degrading in flexure, pinching in shear, and fix-end
rotations due to bar’s Pull-out. Then a more accurate description of the inelastic
behavior of reinforced concrete members became possible with distributed
nonlinearity models. The most promising model for the nonlinear analysis of
reinforced concrete elements is, presently, fiber section model. In this model the
element is subdivided into longitudinal steel and concrete fibers. The constitutive
relation of the section is derived by integration of the response of the fibers, which
follows the uni-axial stress-stain relationship of materials. The fiber model,
basically, adopts the perfect bond assumption [8]. Limkatanyu & Spacone [9] have
suggested a method based on fiber section for modeling beam or column reinforced
concrete element, but instead of the perfect bond assumption, they have considered
bond-slip effect. Meanwhile, microscopic modeling of RCF and their elements
with and without bar-concrete interaction in finite element domain has been
proposed, but because of its cost the researchers prefer to suggest the simpler
methods.
Moreover a variety of beam-column joint models have been proposed by
researchers. Some of the earliest works to simulate the inelastic response of RCF
were based on the calibration of the Plastic-Hinge formation within beam-column
elements to introduce the inelastic action of the joint [10]. Another generation of
joint models is decoupling the inelastic response of the beams, columns, and joints
to facilitate model calibration. One such model is the zero-length rotational spring
element that has been used in order to connect beam to column elements and
thereby represent the shear distortion of the joint [11]. More recently, researchers
have begun using continuum type elements to represent the response of reinforced
concrete joints. This type of formulation greatly increases the computational effort
of the analysis but offers the potential for high resolution, accurate, and objective
modeling of the joint region. One of these models is proposed by Lows et al. [12].
The major sources of deformation in reinforced concrete frame (RCF) are flexural
rotation in beams and columns, shear deformation of joints including shear sliding
and bar-concrete interaction such as bar’s slip. In this study the behavior of frame
elements arises from a combination of these deformation mechanisms. In order to
achieve this goal two types of elements have been modeled, one is beam-column
element which hereafter is called “BCE” and the other is joint element that is called
“JE”. BCE has been generated based on fiber method but the effect of bar-concrete
interaction is imposed into equilibrium equations. Also JE is made up of a few
mechanisms and sub-elements.
2. BEAM-COLUMN ELEMENT
The free body diagram of an infinitesimal segment dx of BCE is shown in Figure 1.
In formulation only the bond stress tangential to the bars is considered and the
bar’s dowel effect is neglected. Each BCE is a combination of one 2-node concrete
frame element and n number of 2-node bars with bond interfaces. n is the number
of longitudinal bars in cross section of BCE. This element has been proposed by
Limkatanyu and Spacone [9]. Slippage has been allowed to occur because the
nodal degrees of freedom of the concrete element and the bars are different. Based
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on the small deformation assumption, all of the equilibrium conditions have been
considered. Considering axial equilibriums in the concrete element and steel bars
and also vertical and moment equilibriums in the segment dx lead to matrix form of
equations which is shown in Equation 1.

Figure 1. Free body diagram of infinitesimal segment of BCE and its components

∂ TB D B (x) − ∂ bT D b (x) − P(x) = 0

{

}

Where: D B (x) = D (x) : D (x)

T

(1)

is BCE section forces. D (x) = {N B ( x ) M B ( x )}T is

concrete element section forces. D (x) = {N1 ( x ) ....N n ( x )}T is bar axial forces.
T
D b (x) = {Db1 ( x ) ...Dbn ( x )} is bond section forces. P(x) = {0 p y ( x ) 0 ....0

}

T

is BCE

force vector. ∂ B , ∂b are differential operators and are defined in the following
forms:
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1

y n is the distance of bar n from section reference axis (Figure 1). The BCE section
deformation vector conjugate of

D B (x)

is

{

}

T

d B (x) = d(x) : d(x) . In which
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d(x) = {ε B ( x ) κ B ( x )}T contains
d(x) = {ε1 ( x) ....ε n ( x)}T

cross

concrete

element

section

deformations

and

contains the axial strain of the bars. Displacement vector in the

section of BCE is defined as

u(x) = {u (x) : u (x)} . In which
T

u (x) = {u1B ( x ) u 2 B ( x )} contains concrete element axial and transversal
T

displacements, respectively, and
u (x) = {u1( x ) ...u n ( x )} contains the axial
displacements of the bars. From small deformation assumption, the element
deformations are related to the element displacements through the following
relation:
d B (x) = ∂ B u(x)
(3)
T

The bond slips of bars are determined by the following relation between the bar
and concrete element displacements:
ubi ( x ) = ui ( x ) − u1B ( x ) + yi

du 2 B ( x )
dx

(4)

Where ubi (x) is the bond slip between bar i and surrounding concrete. By

introducing the bond deformation vector as d b (x) = {ub1 ( x ) ...u bn ( x )} , Equation
4 can be written in the following matrix form:
T

d b (x) = ∂ b u(x)

(5)

The weak form of displacement based finite element formulation is determined
through the principle of stationary potential energy. The BCE nodal displacement
(U) which is shown in Figure 2 serve as primary element unknowns and the section
displacement u(x) are related to it through displacement shape function matrix. The
relation between nodal displacements and internal deformations can be written
through transformation matrix.
Vi k
U 2k

U 3k

U

k
1

Vi j
Bar i

Bond effect

yi
Node k

Reference line

U 2j

Node j

U 3j

U1j

y1
Bar 1
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Node number
U1k==Dof
= concrete element nodal displacements
number

number
Vi =k =BarNodenumber
= Bar' s nodal displacements

Figure 2. Reinforced concrete beam-column element

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 241

The nonlinear behavior of BCE derives from the nonlinear relation between the
section forces and the section deformations through section and bond stiffness
matrices ( k B (x), k b (x)). Section stiffness matrix included axial and bending
stiffness of concrete element (EA(x) and EI(x)) also axial stiffness of the bars
(EnAn(x)). Bond stiffness matrix is diagonal and included slope of bond force-slip
relationship of each bar (kbn(x)). By using the fiber section method, section stiffness
matrix is derived. In this method, the stress-strain relationships of steel and
concrete are needed. The bond stiffness matrix is derived through the bond stressslip relation and perimeter of each bar. These relationships are selected according
to Table 1.
Table1. Selected models for material behavior
Concrete stress-strain for
Park –Kent model [1] and later extended by
compressive region
Scott et al. [13]
Concrete stress-strain for tensile
Gilbert & Warner model [14]
region
Steel stress-strain
Giuffre-Menegoto-Pinto model [3]
Bond stress-bond slip
Eligehausen et al. model [4]
Shear stress-shear slip
Walraven model [15]
Shear stress-shear deformation
Anderson et al. model [16]

3. JOINT ELEMENT
In order to model the response of such JE, two sub-elements and two significant
mechanisms have been considered. The sub-elements are: a concrete and a
reinforced concrete deep beam. In which the effects of shear and flexural
deformations has been considered based on Timoshenko beam theory. The
mentioned mechanisms are: Pull-out of beam or column longitudinal bars
embedded in the joint (Pull-out failure), and shear-transfer at the BCE-joint
interfaces (shear slip). The number of degrees of freedom in each side of JE is
compatible with the degrees of freedom in the ends of BCEs that are in the
neighboring of the JE. Thus, it will be possible to assemble the global matrix and
vectors of RCF. In numerical modeling, depending on the position of JE in the
RCF, four types of JE can be defined through the combination of sub-elements and
mentioned mechanisms. So, firstly, the sub-elements and the mechanisms have
been described.
4. REINFORCED CONCRETE SUB-ELEMENT
Reinforced concrete sub-element hereafter is called “RCSE”. In a similar way to
which described for BCE, the infinitesimal segment of RCSE has free body
diagram similar to Figure 1. In this sub-element the effect of shear deformation has
been considered based on Timoshenko beam theory. Also slippage has been
allowed to occur. Considering axial equilibriums in the concrete part and steel bars,
also vertical and moment equilibriums in the segment dx, lead to the matrix form of
equations which is presented in Equation 1. The definitions in this equation are
valid but D(x) has been rewritten as D(x) = {N B ( x ) VB ( x ) M B ( x )}T and ∂ B and ∂ b
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have been rewritten as Equation 6.
⎡d
⎢ dx
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d
dx
0
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0 y1
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... ...
0
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1 0 ... 0 ⎤
0 1 ... 0 ⎥⎥
... ... ... ...⎥
⎥
0 0 ... 1 ⎦ n*( 3+ n )

(6)

{

}

T

The RCSE section deformation vector conjugate of D B (x) is d B (x) = d (x) : d (x) .
In which d (x) = {ε B ( x ) γ B ( x ) κ B ( x ) }T contains axial, shear and bending
deformations of section of concrete element, respectively. d (x) has similar
definition to that of BCE. The following displacements are defined at the subT
element level: u(x) = {u (x) : u (x)} is displacement vector along the RCSE, in

which u (x) = {u1B ( x ) u 2 B ( x ) u 3 B ( x )} contains axial, transversal and rotational
displacements of concrete element, respectively. u (x) has similar definition to that
of BCE. From small deformation assumption, the element deformations are related
to the element displacements through the Equation 3. The bond slips of bars are
determined by the following relation between the bar and concrete element
displacements:
(7)
u bi ( x ) = u i ( x ) − u1B ( x ) + y i u 3 B ( x )
T

By introducing the bond deformation vector as d b (x) , Equation 7 can be written as
Equation 5. The weak form of displacement based finite element formulation is
determined through the principle of stationary potential energy. RCSE nodal
displacement vector is similar to that of BCE (Figure 3-a). The section
displacement vector is related to nodal displacement vector through the matrix of
shape functions. Then the section deformations and bond slips could be determined
through Equations 3 and 5.
The nonlinear behavior of RCSE derives from nonlinear relation between the
section forces and the section deformations through section and bond stiffness
matrices. The section stiffness matrix included axial, shear, and bending stiffness
of concrete element (EA(x), GA(x) and EI(x)), also axial stiffness of the bars
(EnAn(x)). The bond stiffness matrix and method for calculation of these matrices
are similar to which described for BCE. The section shear stiffness derives from
shear stress-shear deformation relationship which is selected according to Table 1.
External load vector of this sub-element derives from the external distributed loads
along that, which is shown in Figure 3-a as p y1 ( x ) and p y 2 ( x ) , by using the
shape function matrix. The distributed loads derive from the internal loads in the
JE side sections, which are parallel to that sub-element, based on stress value in
concrete and steel fibers of the mentioned side sections. The external load vector
will be updated in each load step of nonlinear analysis.
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Figure 3. Joint element parts and definitions

5. CONCRETE SUB-ELEMENT
Concrete sub-element hereafter is called “CSE” and is not reinforced. That is a
regular 2-node concrete frame element with three degrees of freedom in each of
two ends (Figure 3-b). The formulation of CSE derives frÿm Timoshenko beam
theory, fiber method, and material behavior similar to concrete part in RCSE. Also,
external load which affects on this sub-element is similar to that of RCSE.
6. PULL-OUT MECHANISM
According to Figure 3-c, simulation of stiffness and strength loss associated with
bond strength deterioration for longitudinal reinforcement embedded in the joint is
considered. If nodal displacement vector related to Pull-out behavior is defined as
T
U = [U11 U12 U13 V11 . . Vn1 ] , the slippage of the bars can be defined as below:
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⎡ s11 ⎤ ⎡− 1 0
⎢ 1⎥ ⎢
−1 0
s
slip = ⎢ 2 ⎥ = ⎢
⎢.⎥ ⎢ . .
⎢ 1⎥ ⎢
⎣⎢ sn ⎦⎥ ⎣− 1 0

y1
y2
.
yn

1 0 . 0⎤
0 1 . 0⎥⎥
U = A slip U
. . . .⎥
⎥
0 0 . 1⎦

(8)

In which, y n is the distance of bar n from reference line. The relationship between
Pull-out force and slip for embedded bar number n in the section 1 can be defined
1
1
1
1
as f n1 = k slip
n × s n . In which f n is Pull-out force and k slip n is slip stiffness of Pullout behavior. This equation derives from the bond stress-slip relationship related to
Pull-out behavior which is selected according to Table 1, embedded length of the
bar, conditions of end of the bar and perimeter of the bar section. Because Pull-out
force is summation of bond stress on around surface of each embedded bar. The
relationship between Pull-out force and slip of all bars in the section 1 can be
written in the following matrix form:

f slip = k 1slip × slip

(9)

Where k1slip is a diagonal matrix which includes k1slip n and fslip is Pull-out force
vector according to slip vector.

The nodal force vector can be expressed in the following form:
T
T
T
F = A slip
f slip = A slip
k 1slip slip = A slip
k 1slip A slip U = K slip U

(10)

From Equation 10, Pull-out stiffness matrix related to section 1 can be written as
T
A slip
k 1slip A slip . The Pull-out stiffness matrix will be imposed into stiffness matrix of

JE. Also, in order to calculate resisting force vector related to Pull-out behavior
T
and impose it into the resisting force vector of JE, it can be written as A slip
fslip .
7. SHEAR SLIP
According to Figure 3-d, in this method an interface shear component has been
considered to represent shear slip and reduction sliding shear. According to degrees
of freedom in shear direction in the specified side of JE, shear slip can be defined
as below:
⎡Y ⎤
⎡Y ⎤
(11)
Δ shear slip = U 21 − Y = [− 1 1]⎢ 1 ⎥ = A shear slip ⎢ 1 ⎥
⎣U 2 ⎦
⎣U 2 ⎦

If shear force-shear slip relation in the side of JE can be defined as
f shear slip = k shear slip Δ shear slip , the stiffness matrix related to this mechanism and
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T
specified degrees of freedom can be written as A shear
slip k shear slip A shear slip . Also, in

order to calculate resisting force vector and impose it into the resisting force vector
T
of JE, it can be written as A shear
slip f shear slip . Shear force-shear slip relation is
generable by help of shear stress-shear slip relationship according to Table 1 and
integration of shear stress over the side surface of the JE.
8. TYPE OF JOINT ELEMENTS
Table 2. Types of joint elements in a two dimensional RCF
Pull-out
mechanism
4*Reinforced
3*Reinforced
Joint element
concrete sub2*Concrete subconcrete subtype
element
element
element
1*Concrete subelement
♦ Number of sub-elements which is used in assembling.

9. NONLINEAR ANALYSIS AND NUMERICAL VALIDATION
In order to analyze RCF based on the proposed method, a computer program has
been developed. The solution of equilibrium equations is typically accomplished
by an iterative method through a convergence check. In this research the NewtonRaphson method is used as nonlinear solution algorithms [17]. Also the GaussLobatto method is used for numerical integration in which the number of
integration points is equal to five. For demonstrating the ability and reliability of
the proposed method, verification for a one bay two storey RCF is presented. This
frame is loaded laterally at the level of second storey and was tested by Vecchio
and Emara [18]. The geometry of the specimen and the details of the cross sections
are shown in Figure 4. Two 700kN of axial loads was imposed on the column
before applying lateral load. Required information for numerical modeling such as
bar and concrete material specifications are used as reported in [18]. In numerical
modeling, beams and columns will be divided into enough number of BCEs.
Because, the formulation is displacement based and the response is depend on
element size and it is needed the length of BCE be enough short. As a simple
suggestion, the length of BCE can be selected equal or smaller than average crack
spacing in beam or column. In these cases convergence will be achieved in the
numerical results. The equation which is given by CEB-FIP [19] is adapted for
calculation of average crack spacing. Average crack spacing has been calculated as
112 and 90 mm for beams and columns, respectively. So, in numerical modeling
first storey columns, second storey columns and the beams are divided into 20, 17
and 28 BCEs, respectively. Numerical analysis is carried out utilizing two
approaches. In one approach the bond between bars and concrete is assumed to be
perfect and in the other one, the effects of bond-slip such as Pull-out of bars in the
joint and slip in BCEs are considered. Figure 5-a shows the analytical and

246 / Nonlinear Analysis of Reinforced Concrete…. –––––––––––––––––––––––––––––

experimental load-displacement responses. Results show that by perfect bond
assumption the estimation of stiffness and capacity is higher than experimental
values, but for the case with bond-slip effects, the proposed method has good
precision for estimating both cases of stiffness and capacity in numerical analysis.

Figure 4. Geometry and details of the tested frame
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In order to show the capability of the proposed method in considering Pull-out
effect, four analyses with a variety of embedded length of the longitudinal bars of
the columns in the footing is carried out. The results are shown in Figure 5-b in
which, the case with 300 mm embedded length is the existing value of the model
and the others are assumed. The results for two cases with 300 and 1000 mm length
are approximately similar. It can be concluded for the existing model because of
the sufficiency of embedded length, the Pull-out of the bars in the base is very
insignificant.
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Figure 5. Load-displacement response of the tested frame (a): comparing bond-slip
effect; (b): comparing Pull-out effect

10. CONCLUSION
In this paper a new method for nonlinear analysis of two dimensional RCF is
proposed. Each RCF is divided into two types of joint (JE) and beam-column
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(BCE) elements. The effect of bond-slip has been considered in the formulation of
BCE. Formulation of the BCE is based on the displacement method and
displacement shape functions have been used in order to express the internal
displacements in term of nodal displacement. JEs are formulated upon major
behaviors including Pull-out of embedded longitudinal bars, shear and flexural
deformation of JE and shear slip in interface section between joint and neighboring
element. Four types of JEs have been generated according to their position in the
frame based on major behaviors of them through the combination of one or more
defined mechanisms and sub-elements.
In order to utilize the nonlinear analysis based on the proposed method, a computer
program is developed and reliability of the method has been assessed through the
comparison of numerical with experimental results for a one bay two storey RCF.
The comparison shows a good agreement between experimental and analytical
results. The proposed method can be used as an efficient numerical method for
nonlinear analysis of RCF because of its capability for modeling of JE, with the
consideration of bond-Slip effect, Pull-out of bars in the joints, shear slip and shear
deformation.
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ABSTRACT
Regarding the increasing expansion of construction in Tehran, the design and
construction of raft or grid concrete foundations are very common for tall
buildings. Winckler springs are often used by professionals to model soils in the
design of flexible concrete foundation. However, it presents a substantial problem
because the Winckler springs are not coupled. Such a subgrade reaction theory is
too simplified, i.e. it considers a fixed constant value for the stiffness of Winckler
springs which leads to an incorrect design. Continuum mechanics theory and
numerical simulation tools are available to be used for soil modeling but they are
time consuming and most engineers prefer to use Winckler springs to model the
soil. In the presented research, a computer program was firstly developed based on
finite elements method. It could model a flexible foundation on springs but the
springs are coupled by considering stress distribution within soil mass. The used
method is very similar to Winckler springs model and tries to modify it. The
method is employed for different geological formations in Tehran to show the
effects of the properties of coarse alluvium of Tehran on the analysis of concrete
foundations.
Keyword: tehran coarse grain alluvium, concrete foundation, stress distribution,
deformation
1. INTRODUCTION
Importance of mat foundations:
In recent years, methods of analysis and structure construction have undergone
many changes but the use of mat and grid foundations for tall buildings goes back
to many years and such concrete foundations have shown their proven role in the
transfer of construction forces to the ground.
A number of mat concrete foundation analysis methods, such as strips method,
equivalent slab method, beam on flexible foundation or elasticity methods (Backer,
1957), have been used. Despite this, with advances in the methods of finite
elements, the analysis of a slab on flexible foundation is the most used and spring
is used for soil simulation [1, 2, and 3].
Mat concrete foundations can be assumed as a flexural beam or slab. Only this
beam/slab relies on the ground at various points. Since the soil has less stiffness
than concrete, ground response could be the most important variable in the design

250 / The Analysis of Flexible Concrete Foundations…. ––––––––––––––––––––––––––

of flexible concrete foundations and consequently plays an important role for
analysis of concrete foundations. Therefore, the soil response is discussed for
various geological formations of Tehran soil in this paper.
2. GEOLOGY OF TEHRAN DEPOSITS [4,13]:
Ribben (1966) was a European geologist who worked for the Geological Survey of
Iran (GSI) in the mid-20th century. His classification of Tehran alluvia is still
widely used by local geologists and engineers. Ribben (1966) divided the Tehran
coarse-gained alluvia in two four categories, identified as A, B, C and D, where A
is the oldest and D the youngest. Some simple profiles, produced by Fakher et al to
schematically show the sequence of Tehran alluvia formation, are presented in
Figure 1 and specifications of these alluvia are presented in Table 1 using
conventional terminology.

Figure 1. Formation of B, C and D alluvium after folding of A alluvium caused by
erosion and sedimentation

3. CONVENSIONAL ANALYSIS OF FLEXIBLE MAT FOUNDATIONS [5]
One of the most common methods of designing foundation is the model of
beam/slab on elastic subgrade and the displacement of each point is obtained
through the following equations:
If we consider a strip footing with the width of B and unlimited length, the
differential equation of deformation of this beam is according to Equation 1:
(1)
M is internal bending moment of each section, and
and
are elasticity
coefficient and moment of inertia of beam section respectively. On the other side,
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Equation 2 is valid for any beam:
(2)
Q is soil reaction toward the lower surface of foundation. Winckler, 1967 presented
soil reaction theory and in fact it depends on the soil elastic module. Soil Reaction
theory is simplified elastic theory. (Q=K.Z) in which q is the pressure under the
foundation, Z is elastic settlement, and K is the subgrade reaction coefficient.
Table 1.Comparison of Tehran alluvia based on Ribben classification [4]
Factor

A

B

C

D

Age

5Ma
Homogeneous
conglomerate

700ka
Heterogeneous
conglomerate
Variable, but
usually weak
cement
Very variable
up to several
meters

50ka

10ka
Recent
alluvial

Cementation
less than A and
non-hard

noncemented

Clay to 100200 mm

Clay to
several
meters

Litho logy
Cementation

Cemented and
hard

Grain size

Clay to 100-250
mm

Alluvial fan

Dip
layer(deg)
Thickness(m)
Sedimentary
environment

0-90

0-15

0

0

Maximum1200

Maximum 60

<10

Fluvial

Fluvial

Other name
(local name)

Hezardareh
alluvial
formation

Maximum 60
Fluvioglacial
and periglacial
North Tehran
heterogeneous
alluvial
formation

Tehran alluvial
formation

Recent
alluvial

Location of
observation
in Tehran

North area

North and
central area

Recent and
old riverbed

Fluvial

North area

The main difference of E and K is that E is among properties of materials but K
depends on dimensions and shape of foundation. To calculate subgrade reaction
coefficient we have various field methods but Vesic presented an Equation 3 to
find the subgrade reaction coefficient which is [6]:
(3)
In which Es and 5s are respectively elasticity module and soil Poisson coefficient.
Subgrade reaction coefficient is a useful method in designing concrete pavements
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of roads and airports. Maximum tensile stress is made in the lower surface of
concrete slab upon influence of load on a concrete pavement. To change these
roles, we use analysis of slab on the elastic subgrade and for this analysis we need
to make the subgrade reaction coefficient clear.
According to Equations 1 and 2, we have:
(4)
By solving the said equation we will have:
(5)
and
are fixed amounts which are calculated according to boundary
In which
conditions and loading. In above relation, β coefficient is gained from Equation 6.
Based on recommendation of commission 436 of US Concrete Institute, if the
distances between columns in a strip are less than 1.75/ β, the foundation is rigid
otherwise the foundation will be assumed to be flexible.
(6)
4. MAIN ASSUMPTIONS OF CONVENSIONAL ANALYSIS
To use soil reaction theory, the substantial assumptions of this theory should be
considered in full. The assumptions used in the soil reaction theory (Winckler
model [7]) are:
a) The relationship between load (Q) and deflection (Z) is regarded as linear. It
means Q is proportionally related to Z.
b) Kv (soil reaction coefficient in vertical direction) is regarded as fixed at all points
of contact of foundation with soil. In fact in Winckler model, soil is considered
as a series of elastic and independent (uncoupled) springs but it is not an accurate
assumption. Not considering the reciprocal influence of springs on each other
means that the spring will change its shape due to application of force to each
spring and other springs will not be influenced by this force. In another words,
soil in Winckler model has not been regarded as a continuum environment.
Although due to connection between the constituting particles, soil is a
continuum environment. Therefore in order to obtain the correct answer, springs
must be related and connected to each other. In this way if a spring changes its
form, some of this deformation will transfer to the adjacent springs.
To solve the problem of uncoupled springs, one can model the soil as a continuum
body in a finite elements program. But due to the great number of elements,
foundation analysis will be very time consuming. Another option is to consider
stress distribution in soil in Winckler springs module.
In this paper the second option has been used to analyze concrete foundation.
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5. METHOD OF ANALYSIS USED IN THE PRESENTED RESEARCH
In the presented research, a computer program was developed. It uses finite
elements method to solve governing Equations. The soil is modeled as spring but
stress distribution within soil mass is considered so the springs are couples. The
following steps are undertaken to do the analysis.
Step 1:
Concrete foundation is modeled using 4-node flexural plate elements. Each node
has 3 degrees of freedom and the stiffness of foundation is presented by Kr [8].
To verify the accuracy of foundation stiffness matrix, the displacement of a
rectangular slab (Figure 2) under a uniform load of q is calculated in Table 2. The
results are compared with the result of an analytical solution [9] and it shows the
results are in a close agreement.

Figure 2. Square slab with fully fixed boundaries
Table 2. Displacement in the center-point slab
Number of
element

4

8

16

64

81

121

analytical
solution

Displacement

0/00148

0/00144

0/00140

0/00130

0/00128

0/00126

0/00126

Coefficient

qa^4/D

qa^4/D

qa^4/D

qa^4/D

qa^4/D

qa^4/D

qa^4/D

Step 2:
Stiffness of Winckler springs is obtained by the use of Vesic relation [6]. To
assemble the stiffness matrix of foundation and subgrade, it is enough to add the
stiffness of springs to the stiffness related to vertical displacement of each node
(the elements on the main diameter of Kr matrix).
Step 3:
Displacement of each node is obtained according to [F] = [K].[∆]. In this step, the
distribution of stress within soil mass has not been considered so far and
foundation analysis is done using the conventional analyses of foundation on
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elastic subgrade.
Step 4:
Based on the displacements gained from Step 2 and stiffness of springs calculated
in Step 2, we can obtain the forces applied to soil. Now using Equation 7, we can
find the displacement of j node due to applying of F force on the ith node [10].
(7)
In which R is the distance of points i and j. Therefore displacement of each node is
gained through Equation 8.
(8)
In which
,
and
are respectively new displacements of node i, (by
considering stress distribution), displacement of node i from Step 3 (without
considering stress distribution), and displacement from real forces on various nodes
on ith node.
Step 5:
The displacements obtained in Step 4 and Step 3 are compared to each other. If the
precision is not enough, new stiffness of springs will be obtained according to the
displacement and the forces applied to soil in Step 4, and the program will be
implemented again from Step 3. These Steps are repeated until the displacements
gained in Steps 3 and 4 have a slight difference.
6. VERIFICATION OF DEVELOPED PROGRAM
A number of examples have been used to assess the validity of the program. One
example is presented here. A rectangular mat foundation in 2 m dimensions and
thickness of 20 cm is considered on an elastic half–space (E= 40 MPa and 5=0.3).
A concentrated force is applied equivalent to the unit to the middle of the edge of
foundation (Point C in Figure 3). The results of used method and also the results of
mathematical analysis are shown in Table 3 for comparison. The result of "fixed
springs" in Table 3 are related to conventional method but the results of "variable
spring" are derived when the stiffness of springs were varied according to Step 4,
as described above. The comparison shows that the results of Variable spring and
Mathematical solution are in a close agreement but the results of fixed spring are
different.
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Figure 3. Elements of a square foundation
Table 3.The results of the used method and mathematical analysis.
Difference in
percentage of
pressure applied
below the
foundation with
regard to
mathematical
solution

Pressure
under the
foundation

Difference in
percentage of
moment in Y
direction
toward the
mathematical
solution

0.306

Moment
in Y
direction

Moment
difference
percentage
in X
direction
toward
mathematic
al solution

-0.07

Moment
in X
direction

0.05

Mathematica
l solution
[11,12]

%7

0.2845

%1

-0.069

%2

0.049

Variable
spring

%70

0.5202

-%56

-0.109

%28

0.036

Fixed
spring

7. INFLUENCE OF SOIL STIFFNESS IN FOUNDATION ANALYSIS
Regarding the increasing expansion of construction in Tehran and the type of
coarse-grained soil in Tehran, it is highly important to determine the engineering
parameters of this soil (the stiffness of spring) for mat concrete foundations
analysis. According to the published data from local tests, the stiffness of Tehran
soils are summarized in Tables 4&5 for formations of A and C [4, 13]. It should be
noted that no accurate data is available for B formation because the size of
aggregates are large and consequently large scale in-situ tests should be done to
find stiffness of springs.
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Table 4: Engineering variables of formations A and C [13]
Source

Amini (1994)

Location

Generally

Type of
formation
KS
(MN/m)

SES (1995)

Pahlavan (2002)

North of
Koy Nasr
Hill

Milad
Tower

North of
Koy Nasr
Hill

End of
Koy
Nasr

Teachers’
Training
University

A

A

A

C

770
1330

770
1330
154
288
0.28

170
290
36
62

A

C

A

280

25-250

170-350

E (Mpa)

17

15-150

125

125

V

-

-

0.35

0.38

168-288

Table 5: Engineering variables of formations A and C [13]
Source
Asghari (2002)
Cheshomi (2006)
Location
Type of
formation
KS
(MN/m3)
E (Mpa)
5

End of
Koy
Nasr

North of
Koy Nasr
Hill

Resalat
Tunnel

End of
Koy
Nasr

Emam
Ali
Highway

Emam Ali
Highway

A

A

A

A

A

C

900940

5101100

225425

650760

8001000

160260

195204

111238
0.28

4992

141165
0.29

166217
0.31

3967
0.28

The values presented by Amini (1996) have been recommended based on the
conducted studies on Lines 1 and 2 of Tehran Subway and presented as general
suggestions. The values presented by Soil Mechanical Engineering Services
Company (SES, 1996) have been presented based on drilling several boreholes,
sampling and conducting field and laboratory tests. The values presented by
Pahlavan (2002) have been recommended based on field tests (plate loading, shear
wave and Menard type pressure meter testing). Values presented by Asghari (2002)
have been proposed based on plate bearing and large direct shear test. Values
presented by Cheshomi (2006) have been recommended based on the direct
shearing experiments and plate bearing and seismic inside well loading.
According to the above mentioned researches, the elasticity module of formations
A and C are assumed to be 140 MPa and 70 MPa respectively in this study.
Poisson ratio of 0.3 is used for both the types of formation.The soil is considered as
linear elastic springs
A number of examples have been used to study the effect of subgrade stiffness on
the analysis of mat foundation. One example is presented in Table 7. A foundation
measuring 5×5 meter with the thickness of 500 mm, under uniform load of 15
ton/m2 is divided into 64 elements and the results of the analysis are shown in
Table 7 for both the types of formations A and C.

–––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 257

Table 6: Characteristics foundation
Foundation
Young module (MPa)

2500

Poisson's ratio

0.2

Bulk module (MPa)

13900

Shear module (MPa)

10400

Table7: Result of investigation on coarse grain alluvium
Type of
formation

Es

5s

Displacement
(fixed spring)
(m)

Displacement
(variable spring)
(m)

Percent
Difference

A
C

140
70

0.3
0.3

5.16E-3
1.05E-2

9.92E-3
1.98E-2

92%
85%

8. CONCLUSIONS
According to the presented study, the following conclusions could be proposed:
• When fixed stiffness Winckler springs are used and stress distribution within
the soil mass is neglected in the analysis of flexible mat foundations, the
obtained moments have a great difference with the mathematical solution.
Therefore, the design of concrete mat foundations is not reliable when fixed
stiffness Winckler springs is used.
• Based on comparisons with mathematical solutions, the presented program
(used coupled spring method) has appropriate accuracy. In addition to Tehran
soil, the method presented for analysis of concrete foundations is usable for all
types of soils.
• The influence of considering stress distribution within soil mass (coupled
springs) in Formation A is more than Formation C. Therefore, the use of fixed
stiffness Winckler springs (conventional method used by professional
engineers) is highly recommended for extensive usage in Formation A in
Tehran for the design of concrete mat foundations.
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ABSTRACT
The mechanical behavior of concrete materials is strongly influenced by its
microstructure. The macroscopic properties of concrete materials such as strength
and stiffness are dependent on the properties of micromechanics. The advance of
composite mechanics and advanced computing technologies has made possible the
micromechanical analysis of concrete materials. At first the status of
micromechanical modeling with special emphasis on the advantage and
disadvantage of each model is presented.
The current paper focuses on the geometrical description and numerical simulation
of normal-weight concrete at the mesoscale. In the first part the numerical
representation of concrete at the mesoscale is introduced. The internal structure of
concrete is considered at the micro level, and is treated as a three phase material
comprised of aggregate particle, matrix, and the aggregate- matrix interfaces the
generation of the mesoscale geometry, the finite element discretisation and the
applied material laws with micro plane theory are described.
The main objective of this paper is to investigate the macroscopic behavior and
progressive failure of concrete materials under static loading, as influenced by the
properties of its constituents at the meso level.
Keywords: three phases, concrete, itz, finite element, micromechanical
1. INTRODUCTION
Concrete is one of the most popular construction materials, and people have been
using it for a long time. Many models, theories and numerical techniques have
been developed to represent its mechanical behavior, including a large variety of
constitutive models, damage models and other novel developments such as the
micro plane model. However, progressively more elaborated constitutive relations
have also required a large number of parameters, sometimes difficult to obtain and
with no clear physical meaning.
In the 1980s, the meso mechanical approach, sometimes known as numerical
concrete, was proposed by Roelfstra et al., and was then followed by others [1]. It
consisted of discretizing the first level of material (meso structure) and assigning to
each material component its individual geometry and properties. There is no doubt
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that the complexity of the nonlinear behavior of concrete may be largely associated
to its heterogeneity and components. Therefore, it seems reasonable that
considering explicitly each material component (geometry and mechanical
properties) will allow us to consider a simpler constitutive assumption in exchange
for an increasing size of the global problem. After the pioneering work of
Roelfstra, different methodologies for considering the meso structure have been
proposed such as lattice models, particle models, continuum meso models, DEM
models [2] and FEM models [3].
2. CONCRETE WITH THREE PHASES
Concrete is an artificial heterogeneous composite material which consists of
aggregates which are bonded together by cement paste. In numerical simulations of
concrete structures a homogenous material is usually assumed at the macroscale.
Specific constitutive models allow simulating the fracture process at this
macroscopic scale [4]. For different experimental setups other parameters are
obtained, which implies, that the predictive capacity of the numerical model is
restricted to a specific experiment. The underlying material structure, e.g. the
distribution of the aggregates or the aggregate shape, is normally disregarded by
these models.[5]
The influence of the material structure on the macroscopic material behavior can be
analyzed using mesoscale models. In literature, concrete at the mesoscale is
separated into three main components: the homogenous mortar matrix, the
aggregates with a diameter greater than 2.0 mm and the interfacial zone between
them. The mortar matrix is mainly composed of cement paste and aggregates with
a diameter less than 2.0 mm. Porosities within the matrix are disregarded at this
length scale. The interfacial transition zone (ITZ) is about 20 − 100 µm deep [6].
The experimental bond strength of the ITZ was about 33% to 67% of the tensile
strength of the matrix [7].
3. CONTINUUM DAMAGE MECHANICS
Continuum damage mechanics is a constitutive theory that describes the
progressive loss of material integrity due to the propagation and coalescence of
micro cracks, micro voids, and similar defects. These changes in the microstructure
lead to a degradation of material stiffness observed on the macro scale. The basic
premise of continuum damage mechanics is that micro structural defects (micro
cracks, micro voids) in a material can be represented by a set of continuous damage
variables. An illustration of this concept is given in Figure 1. The value of the
damage variable D at a certain point of the continuum is a measure of the number
and size of defects in a small volume at this point.
It is assumed in the sequel that the development of damage does not introduce
anisotropy into the material behavior and that a single, scalar damage variable
suffices to describe the local damage state. In the more general, anisotropic case, a
set of damage variables (or a tensor) must be used (Krajcinovic et al., 1981[8];
Lemaitre, 1996[9] Fichant et al., 1995[10]. The damage variable D is defined as 0
≤ D ≤ 1, where D = 0 represents the initial, undamaged material and D = 1
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represents a state of complete loss of integrity. Strictly speaking, the initial material
always contains some defects, but it is assumed that these are accounted for in the
virgin material properties, so that the initial damage can be set at zero.
After a certain amount of loading, three regions can generally be distinguished in
the material domain W as shown in Figure (1). No damage may have developed at
all in a part Ω O .The damage variable still has its initial value D = 0 in this region
and the material properties are those of the virgin material. In a second region Ω d ,
some development of damage has occurred, but the damage is not yet critical
(0<D< 1). The limiting value D = 1 has been reached in the third region Ω C , i.e.,
the mechanical integrity and strength have been completely lost in this region. The
completely damaged region Ω C is the continuum damage representation of a crack.
It is important to realize that the local, complete loss of strength in Ω C W implies
that stresses are identically zero for arbitrary deformation fields.

Figure 1. Damage distribution in a continuum [9]

4. LOCAL ISOTROPIC DAMAGE MODEL
Isotropic damage models are based on the simplifying assumption that the stiffness
degradation is isotropic, i.e., stiffness moduli corresponding to different directions
decrease proportionally, independently of the direction of loading. Since an
isotropic elastic material is characterized by two independent elastic constants; a
general isotropic damage model should deal with two damage variables. The
simplified model with a single variable uses an additional assumption that the
Poisson ratio is not affected by damage. The stress-strain law is written in the form:

σ = (1 − ω ) D e : ε

(1)

Where σ is the column matrix of stress components, ε is the column matrix of
engineering strain components, D e is the elastic material stiffness matrix, and ω
is the damage variable. The growth of the damage variable must be described by a
suitable evolution equation w, a tensor with multiple components. We define a
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scalar measure of strain called the equivalent strain, ε~ and evaluate the internal
variable κ _ that drives the damage evolution as the maximum value of ε~ ever
reached in the previous history of the material. Under monotonic loading, κ
coincides with ε~ , but during unloading κ remains constant while ε~ decreases.
The choice of a specific expression for the equivalent strain directly affects the
shape of the elastic domain in the strain space. For instance, one could define the
equivalent strain as the scaled energy norm:
ε~ =

ε T D eε

(2)

E

Scaling by Young’s modulus E is introduced in order to obtain a strain-like
quantity that is equal to the longitudinal strain in the special case of uniaxial
loading. The multiaxial formulation is then a natural extension of the uniaxial one,
and the function g that links κ to ω is the same as for the uniaxial model. For the
energy-based equivalent strain, the elastic domain is ellipsoidal and symmetric
with respect to the origin and the evolution of damage under tensile loading is the
same as under compressive loading. For quasi brittle materials such as concrete,
damage evolves much faster under tension than under compression. To take that
into account, Mazars [11] proposed a definition of equivalent strain in the form

ε~ =

3

∑

i =1

where

εI

εI

2

(3)

, I = 1; 2; 3, are the principal strains, and the brackets . denote the

”positive part” operator, given by X = max(0; x), i.e., X = x for x positive and
X = 0 for x negative.
5. MICRO PLANE FORMULATION WITH KINEMATICS' CONSTRAINT
The orientation of a micro plane is characterized by the unit normal n of
components n i (indices i and j refer to the components in Cartesian coordinate's
xi). In the formulation with a kinematics constraint, which makes it possible to
describe softening behavior of plane concrete in a stable manner, the strain vector
ε N on the micro plane (Figure 2) is the projection of the macroscopic strain tensor

ε ij so the components of this vector are:
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Figure 2. Micro plane and component.[17]

ε

Ni i

= ε ij n

j

(4)

The normal strain on the micro plane is ε N = ni ε Ni , that is:

ε N = N ij ε ij ; N ij =n i n j

(5)

where repeated indices imply summation over I=1, 2, 3. The mean normal strain,
called the volumetric strain ε V and the deviatoric strain ε D on the microplane can
also be introduced which are defined as follows:

ε V = ε KK 3 ; ε D = ε N − ε V

(6)

This separation of εV and ε D is useful when the effect of the hydrostatic pressure
for a number of cohesive frictional materials, such as concrete, needs to be
captured. To characterize the shear strains on the micro plane (Figure 2), we need
to define two coordinate directions M and L, given by two orthogonal units
coordinate vectors m and l of components m i and li lying on the micro plane. To
minimize directional bias of m and l among micro planes, one of the unit vectors m
and l tangential to the plane is considered to be horizontal (parallel to x - y plane).
The magnitude of the shear strain components on the micro plane in the direction
of m and l are as ε M = m i ε ij n j and ε L = li (ε ij n j ) . Because of the symmetry

(

)

of tensor ε ij , the shear strain components may be written as follows:

ε M = M ijε ij , ε L = L ij ε ij j

(7)

in which the following symmetry tensors were introduced:

M IJ = (mi n j + m j ni ) / 2 LIJ = (l i n j + l j ni ) / 2

(8)

Once the strain components on each micro plane are obtained, the stress
components are updated through micro plane constitutive laws, which can be
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expressed in algebraic or differential forms. In the kinematics constraint micro
plane models, the stress components on the micro planes are equal to the
projections of the macroscopic stress tensor σ ij only in some particular cases,
when the micro plane constitutive laws are specifically prescribed in a manner such
that this condition can be satisfied. This happens for example in the case of elastic
laws at the micro plane level, defined with elastic constants chosen so that the
overall macroscopic behavior is the usual elastic behavior. In general, the stress
components determined independently on the various micro planes will not be
related to one another in such a manner that they can be considered as projections
of a macroscopic stress tensor. Thus the static equivalence or equilibrium between
the micro level stress components and macro level stress tensor must be enforced
by other means. This can be accomplished [12a, b, c] by application of the
principle of virtual work, yielding

σ ij = σ V δ ij +

δ ⎞
⎛
3
[σ D ⎜⎜ N ij − ij ⎟⎟ + σ L L ij +σ M M ij]dΩ
∫
2π Ω
3⎠
⎝

(9)

Where Ω is the surface of a unit hemisphere, σ V σ D are the volumetric and
deviatoric part of normal stress component and σ L and σ M are as shear stress
components on the micro planes respectively. Equation (9) is based on the equality
of the virtual work inside a unit sphere and on its surface. The integration in
equation (9) is performed numerically by Gaussian integration using a finite
number of integration points on the surface of the hemisphere. Such an integration
technique corresponds to considering a finite number of micro planes, one for each
integration point. An approximate formula consisting of 26 integration points is
proposed in this study. In Table 1, direction cosines and weights of the integration
points and in Figure 2, their positions on the surface of the unit sphere are shown.
Based on the formulation, macroscopic constitutive matrix in the proposed model
is obtained as follows:
Dijkl = 3

[

]

E
E δkl
(
) ( Nij − δij / 3)(Nkl − δkl / 3) + MijMkL + LijLkl dΩ +
δij
4π 1 + ν
1 − 2ν 3
Ω

∫

In which E and v are
coefficient.[12,a,b,c,d,e,f,g,h,i]

as

elastic

modulus

and

(10)

Poisson’s

6. ANISOTROPY DAMAGE FUNCTION FORMULATION FOR THREE
PHASES
Total deviatoric part of constitutive matrices is computed from superposition of its
counterparts on the micro planes that such counterparts in turn, are calculated
based on the damages occurred on each plane depending on its specific loading
conditions. This damage is evaluated according to the five separate damage
functions; each of them belongs to the particular loading states. These five loading
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conditions are as follows: (hydrostatic compression, hydrostatic extension, pure
shear, shear + compression, shear + extension) that for three phases (aggregate,
matrix and ITZ) are shown in Table (3). The stress-strain diagrams of both
aggregate and cement paste are almost linear, except at very high relative stress
levels as shown in Figure (3). The stress-strain relationship of concrete, however,
has a curved shape, due to the fact that aggregate and cement paste, having
different stiffness characteristics, are connected in one bearing system. In concrete
types where the stiffness of the matrix is close to the stiffness of the aggregate, the
stress-strain relationship of concrete will also be close to linear.
Table 1: Definition of micro planes
Direction cosines of integration points
l
1
1

3
3

1

−

1

0.0

1

3

1

2
−

1

1

3

1

Weights

3

27 840

3

27 840

3

27 840

3

27 840

2

0.0

32

2

0.0

32

0.0

1

32

0.0

1

1

2

3

3

− 1

2

− 1

1

1

2

− 1
1

3

n

− 1

3

− 1

m

1

0.0

1

1.0

0.0

2

2

1
1

2

2

2
2

32
32

32

0.0

40

0.0

1.0

0.0

40

0.0

0.0

1.0

40

840

840
840
840
840

840
840

840
840
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Figure 3. Diagram of concrete and its components.[15]
Table 2: Damage functions for three phases
Load

Phases

hydrostatic
compression

Matrix
ω HC

0
⎧
⎪
⎪ ⎛ h
= ⎨1 − ⎜
⎜
⎪ ⎝ ε eq
⎪
⎩

Aggregate

ε eq p i
⎞
⎟
⎟
⎠

n

ε eq f i

ωHC =0

hydrostatic
extension

0 εeqpd
⎧
n
⎪
⎪ ⎛d⎞
ωHT=⎨1−⎜ ⎟ d ≤εeq pe
⎜ ⎟
⎪ ⎝εeq⎠
⎪
1 εeqff
⎩

⎧0 εeq ≤ a
ωHT = ⎨
⎩1 εeq f a

pure shear

ωHS = (ωC + ωT )

ωHS = (ωC + ωT )

shear +
compression

shear +
extension

ωC

0 ε eq p x
⎧
n
⎪
⎪ ⎛⎜ z ⎞⎟
= ⎨1 −
ε eq f y
⎜
⎟
⎪ ⎝ ε eq ⎠
⎪
⎩

0 ε eqp j
⎧
n
⎪
⎪ ⎛⎜ g ⎞⎟
ωT = ⎨1 − ⎜ ⎟ ε eq f j
⎪ ⎝ ε eq ⎠
⎪
⎩

⎧0 εeq ≤ c
ωC = ⎨
⎩1 εeq f c

⎧0 εeq ≤b
ωT = ⎨
⎩1 εeq fb

ITZ
0 ε eq p p
⎧
⎪
⎛ ε eq − p ⎞
p
⎜
⎟
⎪1 − ε exp⎜ − q − p ⎟ p ≤ ε eq p q
eq
⎝
⎠
⎩

ωHC = ⎨

0 ε eq p k
⎧
⎪
⎛ ε eq − k ⎞
k
⎜
⎟
⎪1− ε exp⎜ − l − k ⎟ k ≤ ε eq p l
⎠
⎩ eq ⎝

ωTH = ⎨

ωHS = (ωC + ωT )
0 ε eq p s
⎧
⎪
⎛ ε eq − s ⎞
s
⎟
⎜
⎪1 − ε exp⎜ − t − s ⎟ s ≤ ε eq p t
eq
⎠
⎝
⎩

ωC = ⎨

0 εeq p m
⎧
⎪
ωT = ⎨ m ⎛ εeq − m ⎞
⎟⎟ m ≤ εeq p n
1 − exp⎜⎜ −
⎪ ε
⎝ n−m ⎠
eq
⎩

On each micro plane at each step of loading, there exists one specific loading
situation that may be in one of the five mentioned basic loading conditions. For
every five moods, a specific damage function according to the authoritative
laboratory test results available in the literature is assigned. Then, for each state of
on plane loading, one of the five introduced damage functions will be computed
with respect to the history of micro-stress and strain components. These five
damage functions are as below parameters a - k in the above relations are computed
according to laboratory results obtained for each specific concrete. In equation (9),
εeq is as average strain and in the other relations is as the magnitude of projected
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deviatoric strain vector on each microplane.

Figure 4. Local stresses around an aggregate particle [16]

7. FAILURE MECHANISM
Figure 4 describes the stress situation around an aggregate particle. The usual
failure sequence, independent of the character of loading, is the exceeding of:
Tensile bond strength; Shear bond strength; Tensile and shear strength of the
cement matrix and Tensile strength of the aggregate particles. The difference in the
area of the failure surface results in differences in compressive and tensile
properties of both mortar and concrete.
8. GEOMETRICAL MODEL
With have a grading curve, therefore we can use simple methods instead of
complex numeral and randomness or x ray methods to find effective diameter and
use it to determine two arrangements with maximum and minimum aggregate
volume as a repeatable basically element .As a result we can use this element to
model the behavior of sample concrete in meso scale and three phases. In the
mesoscale model, to simplify the problem, the shape of the coarse aggregate is
assumed to be circular and the ITZ zone is modeled as a thin boundary layer
around the aggregate. ITZ is a zone in the vicinity of a coarse aggregate, which is
formed between bulk cement paste and the aggregate. Its formation is due to the
water filled pores near the aggregate and the wall effect. According to static
experimental and numerical results, it is well known that ITZ plays a very
important role in a concrete mix and it is considered to be the weak link in a
concrete composite.
For distribution of aggregates a cubic element fill of isometric spheres on two
arrangements could be considered: a): regular lap b): regular compact
For modeling, two composites as shown in Figures (5, 6) are considered under a
loading state of simple uniaxial compression. Due to symmetry, only a quarter of
each composite needs to be analyzed and its finite element idealization is shown in
the same Figureso it has a thin thickness and the usual continuum elements used in
a conventional finite element analysis can not model this reign with real thickness
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satisfactorily, such an element would cause computational difficulties as its
thickness decreases , then t=0.1 cm is employed for its thickness.

Figure 5. Arrangement a-meshing with three phases

Figure 6. Arrangement b-meshing with three phases

9. MODEL PARAMETERS
In this formulation, we consider just three basic material parameters for every
phase's elasticity and Poisson's coefficients and fracture energy that is based on
extensive experimental data from literature for mortar and concrete according to
table No .3 are given. [13, 14]
Table 3. Model parameters for three phases
Material parameter
aggregate
mortar matrix

ITZ

Young’s Modulus(E)-(MPa)

60,000

30,000

10,000

Poisson’s Ratio ( α )-

0.2

0.23

0.2

Tensile damage threshold
Compressive damage threshold

4e-4
4e-3

2e-4
2e-3

1e-4
1e-3

Compressive strength- (MPa)
Tensile strength- (MPa)

80
16

50
3.4

13
2
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10. NUMERICAL EXAMPLE
In this example the proposed micro-plane isotropic damage model is implemented
in the finite element code. To establish the validity of the proposed 3d and three
phases concrete model, correlation studies of analytical results with experimental
evidence from the stress-strain response of concrete specimens under different
loading conditions are presented in the following.
11. UNIAXIAL COMPRESSION (UC) TEST
As can be seen in Figure 7, there is a good agreement between the results that were
fulfilled by the proposed model and experimental evidences. Experimental
observations were experienced by Kupfer and his co-workers in 1969[.] Obviously,
there exists an excellent coincidence between the analytical and laboratory data.

stress/compressive stress

12. CONCLUSION
A new damage formulation has been employed into the micro-plane model. This
damage formulation has been built on the basis of five fundamental force
conditions that can essentially occur on each micro-plane for three phases.
Consequently, any arbitrary change of six strain/stress components and change of
the characteristics of component (aggregate, matrix, ITZ), normal concrete, high
strength concrete led to a combination of five introduced on plane conditions.
Therefore, the proposed model is capable of predicting the concrete behavior with
any change. The five damage evolutions are functions of equivalent strain that
were formulated for any of the five stated conditions. The equivalent strain for the
first two conditions are defined as limitation in volumetric strain and for the others
is the superimposed projections of deviatoric strain tensor on the corresponding
micro-plane. The proposed model has excellent features such as pre failure strain
distribution inside material which led to the final failure mechanism, however the
basis of its formulation is simple, logical and has some physical insights that make
it convenient to perceive.

1.20
1.00
0.80

kuper-1969

0.60

model

0.40
0.20
0.00
0.00

0.01

0.01

0.02

0.02

axial strain

Figure 7. Uniaxial compression test of concrete obtained with proposed micro plane
damage model
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ABSTRACT
The computational simulating and analysis of reinforced concrete structures
nonlinear behavior is subjected to reversed cyclic loading dependent on the
modeling of nonlinear constitutive laws of materials. Nonlinear behavior of
structural concrete includes cracking, crushing, tension stiffening, compression
softening and bond slip where reversed cyclic loadings introduces further
complexities, such as stiffness degradation in concrete and the Bauschinger effect
in reinforcing steel. In this paper the reliability of presented constitutive models for
concrete subjected to reversed cyclic loading that considers transition curve
between compression and tension by using crack closing model is investigated. In
the analysis of reinforced concrete structures, a number of diverse approaches have
been used for material modeling. These include plasticity-based procedures,
fracture mechanics procedures, and various nonlinear elastic models where this
simulation is related to constitutive models based on elasticity approach. For these
aims, by reviewing the results of experimental tests on concrete specimens under
cyclic loading in both compression and tension, and by reviewing suggested
constitutive models by various researchers especially important simple models, the
accordance of these constitutive models with experimental results are investigated.
Keywords: constitutive models, reinforced concrete structures, nonlinear behavior,
reversed cyclic loading, crack closing model
1. INTRODUCTION
Although experimental programs in laboratories for identifying nonlinear behavior
of reinforced concrete (RC) structures give real results but they are limited to the
knowledge of particular cases under restricted structural dimensions, sizes, shapes,
loading and boundary conditions but the computational simulation approach has no
limit to its application. A significant research effort to characterize the monotonic
and cyclic behavior of concrete has been devoted to this task and these research
efforts have increased even more with recent development of computational
methods applicable to RC structures. A large variety of concrete models have been
produced in the last years. These models can be categorized according to three
approaches: models which are based on theory of elasticity, models which are
based on theory of plasticity and models based on fracture mechanics (CEB [1]).
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Also, some combinational models based on plasticity and fracture mechanics
theory have been developed. Although it has been proved that the models derived
from theory of plasticity and fracture mechanics theory can accurately simulate the
observed behavior of concrete, its application in the engineering practice is
reduced. This is motivated by the great amount of parameters that are usually
needed and the difficulty to obtain them through conventional laboratory tests. In
the context of this study, only simplified models which are essentially
mathematical formulations derived from the generalization of test results for
concrete under various loading histories are treated.
Many of these models have been documented in the literature, like Sinha et al. [2],
Karsan and Jirsa [3], Yankelevsky and Reinhardt [4], Mander, Priestley and Park [5],
Chang and Mander [6], Bahn and Hsu [7], Elmorsi et al. [8], Palermo and Vecchio
[9], Mansour and Hsu [10]and Sima et al. [11] among others. Most of them refer
only to the compressive cyclic behavior of concrete and only a few consider the
cyclic tension response. Also, some other researchers have considered tension
behavior of concrete under cyclic and monotonic loading. Several expressions have
been documented in the literature to represent the softening branch, including straight
lines (Baˇzant and Oh [12]), polylinear curves (Hillerborg et al. [13]), exponential
curves (Gopalaratman and Shah [14]) and Sima et al. [11]), polynomial curves (Lin
and Scordelis [15]) and their combinations.
Sinha et al. [2] were the first researchers to describe qualitatively and quantitatively
the stress-strain response of concrete under cyclic loading. The experiment was
under taken on a series of 48 tests that were performed on concrete cylinders with
compressive strength from 20 to 28 MPa and subjected to cyclic axial compressive
loading in order to determine the main factors governing the cyclic response of
concrete. Karsan and Jirsa [3] later demonstrated that unloading and reloading are
not unique and are dependent on the previous load history. They developed an
experimental program consisting of 46 short rectangular columns of plain concrete
under cyclically varying axial loads to investigate further the findings of Sinha et
al. [2]. They concluded that there exists an envelope curve that can be represented
by monotonic response of similar concrete properties. They considered the residual
plastic strain as the principal parameter to determine the unloading curve equation
and proposed an empirical formula to correlate the residual plastic strain with the
point on the envelope from which unloading starts. When reloading starts from
zero stress to meet the envelope curve, it is found that the reloading curve becomes
rather flat in most of its range and maybe represented by a simple straight line
(Sinha et al. [2]) or a second-order parabola (Karsan and Jirsa [3]).
Bahn and Hsu [7] developed a parametric study and an experimental investigation
on the behavior of concrete under random cyclic compressive loading. They
studied a set of parameters in a semiempirical way that controls the overall shape
of cyclic stress-strain curve. This was carried out by combining the theoretical
simulation and a series of experimental results. A power type equation was
proposed for the unloading curve and a linear relationship for the reloading curve.
Palermo and Vecchio [9] proposed a constitutive model for concrete consistent
with a compression field approach. The concrete cyclic model presented by the
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authors considers concrete in both compression and tension. The unloading and
reloading curves are linked to the envelope curves, which are represented by the
monotonic response curves. Unloading is modeled using a Ramberg–Osgood
formulation, considering boundary conditions at the onset of unloading and at a
zero stress. Reloading is modeled as a linear curve with degrading reloading
stiffness. Mansour and Hsu [10] developed an extension of the Softened Membrane
Model (Hsu and Zhu [16]) subjected to reversal cyclic shear stresses. This work
includes a cyclic uniaxial constitutive relationship for concrete that takes into
account a “softening” of the concrete compressive strength caused by a constant
tensile strain in the orthogonal direction. The unloading and reloading curves were
formed by a set of pieced linear curves. Sima et al. [11] developed a constitutive
model for concrete subjected to cyclic loadings in both compression and tension.
Particular emphasis has been paid to the description of the strength and stiffness
degradation produced by the load cycling in tension and compression, the shape of
unloading and reloading curves and the transition between opening and closing of
cracks. Two independent damage parameters in compression and in tension have
been introduced to model the concrete degradation due to increasing loads.
However, some authors (Okamura and Maekawa [17], Hordijk [18]) have provided
an accurate approximation of the complete unloading–reloading cycle in tension.
In this paper, firstly the proposed monotonic stress–strain curves (envelope curves)
in literature for concrete were compared with each other and experimental result
tests in monotonic compression and tension loading. As a result of these
comparisons, the suitable envelope curves were selected for cyclic constitutive
models. Secondly, the developed constitutive models for concrete under cyclic
compression loading in literature were compared with each other and experimental
result tests in cyclic compression and tension loading.
As a result of these
comparisons, the simple and reliable models that have more consistency with
experimental result tests are selected for simulation of RC structures.
2. THE COMPUTATIONAL SIMULATION OF NONLINEAR BEHAVIOR
OF CONCRETE UNDER REVERSED CYCLIC
2.1. Envelope Curve in Compression Loading
The monotonic curve adopted as envelope should verify some desirable
characteristics: the slope at the origin should be equal to the initial modulus of
deformation, it should describe correctly the ascending and the descending post
peak (softening) branch and it should permit us to adjust the post peak behavior to
experimental results.
In this paper, the most important monotonic compression stress–strain curves
relationships of concrete are summarized in Table1.
2.2. Envelope Curve in Tension Loading
In the pre-peak branch, a linear elastic relationship represents well the behavior in
tension and most researchers have used this approach. The post-peak behavior is in
some cases modeled as an abrupt fall to zero stress (perfect-brittle material).
However, this simplification in the post-peak behavior does not agree with the
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experimental results and can produce incoherent results when it is applied in a
computational model. In this paper, the most important monotonic tension stress–
strain curves relationships of concrete are summarized in Table2.
2.3. Unloading and Reloading Curves for Cyclic Compressive Constitutive
Models
When a concrete specimen is monotonically loaded up to a certain strain level and
then unloaded to a zero stress level in a typical cyclic test, the unloading curve is
concave from the unloading point and characterized by high stiffness at the
beginning. The stiffness gradually decreases and becomes very flat at low stress
levels and the residual plastic strains are considerably reduced. When reloading is
performed from zero stress up to the envelope curve, it has been observed that the
curve is rather flat in almost all of its length. The aim of modeling the shape of the
unloading and reloading curves is to capture the damage accumulation and the
energy dissipation of the material due to cyclic loading. Several types of curves
have been used to reproduce the unloading curve also, like the Ramberg–Osgood
equation used by Palermo and Vecchio [9] or Chang and Mander [6], the power
type used by Bahn and Hsu [6] or the multilinear curve. In turn, reloading can be
accurately modeled by a linear curve as is done by most researchers (Palermo and
Vecchio [9], Bahn and Hsu [7], among others). The most important cyclic
compression constitutive models (include: unloading curve, reloading curve, plastic
strain point, common point and etc.) of concrete are summarized in Table3. Based
on cyclic compression constitutive models in Table 3, two constitutive models
consist of Bahn and Hsu [7], Elmorsi et al. [8] are selected, also, Sinha et al. [2]
experimental results are selected to control the accuracy and ability of these cyclic
constitutive models (Figures1 and 2). The drawings of these constitutive models
have been performed by using MATLAB programming software.
2.4. Unloading and Reloading Curves for Cyclic Tensile Constitutive Models
The response of concrete under cyclic tension has been studied in detail by Reinhardt
[20] and Reinhardt et al. [21]. More than 100 tests were performed on plain concrete
under cyclic tension and numerical expressions for the softening branch and the
unloading and reloading curves were derived. It was observed (like in the case of
plain concrete under cyclic compression loadings) that the reloading curve does not
return to the envelope curve at the previous maximum unloading strain and further
straining is needed for taking up the envelope curve again. This phenomenon is less
important than in compression. The energy dissipated in a tension cycle without
incursions in the compression zone can be neglected when it is compared with the
energy dissipated in a complete compression cycle. The most important cyclic
tension constitutive models (include: envelope curve, unloading curve, reloading
curve, plastic strain point, common point etc.) of concrete are summarized in Table
4. Based on cyclic tension constitutive models in Table 4 two constitutive models
consisting of Foster and Marti [22] (used by Petersson [23] envelope curve) and
Sima et al. [11] are selected, additionally, Reinhardt [20] experimental results are
selected to control the accuracy and ability of these cyclic constitutive models
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(Figures 3 and 4). The drawings of these cyclic tension constitutive models have
been performed by using MATLAB programming software.
2.5. Transition Curves
A series of tests attempting to characterize the effect of damage in tensions when
the specimen is loaded in compression were developed by Ramtani et al. [29].
These test results have shown that completely closing the cracks requires a certain
amount of compression. Once the crack is closed, the stiffness of the concrete is
not affected by accumulated damage in tension. The transition curve from tension
to compression, once the damage in tension is produced, closing the cracked zones
is assumed to be linear which is in agreement with the experimental results. The
Elmorsi et al. [8] and Sima et al. [11] (using Legeron et al. [30] transition curve)
transition curves are compared with Reinhardt [20] experimental result test
(Figures 5 and 6). The drawings of these cyclic tension constitutive models have
been performed by using MATLAB programming software.
Table 1: The Monotonic Compression Stress-Strain Curves Relationships of Concrete
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17
Ec n − 1

Mazars and
PijaudierCabot[28]

⎧ σ = εE c
⎪
⎡
⎛ ε −ε ⎞ ⎤
⎜ 0
⎪
⎟⎥
⎢
⎪
⎜ ' ⎟
⎢
ε
⎨σ = ε ( 1 − A ) + Aεe ⎝ c ⎠ ⎥ E
⎢ 0
⎥ c
⎪
⎢
⎥
⎪
⎢
⎥
⎪
⎣
⎦
⎩

Description:
ε 'c : the equivalent strain at peak stress f c' : the peak compressive stress
ε 0 : the strain at the elastic lim it Ec : the initial mod ulus of concrete

ε ≤ ε0 ⎫

f c' − ε 0 Ec
⎪
⎪ A=
ε0
⎛
⎞
⎪
−1
⎜
⎟
⎬
ε > ε0 ⎪
' ε 'c
⎜
−ε 0 ⎟
Ec ε c e
⎜
⎟
⎪
⎜
⎟
⎪
⎝
⎠
⎭
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Table 2: The Monotonic Tension Stress-Strain Curves Relationships for Concrete
Envelope Curve
Envelope Curve
Envelope Curve relationships
Shape
Polylinear curve: Bilinear stress-strain model

Heillerborg et al.
[13]

α 1 = 0;

2 Ec G f

α2 = α3 =

l ch f t2

Polylinear curve: The linear softening law

Petersson [23]

2
9

α 1 = 1 / 3;

α 2 = α 3 + α1 ; α 3 =

18 Ec G f
5 lch f ct2

⎛δ
Ascending Branch : σ = ktδ − (ktδ t − ft )⎜⎜
⎝ δt
A=

Yankelevsky and
Reinhardt [31]

⎞
⎟
⎟
⎠

A

δ ≤ δt

kt δ t
kt δ t − f t

⎧⎪
⎫⎪
δ
Descending Branch : σ = f t ⎨ B − C
+ D S 1 exp[E (1 − S 2 )]⎬ δ ≥ δ t ;
δt
⎪⎩
⎪⎭
⎛δ
F (1 − 3 E ) = C / D; S 1 = ⎜
⎜δ
⎝ t

⎞
⎟
⎟
⎠

F

S 2 = S13 ;

B = 0.09722; C = 0.0028319 ; D = 0.90597 ; E = 0.33247 ; F = −1.2

Izumo, shin,
Maekawa
and Okamura
[32]

⎛ 2ε ct ⎞
⎟⎟
⎝ ε ⎠

σ cb = f t ⎜⎜

⎛

Sima et al. [11]

α ⎜⎜ 1−

σ = E0ε ct e

⎝

ε
ε ct

⎞
⎟
⎟
⎠

0.4

⎛ G f E0

,α =⎜

⎜ l
⎝

*

f ct2

−

1 ⎞⎟
2 ⎟⎠

−1

≥0

Description:
l ch : the characteristic length , G f : the fracture energy , f t : the peak tension stress ε tu : the cracking
Ec : the initial mod ulus of concrete , w : crack width ε ct : the equivalent strain at peak stress

strain

,

3. DISCUSSION ON RESULTS
The concrete cyclic models consider concrete in compression and concrete in
tension. The unloading and reloading rules are linked to backbone curves, which are
represented by the monotonic response curves. The backbone curves are adjusted for
compressive softening and confinement in the compression regime, and for tension
stiffening and tension softening in the tensile region. In Figures 1-2, comparison of
the Sinha et al. [2] experimental test with two cyclic compression constitutive models
consisting of Bahn and Hsu [7] and Elmorsi et al. [8] are shown. As result of this
comparison, Bahn and Hsu [7] constitutive model has a suitable result but plastic
strain points that was used in these models relatively is not suitable, also, Elmorsi et
al. [8] model is a simple model that can be improved by considering suitable
unloading and reloading curves. In Figures 3-4, the comparison of Reinhardt [20]
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experimental test with two cyclic tensions constitutive models consisting of Foster
and Marti [22] and Sima et al. [11] are shown. As a result of this comparison Sima et
al. [11] Foster and Marti [22] and constitutive models have suitable outcome but
these models can improve their ability by using compatible plastic strain points. In
Figures 5-6, the comparison of Reinhardt [20] experimental test with two transition
curves consisting of Elmorsi et al. [8] and Sima et al. [11] are shown. As a result of
this comparison Sima et al. [11] (using Legeron et al. [30] transition curve) model
has shown a suitable result but these models can improve their ability by using
compatible plastic strain points. In addition, Elmorsi et al. [8] has a relative suitable
ability to simulating transition curve.

Model

Table 3: The Cyclic Compression Constitutive Models of Concrete
Plastic Strain, Common and
Unloading and Reloading Curves
Reloading Points
⎛

⎞

2

⎛ε
⎞
⎛ε
⎞⎟
⎜
ε p = ε 'c (1.76 − β )⎜ 0.160⎜ new ⎟ + 0.133⎜ new ⎟ ⎟
⎜ ε' ⎟
⎜ ε' ⎟ ⎟
⎜
⎝ c ⎠
⎝ c ⎠

Karsan and
Jirsa[3]

⎝
where 0.63 ≤ β ≤ 0.76

⎠

⎡ (ε
/ ε' )
⎢1− new c

( ε new / ε 'c ) ⎢⎣
e
0.315 + 0.77 β
where β = 0.76

σ new = fc' β

Elmorsi et
al.[8]

c

ε
E un / Ec = 1 − 0.3( un − 1 ) ≥ 0.25

⎤
⎥
0.135 +0.77 β ⎥
⎦

c /ε >1
for ε un
co

ε co

c /ε ≤1
for ε un
co

E un / Ec = 1

Unloading

Re loading

⎡
⎛ε
⎢
Branch : ε p = ε 'c ⎢0.145⎜ un
⎜ '
⎢
⎝ εc
⎣
⎡
⎛ε
⎢
Branch : ε p = ε 'c ⎢0.093⎜ re
⎜ '
⎢
⎝ εc
⎣

Bahn and
Hsu[7]

Re loading

⎞
⎟ , σ : partial unloading stress
⎟ p
⎠

⎡

Palermo
and
Vecchio[9]

(

where c p = 0.3 , n p = 2
⎛εp
cu = 0.95 , nu = 1 + ⎜⎜
'
⎝ εc

2

⎣

N=

f un + Ec 2 ( ε p − ε un )

E
R = pl

E0

ε
r = un

εp

n

⎛ ε −εp
σ c = σ ppu + cr σ re − σ ppu ⎜
⎜ ε re − ε p
⎝

⎞ r
⎟ ;
⎟
⎠
cr = 1, nr = 1, σ ppu : patial unloading stress
at the correspond ing partial unloading strain

(

)

⎦

⎡
⎤
( E − Ec 2 )Δε N ⎥
f c ( Δε ) = f un + Ec 2 ( Δε ) + ⎢ c3
⎢ N ( ε − ε ) N −1 ⎥
p
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⎣⎢
⎦⎥

δ un : is the compressive damage δ − at unloading

Sima et
al.[11]
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⎞ u⎟
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Figure 1. Comparison between Sinha et al. [2] experimental test with Bahn and Hsu
[7] constitutive model

Figure 2. Comparison between Sinha et al. [2] experimental test with Elmorsi et al. [8]
constitutive model
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Figure 3. Comparison between Reinhardt [20] experimental test with Foster and
Marti [22] constitutive model
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Figure 4. Comparison between Reinhardt [20] experimental test with Sima et al.[11]
constitutive model
Table 4. The Unloading and Reloading Curves of Cyclic tension Constitutive Models
of Concrete
Model
Unloading and Reloading Curves
σ 0 = 0; σ z1 = −3 ft ; σ z 2 = − ft ; σ z 3 = −0.75 ft ; σ z 4 = −0.5 ft ; σ z 5 = −0.125 ft

σ F = −0.5 ft ; S F =

Yankelevsky
and
Reinhardt
[33]

4 S E + 3S2
; σ G = − ft ; SG = 0.8 S F + 0.6 S2
7

D1 D3 − D2 S B

σ D = D1 (S D − D3 ); S D =

D1 − D2

σ c = C 2 (SC − C 3 ); SC =

C1 S B − C 2C1
C1 − C 2

; D1 =

; C1 =

ft
D3 − S 2
0.75 f t
SB − S3

; D2 = −

σ 6 SB
f S + σ C S2
; D3 = t C
S 2σ 6
ft + σ C

SB +

ft

σA

;C2 =

S A − C3

(

3 ft S A − σ A S2

;C3 =

3 ft + σ A

)

f S + σ AS2
8S
5S
σ B = 0; S B = t A
σ E = −0.125 ft ; S E = B − A
σ A + ft
3
6
c

Okumura
and
Maekawa
[17]

⎛ε ⎞
Loading : σ cb = ft ⎜⎜ tu ⎟⎟ ≤ R f ft
⎝ ε ⎠

⎞⎛ ε − ε p
σ 0cb
− slop ⎟⎜
⎟⎜ ε 0 − ε p
Eb0 ε − ε p
⎝
⎠⎝

(

(

)

)

− σ b0
σ
Eb0 = t max
Unloading Branch : σ cb = Eb0 ε − ε p α + σ b0 ≤ R f ft
Δε t max

⎞
⎟
⎟
⎠

PN

ε < ε t max

Re loading Branch :
⎛
−ε ⎞
ε
⎟ + σ b0 ≤ R f f t
σ cb = ⎜⎜ σ t max − ((σ t max − σ b0 ) − σ 0 cb ) t max
−ε ⎟
ε
⎝

Foster and
Marti[22]

⎛

ε ≥ ε max α = slop + ⎜
⎜

t max

0 ⎠

ε < ε t max

A straight line is used for the unloading branch in tension. The same curve is considered
for the reloading branch when there is no incursion in compression during a cycle.
The plastic strain point in unloading or reloading is located at half length of unloading
strain point.
Δε = ε 1c − ε ε cp = 146 ε 12c + 0.523 ε 1c
⎡ ( E − E )Δε N ⎤
c6
⎥
fc ( Δε ) = f1c − Ec5 ( Δε ) + ⎢ c 5
p N −1 ⎥
⎢
⎣ N ( ε 1c − ε c )
⎦

Palermo and
Vecchio[9]
N=

Sima et
al.[11]

( Ec5 − Ec6 )( ε 1c − ε cp ) Ec6 = 0.071Ec (0.001 / ε 1c ) ε 1c ≤ 0.001
Ec6 = 0.0053 Ec (0.001 / ε 1c ) ε 1c > 0.001
Ec 5 ( ε 1c − ε cp ) − f1c

A straight line is used for the unloading branch in tension. The same curve is considered
for the reloading branch when there is no incursion in compression during a cycle.
Based on experimental data from Reinhardt [13], the
following criterion is proposed to account for the stiffness deterioration:
Enew ⎛⎜ ε
=⎜
E0
⎝ ε ct

⎞
⎟
⎟
⎠

−1.05
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Figure 6. Comparison between Reinhardt [20] experimental tests with Sima et al. [11]
constitutive model
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Figure 5. Comparison between Reinhardt [20] experimental tests with Elmorsi et al.
[8] constitutive model

4. COUNCLUSION
From the comparison of monotonic compression and tension stress–strain curves of
concrete, cyclic compressive and tensile constitutive models of concrete and
transition curves, the following conclusions were drawn.
1. Experimental results have shown that the monotonic compression and tension
curves of concrete present a linear response until approximately a half of the
compressive and tensile strengths. Due to that, a first linear relation is
considered until the elastic limit is reached. A nonlinear type equation is
considered for the envelope stress-strain curve of concrete beyond the elastic
limit. As result of above comparisons, Collins and Mitchell [28] envelope curve
in compression and Sima et al. [11] envelope curve in tension have good
agreement with experimental data.
2. Unloading response is assumed nonlinear, in the case of full loading, terminates
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at the plastic offset strain. Models for the compressive and tensile plastic offset
strains have been formulated as a function of the maximum unloading strain in
the history of loading. Reloading is modeled as linear with a degrading
reloading stiffness. The reloading response does not return to the backbone
curve at the previous unloading strain, and further straining is required to
intersect the backbone curve. The degrading reloading stiffness is a function of
the strain recovered during unloading and is bounded by the maximum
unloading strain and the plastic offset strain. Based on the comparisons, Bahn
and Hsu [7] cyclic compression constitutive model and Sima et al. [11] and
Foster and Marti [22] cyclic tension constitutive models have shown suitable
ability to simulation of nonlinear behavior of concrete.
3. Legeron et al. [30] transition curve has shown suitable ability with the usage of
Sima et al. [11] envelope curve and unloading curve.
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ABSTRACT
Civil engineering structures as well as office or apartment building are affected by
earthquakes. A common cause of failure seems to be shear stress. The earthquake
forces developed at different floor levels in a building need to be brought down
along the height to the ground by the shortest path. Short column phenomenan is
one of the effective causes of buildings failure in past earthquakes. This destructive
phenomenon is due to column heighf difference in a story level that is
predominantly because of localing building on sloppy ground. These buildings
have unequal height columns along the slope, which causes ill effects like twisting
and damage in shorter columns. In some buildings, few or no walls are provided at
the first story (pilot). In the structures with difference in story level, major
problems is due to discontinuity of floor diaphragm that causes significant changes
in period, stiffness distribution of earthquake force and seismic loading of
structures . In this research, at first, seismic behavior of short column phenomenon
is determined, then, nonlinear behavior of reinforced concrete short columns in 4, 8
and 10 story structures with story level difference is investigated. Short columns
and mentioned structures are analysed under the earthquake record of Elcentro with
different peak ground acceleration with IDARC software which is nonlinear
dynamic analysis program. In this investigation, the results of maximum response,
base shear, global damage index and displacement time history and effect of short
column in structural failure is evaluated.
Keywords: building with different floor, reinforced concrete, short column,
damage index, nonlinear dynamic analysis
1. INTRODUCTION
In dublex structures, story floors with level difference relative to each other are
made in two or more different height levels. The effective length of column in
interface of these structures are divided in smaller sizes, that each of them act as a
short column. In structures, the important difficultes are of lake connection
diaphragm. Diaphragms play important role in transfering the lateral forces
between resistant parts against earthquake as each disorder or separationin
diaphragm floor cause stress concentration in their junction with vertical
parts.Their most important role are transferring of intertial force of earthquake to
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columns that regarding to stiffness difference of columns, more parts of these
forces reach to short columns of floor that in the case of lack of suitable designing,
severly damage, when earthquake occurs.(Figure 2).The important point in this
structure is the height difference between two parts of dublex structure, that causes
out standing changes in period and stiffness and distribution of earthquake force
and loading of seismic of structure According to studies and researches ,it has been
recognized that shearing force in column (short columns) that connects two dublex
structures increase 1.5 to 2.5 relative to shear force in two same column in ordinary
structures [1].

Figure 1. Short columns mentioned
dublex reinforced concrete [16]

Figure 2. Compare short column and
height column [16]

With respect to this subject, many researchers investigated in this field, we can
refer to Moretti and Tassios [2,3] that test 8 specimens of RC short columns under
fixed axial load and cyclic static displacement they measured steel and concrete
strain results of seismic designing with low sheer ratio and seismic behavior of
short column. They have measured and surveyed and suggested one truss model for
stimulating of short columns of failure mechanism and with distribution of forces
in columns. Also experiment studies on nonlinear behavior of different specimens
of short column with decreasing or increasing of stirrup of a when reinforced with
CFRP and GFRP panles (Carbon alyaf), under the effects of latorp cyclic
displacement and wind force fixed. According to loading changes, and ductility by
researchers such as Colomb etal [4] Promis al [5], Galal al [6], Ghobarah and Galal
[7], Ye al [8] and Galal and Ghobarah [9] has been done. Bakhshi and Tabeshpor
[10] analyse nonlinear dynamic, the effect of middle plate and phenomenon of
short column with the help of IDARC. Soft ware and with tabes earthquake with
maximum acceleration of 0.35g. Abbasnia and barghi [11] surveying many kind of
destruction of columns effect cyclic period parameters that physically have effects
on kind of destruction have recognized and using experimental information and
loading results on some specimen, introduced new models for predicting of
column. Kheyroddin and Mirnezami [1] by analyzing three 5, 10 and 15 story
metal building seismic parameters such as period changes. Displacement and also
formation of short column and factor of destruct have surveyed and suggested.
Method for static loading equivalent dublex buildings. Surveying nonlinear
behavior of more than 30 model of steel dublex structure in 6 different detail and
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comparing them in different condition including change, Kheyroddin and
Mirnezami [12] suggested dublex floor level difference, effects if bending connects
strengh thening of web and flange hardening bond foil. The most confining and
stiffness plate suitable method and detail of frames with floor level which have
phenomenon of short column
2. RESEARCH SIGNIFICANCE AND METHOD
In this research, seismic behavior of short column in 3 dublex structures have been
surveyed that have height level difference 1.6 meter. Plan of all 3 investigated
supposed to be equal and have variable height and include 4,8 and 10 story
structures. Dimension of structures plan are 19.8 ×14.8 which have five 4.95 meter
bay in X direction and four 3.1 meter bay and one 2.4 meter bay in Y direction.
Because this plan is practical, dimensions and bay are real and structures have
been recognized symmetric .Lateral load resisting system in all structures
according to Iranian Code of Practice for Seismic Resistant Design of Buildings
[13] in respect of ductility have been used medium concrete flexural frame and for
gravitational loading subject of national regulation. Since dublex structures is
measured (counted) on irregular height, seismic loading has been done of
equivalent static and spectra dynamic. Column and beam dimensions in 4 stories
structures in 1 st 2nd and 2 last floors are 45*45,40*40 and 35*35 cm respectively
and beams dimensions 30*40 cm in both 2 floors have been brigade. In 8 story
structures, columns at two 1 st floor 40*40cm and 2 last floor 35*35 cm and for
beams 45*50, 45*45, 35*40 and 30*35cm brigade respectively. In 10 storey
structures, like 8 storey structures expect in 2 first floor, Column dimension is
55*55 and beams dimension is 50*55.

Figure 3. Plan of structures [16]

Damages on structural elements occurs. One progressive process. That causes its
failure. This trend include damage stage in small scales, arising gathering damage
in medium scales includes increasing of crack and their expending and damage at
large scale that structure collapse. To survey actual behavior of structure when
earthquake accrue, it is necessary that structure analyse under one nonlinear,
analyse. For this IDARC v6.0 [14] nonlinear program has been used that been used
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for nonlinear analyses of reinforced concrete structures and has the capability to
make histertis cycle frame geometrician characteristicsintersectiong reinforced
concrete and its damage index is park-ang-wen. One of capabilities IDARC
nonlinear software is modeling and indicating the structure behavior at one time
step during earthquake to structures. In this research at first damage rate in short
column on external frame of 4,8 and 10 storys structures under 0.3g,0.5g and 0.7g
PGAs are surveyed and compared then choosing three elements of external frame
of structures which include the last short column .medium and first column the
following results are surveyd and compared:
- Time history of displacement answer of last short column, medium and first
column.
- Time history of shear force in medium and first short column.
- Damage index at the top, down of medium and first short column.

Figure 4. location short columns end, between, first in out frame of structure [16]

Because Elsentor1940 earthquake known as international earthquake by
researchers and has been many in designing and rehabilitation of structures all over
the world and approximately has complete. Frequency content, intensity time and
frequency contain.In this research it has been used for dynamic analysis. Elsentro
earthquake in 1940 with maximum speed 0.319g and duration of its story shaking
is 30 seconds and have relative long and irregular vibration that one features of
earthquake with medium depth and rock bed [15].
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Figure 5. Record of Elsentro Earthquake [16]

2.1. Results of short column behavior under Elsentro Earthquake
Surveying of damage rate of short column in structures stories survey and
comparison of from diagram indicates that in all structures increase of PGA the
average damage rate in short column indifferent storey increase, Except in 8 floor
structure in 0.3g damage in last short column has the most amount, this is because
of frequency content in of Elsentro earthquake. Seismic Degree Damage of short
column in floor building in all structures increase of structures height especially in
upper storys damage index of short column has been increased. In 8 and 10 story
structures, failure in short column by 4 and 6 storys are 0 and without failure
(Figures 6 and 7).
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Figure 6. Damage index of short columns in storys of 4 story structure
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Figure 7. Damage index of short columns in storys of 8 story structure
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Figure 8. Damage index of short columns in storys of 10 story structure

2.2. Surveying Increasing of Figures Percent of Short Column in Different PGA
Since increasing PGA failure in short column has increased, comparing diagrams
of Figures 9 indicates that average failure of short column in 0.7g, 0.5g relative to
0.3g in 1 storey structures has the most and in 8 storey structures has the lowest
failure in short column.
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Figure 9. Damage percent average increase of short columns in 0.7g and 0.5g to
compare 0.3g in structures

2.3. Investigation of Short Column Influence in Structural Failure
Investigation of short column share in structures failure comparing diagrams of
Figures 10 deducts that short column of short column of 4 storey in 0.3 g and 0.7
have more influence in total structures for example in 0.3g in 4,8 and 10 structures
21, 19 and 12 percent if total structures failure related to short column failure in
other word in 0.3g and 0.7g increasing the structures height short column from
total structures failure will be decreased and in 0.5g short of short column failure in
10 story structures is more.
Figure 10. Short columns influence in structural failure

2.4. Investigation History of Last Medium and First Short Column
Displacement in 4 Story Structure
By surveying compression of following answer history conclude that for average
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d rift

displacement history of last short column in 4, 8 and 10 story structures is more
than first short column in all structures by increasing PGA. Time history of short
column displacement increase except in 3 cases that its 8 and 10 story structures is
approximately 25 to 30 percent and also in 4 story structures the first short column
in 0.3g and 0.5g has the more displacement history then 0.7g.
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Figure 11. Displacement answer history of first short column at 4 story structure
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Figure 12. Displacement answer history of first short column at 4 story structure

6.00E+01
5.00E+01
4.00E+01
3.00E+01
2.00E+01
1.00E+01
0.00E+00
-1.00E+01 0
-2.00E+01
-3.00E+01
-4.00E+01

0.3g
0.5g
0.7g
5

10

15

20

25

30

time(sec)

Figure 13. Displacement answer history of first short column at 4 story structure
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Paying attention to following Figures it can be concluded that displacement time
history of first and medium short column in 4 story structures and last short column
in 10 story. Structures is high relative to other structures. For example
displacement history of last short column in 10 story structures increasing is 26 and
56 percent more than 4 and 8 story structures.
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Figure 14. Displacement answer history increase of first short column at 4 story
structure relation 8 and10 story structures
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Figure 15. Displacement answer history increase of mid short column at 4 story
structure relation 8 and10 story structures
12

structure

10

8

6

4

2
0

10

20

30

40

50

60

cent

Figure 16. Displacement answer history increase of last short column at 10 story
structure relation 4 and 8 story structures
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2.5. Investigation of Shear Force History of Last, Medium and First Short
Column in 4 Story Structure
Structures by Surveying and comparing of diagrams related to history of shearing
it can be concluded that the average of shear force history in first short column
in4 story structures and medium short column in 8 story structures and last short
column in 10 story structures has the most mount than other column also by this
conclusion we can find the exceptional cases in 4story column and last short
column in 8 story structures and last short column in 10 story structure in .5 g
relative to 0.7g.
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Figure 17. Shear force answer history of first short column at 4 story structure

Figure 18. shear force answer history of mid short column at 4 story structure
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Figure 19. Shear force answer history of last short column at 4 story structure
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Pay attention following Figures it can be concluded that shear force time history in
first short column in 4 story structures and medium short column in 8 story column
and last short column in 10 story structures has the most among than other
structure. For example in 1 story structures ,the average shear force response in
last short column is about 52 and 80 percent more than 4 and 8 story structure. The
important point is that in last and medium short column in 0.5 g is more than 0.7 g
that this amount is about 35 to 50 percent.
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Figure 20. Shear force answer history increase of first short column at 4 story
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Figure 21. Shear force answer history increase of mid short column at 8 story
structure relation 4and10 story structures
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Figure 22. Shear force answer history increase of last short column at 10 story
structure relation 4 and 8 story structures
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2.6. Damage Index in Upand Down of Last, Medium and First Story
Structures Of Structures
comparing Damage index of following Figures concluded that the most damages in
8 and 10 story structures is related to last story structures, especially in its part
Because the existence of force flagelliform And lack of suitable distribution of
earthquake force in height.In medium short column by increasing of height and
story of structures Damage at up and down of column has decreased. as in 0.3 g
and 0.5g medium short column has the least Damage and even without Damage
and failure rate in its up and down .In approximately equal.In first short column up
and down part of 4 story structures in all PGA. Failure has been made but in 8 and
10 story tructures failure in up and down part, failure is seem only at up for PGA as
in 8 and 10 story structures in 0.3g and 0.5 of first short column in up and down
part is lacke failure the first short column in 8 and 10 story structures in down part.
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Figure 23. Damage index at up and down of 4 story structure short column
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Figure 24. Damage index at up and down of 8 story structure short column
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3. CONCLUSION
1. Damagerat in short column in different story increase by height and PGA
increase except in8 story structures that 0.3g of last short column tolerat the
damage 0.5 and 0.7 g.
2. Short column4 story structures in 0.3 g and 0.7g and short columns of 10 story
structures in 0.5 has the most share in total structures failure.
3. The average history of first and medium short column displacement response in
4 story structures and last short column in 10 story structures has the most amount
that other structures.
4. The average history of first short column shearing 4 story structures and
medium short column in 8 story structures and last short columnin 10 story
structureshas the most amount relative other structures in 8 and 10 story structures
The shearing force of last and medium short column in0.5 g in more than 0.7g .
5. The part of last short column and down part of first short column in 8 and 10
story structures has more damage and expriment damage at up and down of
medium short column in all structures has the least amount and is experimentally
equal and is less than 1 st and last column totally under Elsentro earthquake to
upper part of short column in 4 story structure more damage is inserted.
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ABSTRACT
Introducing a new constitutive model a smeared rotating crack model was
developed having the capability of predicting the entire load-deformation response
of reinforced concrete elements. The important features of the model are
considering the effect of reinforcement ratio on average stress-strain relationships
of cracked concrete and considering the gradual reduction of average stiffness of
steel bars embedded in concrete. The model applied to predict the response of
available test panels and showed a good correlation. Using the simplified version
of the model a new expression for shear capacity of reinforced concrete beams
without stirrups was derived. The proposed relation captures the dependence of
shear strength on size, shear span-to-depth ratio, longitudinal reinforcement ratio,
maximum aggregate size, and concrete strength. The model agrees well with
fracture mechanics concepts. The proposed relation was calibrated by least-square
fitting of the existing experimental beam test database and showed a good
agreement.
Keywords: reinforced concrete, shear strength, membrane elements, beams, size
effect
1. INTRODUCTION
Shear behavior of reinforced concrete has been of interest to many researchers for
several decades. Although several theories and design procedures for structural
concrete subjected to shear have been proposed [1,2], ACI Code [3] has not
modified its old formulas, yet. Of the many different theories and expressions
about shear strength of RC beams that have been developed up to now, only a few
consider the size effect. Among them the procedures based on modified
compression field theory, MCFT, have gained some acceptance. This theory is the
product of much experimental and analytical research conducted at the University
of Toronto toward formulating the response of reinforced concrete elements
subjected to the in-plane forces [4]. Since the development of MCFT several
approaches based on it with different degrees of complexity has evolved. The
simplest approach is the general shear design method [5] adopted in the AASHTO
[6] and Canadian Code [7], and the most complicated are ones using MCFT in a
finite element approach [8].
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In the first part of this study, the MCFT is revised in a fundamental level. The
literature shows that for panels containing less than 0.1% reinforcement in one
direction or panels that were uniaxially reinforced the accuracy of MCFT
deteriorates. This deficiency of MCFT arises from its simple constitutive models.
Presented in this paper is a set of stress-strain relations for normal strength concrete
and mild steel bars embedded in concrete having two salient features: 1)
considering the effect of reinforcement ratio on average stress-strain relationships
of cracked concrete; and 2) considering the gradual reduction of average stiffness
of steel bars embedded in concrete. Incorporating equilibrium, compatibility, and
the constitutive laws into a nonlinear analysis procedure, a new smeared rotating
crack model was developed having the capability of predicting the entire loaddeformation response of reinforced concrete elements. Corroboration study using
experimental data from test panels showed that the model has a good accuracy in
predicting the behavior of reinforced concrete panels throughout the loading
history.
In the second part of the study, using simplified concepts of MCFT and the
proposed model a new relation for predicting the shear behavior of reinforced
concrete beams was obtained. MCFT based equations for shear take a simple
account of crack opening and aggregate interlock across the dominant shear crack,
which results in size effect on shear capacity of concrete members. According to
simplified expressions derived from MCFT, shear strength for very large sizes is
inversely proportional to the beam size [9,10]. However, the limit solution of shear
failure load for very large sizes, obtained based on fracture mechanics, reports an
exponent of –1/2 for beam size [11-13]. In this study, considering more refined
assumptions about the opening of the dominant shear crack of the beam, new
expressions for shear strength of RC beams were developed that display size effect
in accordance with fracture mechanics for large sizes, asymptotically. The derived
equations were compared to the other equations and were applied to existing
database of ACI-445F [14] and resulted in a relatively low coefficient of variation.
2. NONLINEAR ANALYSIS OF MEMBRANE ELEMENTS
2.1. Average Stress-Strain Relationship of Steel
The basic information needed for analyzing of a reinforced concrete membrane
element is stress-strain relations describing the average characteristics of materials
subjected to loading. As the approach of this paper is based on smeared crack
concept and average stresses and strains are used, the bond slipping along the bars
and shear sliding along cracks are implicitly included and we only need average
constitutive laws for steel and concrete.
Steel reinforcement is generally assumed transmit axial force only and hence a
uniaxial stress-strain relation is adopted. MCFT uses the usual bilinear uniaxial
stress-strain relationship shown in Figure 1(a) for modeling the average behavior of
steel bars embedded in concrete [4,15,16]. However, because of disturbed stress
field in the cracked reinforced concrete the behavior of an embedded steel bar in
concrete is different from that of a bare bar. After the occurrence of the first
yielding of reinforcement at a crack location, the average stress-strain curve of
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steel bars embedded in concrete shows a gradual reduction in stiffness and it
continues until its complete yielding. Therefore, in the present study, a trilinear
piecewise stress-strain relationship is adopted [Figure 1(b)]. The initial part of the
proposed curve is a straight line with a slope of E s , the modulus of elasticity of
steel, up to 0.8 f yield . Then it changes to a slope of E s / 20 and reaches the peak at

f yield where remains constant until failure. The details of this curve have been
obtained based on an extensive data fitting on the test panel results introduced later
in this paper. To maintain the simplicity of the model it is assumed that the average
stress-strain relation of steel is independent of concrete specifications. The model
allows for elastic unloading [Figure 1(b)].

Figure 1. Constitutive relation for reinforcement: (a) bare steel bar; (b) proposed
relation for steel bar embedded in concrete.

2.2. Average Compressive Stress-Strain Relationship of Concret
It is often recognized that cracked concrete in compression subjected to transverse
tensile strains has lower strength and stiffness than uniaxially compressed concrete.
This phenomenon called compression softening is usually quantified by
incorporating a softening coefficient into a basic stress-strain curve [4,15,17]. Our
suggested basic compressive stress-strain curve consists of Hognestad curve [18]
for ascending portion and another second-degree parabola for descending portion.
This part is specified by εf which is the strain when the stress has fallen to zero
(Figure 2). This strain derived based on Kent and Park [19] research is:

Figure 2. The proposed stress-strain relation-ship for cracked concrete in compression
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εf =

( f c′ + 7 )ε c′ − 0.042

(1)

f c′ − 7

where f c′ is the concrete uniaxial compressive strength in MPa and ε c′ is the strain
in concrete cylinder at the peak stress f c′ ( ε c′ is a negative quantity). The suggested
curve for falling branch reflects the phenomenon that a low strength concrete has a
low-slope descending portion. It must be noted that the proposed model is
calibrated for reinforced concrete specimens 890 mm square × 70 mm thick. To
use this model in a FEM program with different mesh sizes, appropriate size effect
factors must be incorporated into the constitutive laws.
Studying the available panel test results, a definite effect of reinforcement ratio on
average stress-strain relationship of cracked concrete in compression was
recognized. To capture this phenomenon two modification factors of α and μ are
introduced as follow for adjusting the values of f c′ and ε c′ , respectively:

f c′′ = αf c′ , α = 1 + 0.03(100 ρ x )2 (100 ρ y )2

(2)

ε c′′ = με c′ , μ = 1 + 0.04(100ρ x )2 (100ρ y )2

(3)

where ρ x and ρ y are the reinforcement ratios of the orthogonally reinforced
concrete panel in x and y directions, respectively. For describing the softening
effect, the basic compression curve, defined above, is modified in term of the peak
stress attainable. By adopting the modification factor introduced by Vecchio and
Collins [4]:

β=

1
≤1
0.8 − 0.34ε c1 / ε c′

(4)

the suggested compression curve will be obtained as (Figure 2):

fc2

where f c 2 and ε c 2

⎡⎛ ε − ε ′′ ⎞ 2 ⎤ ε c 2
c
≤1
⎟⎟ − 1⎥
= β f c′′ ⎢⎜⎜ c 2
⎢⎣⎝ ε c′′ ⎠
⎥⎦ ε c′′

(5a)

⎡⎛ ε − ε ′′ ⎞ 2 ⎤ ε c 2
c ⎟
>1
(5b)
− 1⎥
f c 2 = βf c′′ ⎢⎜ c 2
⎢⎜⎝ ε f − ε c′′ ⎟⎠
⎥ ε c′′
⎣
⎦
are the average principal compressive stress and strain in the

cracked concrete, respectively and ε c1 is the co-existing principal tensile strain.
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2.3. Average Tensile Stress-Strain Relationship of Concrete
The stiffening effect of post-cracking tensile stresses in the concrete between
cracks has been recognized for quite some time. Neglecting this contribution of
concrete called tension stiffening can cause a significant overestimation of postcracking deformation in reinforced concrete structures [20]. The gradual reduction
in stiffness due to progressive cracking is referred to as strain softening. These
phenomena have been quantified by some constitutive laws obtained from
reinforced concrete panel tests [4,16,21-23].
The tensile tests on reinforced concrete panels have revealed that there are three
rather distinct areas in the average tensile stress-strain response of cracked concrete
[24]: a) a linearly ascending portion before cracking; b) a fluctuating portion,
called crack formation phase, where must cracks form; and c) a descending portion
with a stable crack pattern, regarding this behavior, the conceptual model proposed
for average tensile stress-strain relationship of cracked concrete is shown in Figure
3. According to this Figure, the proposed model can be expressed as:

f c1 =

f c1 = Ec ε c1 ε c1 < ε cr

(6a)

f c1 = f cr ε cr < ε c1 < ε cr′

(6b)

f cr
1 + kε c1 − kε cr′

ε cr′ < ε c1

(6c)

Figure 3. The proposed stress-strain relationship for cracked concrete in tension.

The parameters of the model are described as follows. f c1 is the average principal
tensile stress in the cracked concrete. E c is the elastic modulus of the concrete in
tension which can be taken as 2 f c′ / ε ′c . f cr is the first cracking strength of
concrete in a reinforced panel. Examining the available panel test results showed
that in addition to f c′ the reinforcement ratio has also an influence on f cr and the
following relation in MPa units was obtained:
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f cr = 0.3α ′ f c′ + 8

(7)

where α ′ was interestingly obtained equal to α defined in Eq. (2). The ε cr in Eq.
(6) is the average tensile strain at which the concrete begins cracking and ε cr′ is the
corresponding value at the end of crack formation phase. A survey of
aforementioned database revealed that ε cr′ has a direct relationship with the
reinforcement ratio of the concrete panel. Examining different formulas and best
fitting of the database with them the following relation was obtained:

ε cr′ = ηε cr , η = 1+ 6(100 ρ x )(100 ρ y )

(8)

To account for the dependence of post-cracking tensile response of concrete on the
reinforcement ratio, as already described, some alternative relations were examined
and finally the best relation with the use of data fitting was obtained as:

k = 300 + 250(100 ρ x )(100 ρ y )

(9)

2.4. Validation of the Proposed Model
The problem at hand is to determine the load-deformation response of an
orthogonally reinforced concrete membrane element subjected to monotonically
increasing in-plane stresses shown in Figure 4. The proposed constitutive laws
along with the equilibrium and compatibility equations form a system of nonlinear
equations needing a numerical method to solve.

Figure 4. Reinforced concrete membrane element.

As an example of the theoretical model’s application to the analysis of reinforced
concrete elements, an analysis was made of Panel PV20 tested at university of
Toronto by Vecchio and Collins [4]. This specimen was tested in pure shear. For
this panel the compressice strength of the concrete was 19.6 MPa . The predicted
response for this element based on MCFT [4] and DSFM [16] and the experimental
curve is summarized in Figure 5. Note that for this panel the proposed model
provides excellent correlations with experimental results.
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Figure 5. Comparison of experimental and predicted responses for Panel PV20.

3. A SIMPLIFIED MODEL FOR SHEAR CAPACITY PREDICTION OF BEAMS
3.1. Size Effect in Shear According to Simplified Mcft
Simplified-MCFT explanation for size effect in shear is that the shear strength of
beams not containing stirrups is a function of the shear crack width. Crack widths,
in turn, increase nearly both with the tensile strain in the reinforcement and with
the spacing between the cracks [10]. Larger members have more widely spaced
cracks and therefore are expected to fail at lower shear stress. To maintain beam
action up to the failure, nearly all of the shear force Vc must be transmitted by the
shear stress across the main diagonal cracks. For most of the concretes, cracking
will occur along the interface between the aggregates and the cement paste. The
resulted rough cracks are capable to transfer shear by aggregate interlock.
Decreasing the aggregate size reduces this capacity. In the development of the
MCFT, Vecchio and Collins [4] suggested that for cracks transmitting only shear
stress, the limiting stress would be:

v ci =

0.18 f c′

(10)

0.31 + 24 w /( d a + 16)

where w is the crack width (crack opening displacement) in mm and d a is the
maximum aggregate size in mm. Using the parameters identified by the MCFT,
Collins and Kuchma [9] proposed the following relation for the shear capacity of
members without shear reinforcement:
vc =

Vc
245
=
bd 1275 + 35(0.9d ) / (d a + 16)

f c′

(11)

with f c′ not to be taken greater than 70 MPa . This equation represents a strong
stress singularity with power of –1 around the crack tip that yields a size effect on
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shear strength with power of − 1 for very large sizes. This very strong stress
singularity and size effect is objectionable based on fracture mechanics. Exponent
–1/2 is the strongest size effect possible [12].
3.2. A Simplified Model for Size Effect in Shear
The failed part of a beam, subjected to two concentrated loads, with shear span a ,
containing the dominant shear crack, is shown in Figure 6. The function that
defines crack opening along its length is a complex function. This complexity is the
result of many factors such as the effect of the shear stresses transmitted across the
crack, the presence of longitudinal bars crossing the crack, and the size effect on
the crack shape. The current procedures based on MCFT, approximate the crack
opening profile by a constant value that is the average crack opening [5,9,10]. In
the present study, we use a linear function for the crack opening that satisfies the
essential boundaries of the crack; zero opening at the crack tip and maximum
opening at the bottom. Thus, we introduce the following relation:
y
(12)
w( y ) = wmax
d

Figure 6. Left part of a beam containing the dominant shear crack

where y is the distance from the crack tip and wmax is the crack opening at the
level of tensile bars. On the other hand, wmax can be considered as a function of the
beam geometry and material properties calculated from the following relation [13]:
wmax = k

( a / d )v c
d
ρE s

(13)

where k is a constant factor and E s is the modulus of elasticity of longitudinal
reinforcement. Combining Eqs. (10), (12), and (13), we obtain a relation for the
shear transfer capacity of crack surface as a function of y:
0.18 f c′
(14)
v ci ( y ) =
0.24kvc
0.31 +
y
d s f c′
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Where
ds =

ρE s (d a + 16)

(15)

100(a / d ) f c′

As seen from Eq. (15), d s is a function of the beam geometry and the materials
properties. On the other hand, Eq. (14) shows that d s has the dimension of length.
Thus, we name d s the depth scale.
To calculate the shear capacity of the beam, we consider it at the moment prior to
unstable crack growth. From shear-compression interaction behavior of the
concrete we know that increasing the compression stress above a certain value
causes decreasing in the shear capacity of the concrete. Thus, the compression zone
above the crack tip, which is subjected to high compression stresses, has a small
shear capacity. Therefore, we ignore the shear contribution of this area and only
rely on aggregate interlock capacity across the crack [13]. For calculating shear
capacity of the beam, Vc , it is sufficient to integrate the vertical component of vci
over the whole crack length:
vc =

Vc 1
=
∫ vci ( y) sin αdl
bd d crack

(16)

k’d

Figure 7. Free-body-diagram of the left part of the beam at shear failure.

where α is the crack inclination angle at the position y (Figure 7) and dl is
crack length element. Using geometrical relation and substituting Eq. (14) into Eq.
(16), the integral is calculated easily and we obtain:
vc 4v0 d 0 ⎛
vd
=
ln⎜⎜1 + c
4
v0
vc d
v0 d 0
⎝

⎞
⎟⎟
⎠

(17)

where k ' is a constant factor (Figure 7) and

d 0 = Ad s , v0 = B f c′

(18)
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Two constants A and B are related to k and k ' by A = 0.556 / kk ' 2 and B = 0.581k '
and determined empirically from data fitting. Checking limit states of Eq. (17)
shows that it yields a size independent relation for shear capacity of very small
beams, in accordance with plastic solution, and for very large sizes the shear
strength converges to linear elastic fracture mechanics solution, i.e. a size effect
with power of –1/2. Hence, the asymptotic behavior of Eq. (17) is in agreement
with theoretical expectations.
Employing Eq. (17) for design is complicated, as it needs iteration or a computer.
Thus, it is appropriate to simplify this equation. The limits of Eq. (17) for the both
very small and very large sizes, obtained from l’Hopital rule [15], yield the same
results. As an approximation, we can use the asymptotic function to estimate
v c / v 0 for the full size range. It is interesting that we can do similar simplification
twice [13] and we obtain:

vc = β

f c′ , β =

B
1 + d / Ad s

(19)

This relation has the same general form of the relation obtained from fracture
mechanics and verified by various test results [11, 26]. Best fitting of the ACI445F database contained 398 data [14] by this equation, yields A = 1.33 and
B = 0.50 and the coefficient of variation is cov = 19.2 %.
To provide additional safety margin, the curve of a design formula must be passed
near the lower border of a scatter band. This is usually obtained as a 5% cut-off
according to the least-square method. Thus the value of B is reduced to 0.35 [13].
Figure 8 represents the mean and lowered fitting of ACI-445F database by the
proposed equation, and compare it with ACI’s simple formula [3], shown with
dashed line. As seen in this Figure the ACI formula may continue to be used safely
within a certain range, and beyond that it is unsafe.
1.00
1

ACI: vc =

1
fc′
6

0.10

Proposed Mean

0.01
0.1
0

1

10

100

1000

Proposed design

log(d / d0
Figure 8. Comparison to ACI-445F database of proposed equation and ACI [3] simple
shear formula
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4. CONCLUSIONS
An orthotropic concrete constitutive model was developed that takes into account
the interaction of reinforcement ratio on concrete behavior. Compression softening
and tension stiffening were also considered in the model. Incorporating
equilibrium, compatibility, and the constitutive laws into a nonlinear analysis
procedure, a new smeared rotating crack model was developed having the
capability of predicting the entire load-deformation response of reinforced concrete
elements. Corroboration study using experimental data from test panels showed
that the model has a good accuracy in predicting the behavior of reinforced
concrete panels throughout the loading history. Using the simplified version of the
model and incorporating MCFT concept a new expression for shear capacity of
reinforced concrete beams without stirrups was obtained. Limit states of this
expression agrees well with the limit solutions of shear failure load for very small
and very large sizes; based on plastic and fracture mechanics solutions,
respectively. The proposed relation was calibrated by optimum fitting of ACI-445F
databank, which resulted in low coefficient of variation. Finally, applying a safety
factor, it proposed as shear strength design formula.
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ABSTRACT
In this study, a finite element model for masonry-infill of RC frames has been
introduced. The micro model incorporates the bricks, bed and head joints,
surrounding RC frame and the interface between frame and masonry infill. The
results of the analysis have been validated by experimental data reported in the
literature. A parametric study has been conducted and the effects of strength,
stiffness, aspect ratio of infill panels and the effect of relative stiffness of frame to
masonry panel on lateral response of the structure have been investigated. It was
found that infill panels increase stiffness and ultimate strength of the frames
significantly, and by increasing stiffness and strength of infill, stronger failure
mechanisms are activated, and failure of masonry panels shift to failure of concrete
frame. It was also observed that aspect ratio plays an important role in determining
failure mechanisms not only in the infill but also in the frame.
Keywords: masonry infill, RC frame, finite element modeling, lateral response,
failure mechanism.
1. INTRODUCTION
Masonry walls are widely used as infill in steel and concrete structural frames
throughout the world. They are usually treated as non-structural elements, and their
interaction with the bounding frame is often ignored in design. But experiences of
various earthquakes and also recent researches show that masonry infills have very
essential effects on the behavior of the structures. Because of high initial stiffness,
infills can concentrate a greater part of the earthquake force to the infilled panels.
Generally, the behavior of infilled frame is completely different from that of the
bare frame because of the interaction between frame and infill [1, 2].
To identify and predict the behavior of infilled frame, several experimental tests
have been carried out and a number of different analytical models have been
developed. Equivalent diagonal strut is one of the most applicable methods to
model infill panels that was presented by Polyakov [3] for the first time. Stafford
smith [4] showed that width of the equivalent strut depends on the contact length of
the frame and infill. After that Mainstone [5] proposed methods to estimate
equivalent strut element characteristics. Saneinejad [6] proposed equations to
evaluate the ultimate strength of infill panels. Liauw [7] developed plastic analysis
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methods to predict the in-plane limit loads of steel infilled frame. Sophisticated
finite element models have also been developed to analyse infilled structures.
Mehrabi [8] used interface element for modeling mortar joints.
In this research the effects of masonry infills on the behavior of the reinforced
concrete frames has been investigated by finite element modeling in ANSYS. The
recorded results of Mehrabi's experimental tests [1] have been used to validate the
analyses.
2. FAILURE MECHANISMS OF MASONRY INFILL IN RC FRAMES
The main failure mechanisms in masonry infill panels are diagonal cracking,
diagonal-sliding cracking, bed joint sliding and corner crushing. Shear failure of
the beam and column and short column phenomenon, which will happen if infill
panel is not extended to the upper beam of the frame, are the most important failure
mechanisms in the frame [1, 2, 5]. Figure 1 shows different failure mechanisms of
masonry infills in RC frames.
The behavior of infilled frames under lateral load depends on different parameters
such as panel aspect ratio, stiffness and strength of the infill and frame, material
properties, vertical loads and presence of gap between frame and infill [2, 5]. In
this study a two dimensional finite element model has been introduced to study the
response of infilled frames under monotonically increasing lateral load.

d. corner crushing
and shear failure in
frame components
Figure 1. Possible failure mechanisms of masonry infills in RC frames

a. diagonal
cracking

b. diagonalsliding cracking

c. bed joint sliding

3. EXPERIMENTAL TESTS OF MEHRABI
In 1994, Mehrabi [1] carried out some experimental tests on reinforced concrete
infilled frames and investigated different parameters such as monotonic and cyclic
loading and different combinations of weak and strong frame and infills. Three
specimens of these tests have been used to validate our numerical model. The
specimens are 5 and 7, which were masonry-infilled RC frames and Specimen 1,
which was a bare frame. Specimens 1 and 5 had weak flexural concrete frame and
that of Specimen 7 was strong. The details of weak and strong frames are shown in
Figure 2.
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Figure 2. Weak and strong frame of the tests [1]

Masonry infills of the specimens consisted of 19.2×9.2×9.2 cm solid masonry blocks
with head and bed joints of a thickness of 10 mm. Also, infill panels had the
height/length ratio of about 1/1.5 and they have completely filled the surrounding
frame. These specimens were subjected to a constant vertical compressive load of 294
KN. For the infilled specimens the vertical load was distributed between the column
and the beam. For the bare frame specimen the vertical load was applied completely to
the columns. Characteristics of the specimens have been summarized in Table 1.
Table 1: Specifications of different specimens [1]
Compressive
Strength (MPa)

Three-Masonry Prisms

Specimens
number

Frame Concrete
Type of
Load

1

Monotonic

21930

30.9

0.0018

-

-

-

-

-

5

Cyclic

18070

20.9

0.0026

8.95

13.86

0.0023

15.59

13.38

7

Cyclic

18620

33.4

0.003

9.08

13.59

0.0026

15.59

15.52

Secant
modulus
(MPa)

Compressive
strength
(MPa)

Strain
at peak
stress

Secant
modulus
(MPa)

Compressive
strength
(MPa)

Strain
at peak
stress

Brick

Mortar

4. THE PROPSED NONLINEAR FINITE ELEMENT MODEL
To evaluate both global and local behavior of masonry infill, a numerical micro
model considering all bricks and mortars of head and bed joints as well as
reinforced concrete frame components has been used. To model bricks, 4-node 2-D
plane element (PLAN42 [9]) has been used in both elastic and plastic cases. The
plastic case was applied to represent the crushing of bricks at the corner of masonry
infill panel. For other parts of infill panels, the bricks have been represented by
elastic plane element. It helps to decrease the computation time. To model bricks,
cracking has also been disregarded. The head and bed joints of the mortar have
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been represented by 2-node nonlinear spring COMBIN39 [9] that is a
unidirectional element with nonlinear generalized force-deflection capability. The
shear performance of the mortar joints have been represented by inclined spring
element with response along shear resistance surface of mortars. The tension and
compression behavior of mortar joints have also been represented by straight
spring element with response along normal to mortar surfaces.
The concrete frame has been represented by 4-node 2-D plane element (PLAN42)
and an elastic-perfect plastic formulation (Drucker–Prager) has been adopted [9].
This Drucker–Prager model is a constitutive model for the behavior of brittle
material such as concrete. Reinforcing bars have been also modeled with 2-node
elastic-hardening plastic bar element LINK8 [9]. They were connected to the 4node concrete element at the two external nodes. The contact surfaces of infill
panel and bounding frame have been represented by TARGE169 and CONTA172
[9]. These elements are surface to surface contact elements which have sufficient
parameters for modeling every kind of contact surfaces. A schematic representation
of an infilled frame model consisting of all element types has been shown in Figure
3.
Distributed Vertical Load

F

Δ

Frame to Infill Contact
(Surface to Surface Element)
Brick (Plane 42)
Concrete (Plane 42)
Reinforcement (Link 8)

Frame
Infill Panel

Mortar (Combin 39)

Base

Figure 3. Infilled frame model

According to the results of material tests [1], parameters of the analyses have been
estimated. The value of E modulus for mortars and bricks has been estimated based
on that of the three-course masonry prisms tests and the equation existent in
literature [10]. Mentioned equation depends on the ratio of brick to mortar
thickness. Shear behavior of mortar joints has been evaluated based on the E
modulus and mohr-coulomb formulation with parameters C (cohesion) and µ
(friction coefficient) that has been obtained from direct shear tests.
The nonlinear behavior of concrete of the frame has been defined by the DruckerPrager model and parameter C (cohesion) and Ø (friction angle). In the plane stress
case, Drucker-Prager's constitutive law reduces to a single continuous yield
surface, whose equation reads:
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1 2
(σ + σ 2y - σ x σ y ) τ 2xy + α (σ x + σ y ) - k ≤ 0
3 x
Parameters k and α are related to C and Ø of the considered material:
2 sin φ
6c cos φ
α=
;
k=
.
3 (3 - sin φ)
3 (3 - sin φ)

(1)

(2)

These parameters determine the yield stresses in uniaxial tension and compression
σ t and σ c:
k
k
σt =
;
σc =
.
(3)
1
1
+α
-α
3
3
The complete set of analysis parameters have been described in Table 2. The
specifications of the concrete frame reinforcing bars such as yield and ultimate
stress that have been obtained from tension test results [1] have been shown in
Table 3.
Table 2: Specifications of numerical models
Mortar Joints

Specimens
number

Bricks
E
Modulus
(MPa)

Compressive
Strength
(MPa)

E
Modulus
(MPa)

Compressive
strength
(MPa)

C
(MPa)

µ

1
5
7

11000
11000

15.59
15.59

3500
3500

13.38
15.52

0.4
0.4

0.9
0.9

Frame Concrete
Drucker–
E
Prager
Modulus
parameter
(MPa)
C
Ø
(MPa)
21930
4.26
60
18070
2.71
61
18620
4.44
61

Table 3: Specifications of numerical models
Reinforcing Bars
Diameter
(mm)

E Modulus
(MPa)

Yield Stress
(MPa)

Ultimate
stress
(MPa)

No.2

6.35

2.1E5

370

450

No.4

12.7

2.1E5

410

660

No.5

15.9

2.1E5

410

660

Specimens
number

Bar
Size

Contact surfaces of frame & infill
Normal penalty
stiffness (MPa/mm)

Friction
coefficient µ

5

190

0.5

7

190

0.5
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According to the experimental specimens, infilled frames have been modeled on
the 315×90×46 cm reinforced concrete base. The lateral and vertical loading have
been applied to the model in the case of displacement and force control,
respectively. To prevent the occurrence of tension in the concrete beam, the lateral
displacement of the first and last nodes of it has been constrained. Also, the weight
of different components of frame and infill panel has been ignored in modeling.

120

300

100

250

Lateral load (KN)

Lateral load (KN)

5. COMPARISON OF GLOBAL AND LOCAL BEHAVIOR WITH TESTS
Lateral displacement at the mid-height node of the top beam in the frame is compared
to the test results. Also, the local behavior has been evaluated by considering the crack
paths that have occurred in different places, sliding in the bed joints, crushing in the
corners of the infill panel and the occurrence of the shear failure in the concrete frame
component. Figure 4 shows the lateral load-lateral displacement curves obtained from
the numerical models and tests for specimens 1, 5 and 7.
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Figure 4. Numerical and experimental lateral load-lateral displacement

The Figures show that the model has been relatively successful in predicting the
global behavior over small deformation range and to some extent the large
deformation response. It should be noted that the experimental curves of specimens
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5 and 7 are envelopes of hysteresis curves of cyclic tests.
The deformed shapes obtained from numerical analysis for specimens 5 and 7 have
been presented in Figure 5. The numerical results indicate that the prevailing
mechanism at the ultimate strength of specimen 5 is shear failure in the column of
concrete frame. In this model, the first important event in the process of increasing
lateral load is creation of crack and tearing at the common border of the frame and
infill panel and in the tension corners of the infill panel. As loading continues, the
cracks form in the bed joints of mortar at the mid height of the masonry panel and
propagate in the direction of compression diameter. Increasing of the lateral load,
eventually leads to shear failure at the upper end of the windward column. All of
these agree with experimental evidence.
The simulated model of Specimen 7 indicates that after creation of crack and
tearing at the common border of the frame and infill panel, the diagonal-sliding
cracks appear. The prevailing mechanism at the ultimate strength for mentioned
specimen is crushing at the compressive corner of the infill panel. It should be
noted that no shear failure is observed in the components of the RC frame. All of
these also agree with experimental evidence.

a) Specimen 5
b) Specimen 7
Figure 5. Deformed shapes obtained from numerical analysis

By comparing the results of the proposed model with the similar recorded
experimental results and confirming the validation of the analysis, parametric
studies will be carried out. Numerical models of the experimental specimens 5 and
7, have been named WF-SI (Weak frame and strong infill panel) and SF-SI (Strong
frame and strong infill panel), respectively.
6. PARAMETRIC STUDY OF MASONRY-INFILLED RC FRAMES
In the parametric study, the effect of strength of frame and infill, dimensions and
aspect ratios of panels have been investigated.
6.1. Strength of Frame and Infill
Different combinations of weak and strong frame and infill have been analyzed.
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Specifications of the infilled frames with strong masonry infills have already been
mentioned in the preceding sections. Specifications of the weak masonry infills
[11] are presented in Table 4.
Table 4: Specifications of weak masonry infill for numerical modeling
Bricks

Mortar Joints

E
Modulus
(MPa)

Compressive
Strength
(MPa)

E
Modulus
(MPa)

Compressive
strength (MPa)

C
(MPa)

µ

5000

13.5

1700

4

0.25

0.75

Various models such as SF-SI, WF-SI, SF-WI (Strong frame and weak infill panel)
and WF-WI (Weak frame and weak infill panel) have been analyzed. Comparison
between infilled frame and the respective bare frame is presented in Figure 6. It is
seen that both stiffness and strength of the infilled frame are significantly higher
than those of the bare frame, but the maximum lateral displacement of infilled
frame is less than that of bare frame. The maximum lateral resistance of SF-SI is
38% higher than that of SF-WI. Also, the Figureshows that lateral strength of SF-SI
and SF-WI is 82% and 42% higher than that of WF-SI and WF-WI, respectively.
This indicates activation of stronger failure mechanisms when strong frame and
infill is used.
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Figure 6. Lateral load-lateral displacement of weak and strong frame and infill

The numerical results for SF-WI indicate that after occurrence of diagonal-sliding
cracks, large slips occur along the bed joints at the ultimate strength. Shear failure
in the windward column is the prevailing mechanism at the ultimate strength for
WF-WI. The deformed shapes obtained from numerical analysis for SF-WI and
WF-WI have been presented in Figure 7.
6.2. The Effect of Aspect Ratio
In order to investigate the mentioned parameter, three height/length ratios 1/1,
1/1.5 and 1/2 for panels, which have been named AR-1/1, AR-1/1.5 and AR-1/2,
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respectively, have been analyzed. The model SF-SI of preceding section is
compared to model AR-1/1.5 in this study. The models in these aspect ratios have
similar height and different length. Comparison of the models has been presented
in Figure 8. The results show that lateral strength of AR-1/2 is 26% and 9% higher
than that of AR-1/1 and AR-1/1.5, respectively.

a) SF-WI
b) WF-WI
Figure 7. Deformed shapes obtained from numerical analysis for SF-WI and WF-WI

The numerical results for AR-1/1 indicate that after occurrence of diagonal cracks,
the maximum lateral resistance is reached when crushing occur at the corners of
the infill panel. For AR-1/2 the numerical results indicate that after occurrence of
diagonal-sliding cracks and corner crushing in the infill panel, shear failure in the
column of RC frame is the prevailing mechanism at the ultimate strength. These
results show that different panel aspect ratios can activate different failure
mechanisms in masonry infilled RC frames. The deformed shapes obtained from
numerical analysis for AR-1/1and AR-1/2 have been presented in Figure 7.
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Figure 8. Lateral load-lateral displacement for numerical modeling of
different aspect ratios
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a) AR-1/1
b) AR-1/2
Figure 9. Deformed shapes obtained from numerical analysis for AR-1/1 and AR-1/2

The values of the initial stiffness, secant stiffness, ultimate strength, ductility and
damping for different types of mentioned infilled frame and their bare frames are
summarized in Table 4.
Table 5: Stiffness, strength, ductility and damping for all analyzed models
Weak Frame

Initial
stiffness
(KN/cm)
Secant
stiffness*
(KN/cm)
Ultimate
strength
(KN)
Ductility
Damping
(%)
*

Strong Frame
AR-1/1

AR-1/2

1470

1446

2218

1239.3

880.9

1023.1

1491.4

145.9

470.5

341.3

407.6

512.3

5.83

7.56

8.04

7.43

9.09

6.71

19.71

27.3

27.96

27.56

27.21

28.1

Bare
frame

WF-SI

WF-WI

Bare
frame

SF-SI

SF-WI

78.4

1698

1286

131.2

1800

65.18

1231.7

878.5

101.36

80.3

259.2

233.2

6.67

5.45

19.16

19.37

From the idealized force-displacement curve [12].

As can be observed from Table 5, infill panels can improve the performance of RC
frames. The strong frame and strong infill panels have a better performance than
other combinations of strong and weak frame and infill in terms of load resistance
and energy dissipation capability.
7. CONCLUSIONS
In this study, a numerical micro-model has been introduced to investigate the
behavior of masonry infills in RC frames. The model incorporates the effects of
bricks, bed and head joints of mortar and takes into account nonlinear
characteristics such as cracking, sliding of mortar joints and crushing of masonry
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infills and shear failure in the frame components. Validation of the analyses was
done by appropriate test results.
The effects of several parameters such as strength of both frame and infills and
panel aspect ratio were investigated. The study shows that stiffness and strength of
the infilled frame is significantly higher than that of a bare frame. The maximum
lateral resistance of a strong frame and strong infill is significantly higher than that
of weak frame and infill. It was found that masonry infills can increase energydissipation capacity of RC frames when are used with strong frames. Also using
masonry infills with weak frames can lead to occurrence of brittle shear failure at
the columns of RC frames. The results of parametric studies indicate that changing
the aspect ratios of panels can not only change the ultimate strength of the infilled
frames, but can also activate different failure mechanisms. For a panel with
height/length ratio of 1/2, addition of infill panels can lead to brittle shear failure at
the columns, whereas it does not occur in aspect ratios of 1/1 and 1/1.5.
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ABSTRACT
One of the common methods for analyzing and designing two-way reinforced
concrete slabs is the Moment Coefficients Method. In this paper, the Moment
Coefficients Method for designing two-way slabs stated in the Concrete Code of
Iran (CCI) is considered and compared with the same method stated in the British
Standard (BS). For this purpose, the provisions recommended in the above
mentioned codes are compared first, and then the differences are discussed.

The effect of different provisions on determining the amount of the required
steel for the slabs having different edge conditions is considered through a
numerical study. In the end, the cases in which the use of a specific code
gives conservative or economic results are concluded.
Keywords: two-way slab, concrete code of Iran (CCI), British standard (BS),
moment coefficient method, safety factors
1. INTRODUCTION
Analysis of plates and shells to attain internal actions for designing structural
elements is one of the fields that scientists and engineers have been working on for
years. These attempts have led to some exact and approximate solutions.
One of the approximate solutions which is used to analyse rectangular plates under
uniform normal loads is the Moment Coefficients Method. This method is mostly
used to analyze reinforced concrete slabs and helps one to find internal bending
moments and shear forces by applying some coefficients. The amounts of these
coefficients depends on slab supports conditions and the slab spans ratios.
Moment Coefficients Method is a very restricted method but as it’s rather simple to
use, it has been mostly applied in analysis and design of concrete slabs. Each
concrete design code has its own provisions for using Moment Coefficients
Method.
In this paper, the manner of using this method in CCI[1] and BS[2] codes is studied
and compared to clarify which code leads to a more economical or conservative
design.
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2. ANALISING SLABS BY MOMENT COEFFICIENTS METHOD
The Moment Coefficients Method defines some coefficients to attain internal
bending moments and shear forces. The amounts of these coefficients mainly
depend on the ratio of the slab dimensions and the slab supports conditions. The
larger the amount of the ratio of long span to short span the stiffer the short span
becomes, and so it absorbs more energy.
The moments would be calculated by the following relation:

M = C × w× l2

(1)

in which, M is the maximum positive or negative internal moment of middle strip
of the slab per unit length, C is the moment coefficient given by the code, w is
uniformly distributed load and l is the span length.
Based upon the code provisions, M is the maximum bending moment at the middle
and is reduced linearly to one-third of this value at the sides as indicated in Figure
1. Figure 1.a is plotted based on CCI and Figure 1.b is plotted based on BS
provisions.

a
b
Figure 1. Schematic view of bending moment diagram

3. PARTIAL SAFETY FACTORS
The partial safety factors which are used in both codes to attain ultimate loads are
defined as follows:
In CCI code:
Ultimate dead load, “D” = 1.25 times service dead load, “d”
Ultimate live load, “L” = 1.5 times service dead load, “l”
In BS code:
Ultimate dead load, “D” = 1.4 times service dead load, “d”
Ultimate live load, “L” = 1.6 times service dead load, “l”
Cited relations indicate that the ultimate loads in BS code are more conservative
than the ultimate loads in CCI code.
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4. COMPARING THE MOMENT COEFFICIENTS
To study the differences between the two codes, the differences of coefficients are
studied first. In Figure 2 the ratio of CCI coefficients of negative moments to BS
coefficients of negative moments are plotted versus the ratio of slab spans. The
curves are related to the case of 4 continuous edges.

Figure 2. Comparing coefficients of CCI and BS codes

It can be seen that the value of coefficients for shorter span in CCI code is always
more than in BS. But, for longer span CCI code decreases the coefficients values
noticeably.
For comparing effects of loads partial safety factors, dead load is assumed constant
when the live load is varying (for dead load=5.75 kN/m2 and live load varying
from 1 to 7 kN/m2) and the ratio of ultimate load in CCI on ultimate load in BS is
plotted in Figure 3.

Figure 3. Effect of live load on ultimate loads
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As the variation of the cited ratio due to change of live load is negligible, the numerical
study would be just done for a constant value of live load. The amount of long span to
short span ratio would be changed to clarify its effect on designing results.
5. NUMERICAL STUDY
A two-way slab having 150mm thickness is given in (Figure 4). The applied live
load is supposed to be 2kN/m2 and the dead load is taken as equal to 2kN/m2 (the
slab weight is not taken into account). This slab is designed having constant shorter
span by the value of 4m when the longer span is 1.0, 1.1, 1.25, 1.42, 1.66 and 2.0
times the shorter span length, respectively.

Figure 4. Slab view

For a numerical study, both CCI and BS provisions are used and the analysis
results are summarized in Table 1. Then the slab is designed upon both codes.
Design results are given in Table 2 and compared in Table 3. This example would
be solved by other supports condition.
The values given in Table1 are the amounts of flexural moments calculated by
using Table 15-8-2-4 of CCI and Table 3.14 of BS which give moment coefficients
values for analysis. Table 1 indicates that the CCI results, when the spans ratio gets
close to 2.0, are almost identical to that of one-way slab. On the other hand, based
upon BS provisions, the moment coefficients for shorter span do not change when
the spans ratio varies.
As the spans ratio gets closer to 2.0, BS presents a more economical design.
Moreover, when the ratio gets closer to 1.0, BS would lead to a more conservative
design.
In the following tables, M- is the ultimate negative moment on slabs edges
calculated by moment coefficients and given for both codes; M+ is the ultimate
positive moment at the middle of spans and given for both codes; and As is the
amount of flexural steel rebar area used in each case. The total As given in Tables 3
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and 6 would define the summation of whole rebar value which is used in slabs and
is calculated by following relation:
Total As= (2As (for M- on La) + As (for M+ on La)) LA + (2As (for M- on LB) + As (for M+ on LB)) LB
In which LA is the length of shorter span and LB is the length of longer one.
Table 1: Analysis results
-

Spans
ratio

+

CCI M
CCI MCCI M+
BS MBS M+
BS MBS M+
CCI M
Parallel
Parallel
Parallel
Parallel
Parallel
Parallel
Parallel
Parallel
to Y dir
to Y dir
to X dir
to X dir
to Y dir
to Y dir
to X dir
to X dir
(kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m)

1.0

7.335

3.366

7.335

3.366

5.679

4.397

5.862

4.397

1.1

8.965

4.162

7.100

3.226

6.778

5.130

7.094

5.320

1.25

10.595

4.958

6.622

3.252

8.061

6.137

9.160

6.870

1.42

12.062

5.802

5.587

2.785

9.343

7.090

11.821

8.866

1.66

13.203

6.694

4.492

2.193

10.415

7.804

16.154

12.116

2.0

14.018

7.423

3.912

1.688

11.542

8.794

23.450

17.587

Table 2: Rebar design results
-

Spans
ratio

+

CCI M
CCI M- CCI M+
BS MBS M+
BS MBS M+
CCI M
Parallel Parallel Parallel Parallel Parallel Parallel Parallel Parallel
to Y dir to Y dir to X dir to X dir to Y dir to Y dir to X dir to X dir
(As mm2) (As mm2) (As mm2) (As mm2) (As mm2) (As mm2) (As mm2) (As mm2)

1.0

177.331

80.522

177.331

80.522

122.484

94.533

126.491

94.533

1.1

217.701

99.772

171.547

77.141

146.581

110.483

153.513

114.640

1.25

258.442

119.104

159.783

77.761

174.862

132.508

199.248

148.595

1.42

295.436

139.693

134.450

66.514

203.326

153.433

258.852

192.706

1.66

324.427

161.555

107.768

52.312

227.256

169.191

357.723

265.508

2.0

345.254

179.501

93.717

40.205

252.556

191.104

529.619

390.926

Table 3: Design comparison
Spans ratio

CCI/BS Total A

1.0

0.643

1.1

0.730

1.25

0.825

1.42

0.927

1.66

1.079

2.0

1.250

s
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To attain more reliable conclusions, the boundary conditions of the slab are
changed. In the new conditions, only the longer spans are continuous.
The analysis results are summarized in Table 4. The designing results and
comparisons' ratios are given in Tables 5 and 6, respectively.
The same as previous example, by using CCI provisions, obtained amounts show
that the results would be close to the condition of one-way slab, when the spans
ratio gets closer to 2.0. On the other hand, BS presents constant amount for shorter
edge of span which means that shorter edge absorbs a greater amount of energy.
As the spans ratio gets close to 2.0, BS presents a more economical design.
However, when the ratio gets closer to 1.0, BS would lead to a more conservative
design.
Figure 5, indicates that the values of used steel amount ratio obey a uniform
conFigure uration when spans ratio increases.
Table 4: Analysis results
CCI MCCI M+
CCI MCCI M+
BS MBS M+
BS MBS M+
Spans Parallel to Parallel to Parallel to Parallel to Parallel to Parallel to Parallel to Parallel to
ratio
Y dir
Y dir
X dir
X dir
Y dir
Y dir
X dir
X dir
(kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m) (kN.m/m)
1.0

12.225

4.641

0.000

3.366

8.427

6.229

0.000

6.229

1.1

13.040

5.111

0.000

3.029

9.160

6.962

0.000

7.537

1.25

13.692

5.792

0.000

2.817

10.168

7.603

0.000

9.733

1.42

14.018

6.473

0.000

2.224

11.175

8.427

0.000

12.560

1.66

14.344

7.087

0.000

1.877

11.816

8.885

0.000

17.164

2.0

14.670

7.701

0.000

1.228

12.824

9.710

0.000

24.915

Table 5: Rebar design results
CCI M- CCI M+ CCI M- CCI M+
BS MBS M+
BS MBS M+
Spans Parallel Parallel Parallel Parallel Parallel Parallel Parallel Parallel
ratio to Y dir to Y dir to X dir to X dir to Y dir to Y dir to X dir to X dir
(As mm2) (As mm2) (As mm2) (As mm2) (As mm2) (As mm2) (As mm2) (As mm2)
1.0

299.565

111.396

0.000

80.522

182.976

134.516

0.000

134.516

1.1

320.273

122.830

0.000

72.387

199.248

150.610

0.000

163.285

1.25

336.911

139.448

0.000

67.297

221.722

164.741

0.000

212.003

1.42

345.254

156.128

0.000

53.047

244.312

182.976

0.000

275.548

1.66

353.613

171.221

0.000

44.718

258.750

193.139

0.000

381.093

2.0

361.989

186.364

0.000

29.214

281.535

211.492

0.000

565.041
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Table 6: Design comparison
Spans ratio

CCI/BS
(Total steel reinforcement)

1.0

0.710

1.1

0.765

1.25

0.836

1.42

0.895

1.66

1.026

2.0

1.175

Figure 5: Variation of used steel amount ratio

By the spans ratio of about 1.6, it seems that the ratio of CCI/BS total steel
reinforcement would be more than one and indicated that BS provisions lead to a
more economical design.
6. CONCLUSION
In this paper, the Moment Coefficients Method for designing two-way slabs stated
in the Concrete Code of Iran (CCI) is considered and compared with the same
method stated in the British Standard (BS).
As the numerical study shows, by changing the value of spans ratio in a two-way
slab, the codes give a different result for the amount of steel flexural rebar. For the
spans ratio about 1.5-1.6 the codes lead to almost the same amount of steel rebar.
For spans ratio more or less than 1.5-1.6 the difference in steel amount increases as
it is plotted in Figure 5.
Obtained amounts show that by using CCI provisions, the results would be close to
the results of one-way slab, when the spans ratio gets close to 2.0. On the other
hand, BS presents constant amount for shorter edge of slab which means that
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shorter edge absorbs a greater amount of energy.
As the spans ratio gets close to 2.0, BS presents a more economical design.
However, when the ratio gets closer to 1.0, BS would lead to a more conservative
design.
The maximum average variation occurs in span ratio of 1.0, for which CCI gives
steel amount about 67 percent of the steel amount of BS. Therefore, it is very
important to clarify the fundamental differences between two codes, to show which
design is really safer or more economical.
To define which code gives better provisions for slabs design the constructions and
economical conditions must be considered. As CCI provisions give more
economical results for spans ratio between 1.0 and 1.6, and more compatible with
construction and economical conditions of Iran, would be more reliable to use.
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ABSTRACT
Closed-form solution is one of the exact and reliable approaches in analysis of
structures. Here, a semi-sphere shell under lateral load (equal to earthquake load),
based on theory of shells and plates, has been studied. Internal forces are present in
closed-form. In this study, materials are assumed to be isotropic, homogenous and
elastic and the shell acts as a membrane. The outcome of this analysis can be used
in studying the behavior of revolutionary shells under lateral load.
Keywords: shells of revolution, membrane, earthquake, closed-form solution,
dome
1. INTRODUCTION
In this article, the behavior of a spherical shell under lateral load is studied.
Emphasis is placed on dome structures. Domes have positive Gaussian curvature.
These types of shells are used to cover the roofs of sports halls and large liquid
tanks. The containment shield structures of nuclear power plants also have domelike roofs. Various pressure vessels are either completely composed of a single
rotational shell or have shells of rotation as their end caps.
Firstly, the governing membrane equations of shells of revolution will be derived.
Then, we shall apply the analysis of a semi sphere membrane shell under seismic
equivalent load.
2. GEOMETRICAL DESCRIPTION
We can define two principal radii of curvature at any point on the middle surface of
a shell with non-zero Gaussian curvature. Figure 1 shows two principal sections
containing the normal shell at point P. These sections create two plane curves with
two local principal radii of curvature,
and
, as shown in Figure 1. One of
these sections is called meridional curve while the projection of another section on
a plane perpendicular to the axis of revolution creates the parallel circles on the
shell surface.
The middle surface of a shell of revolution with non-zero positive Gaussian
quadrature can be described rather like the earth. Thus, through any point we may
take two sections, one perpendicular to the axis of revolution, and the other
containing the axis. The first cuts the shell in a parallel curve (circle of latitude)
and the other in a meridian (plane of longitude). At any point, the radius of
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curvature of the meridian is called
, and the radius of parallel circle, r, is the
projected value of another principle radius of curvature which has been denoted by
.[2]

Figure 1. A parial perspective view of a surface of revolution showing the principal
sectins at a point P, the principal radii of curvature, the meridians and the parallel
circles

Parallel circles form the perimeter of the base of a cone, the apex of which is the
center of curvature for . Due to rotational symmetry, the center of curvature of
always lies on the axis of revolution. However, the center of curvature of
does
not have to lie on the axis.
The angle between the normal to the surface at P with the axis of revolution has
been denoted by . We have also denoted the horizontal angular position of P,
from some arbitrary origin, by the angle . The direction of the axis of revolution
is assumed to coincide with the z axis. [2]

Figure 2. A meridional section of rotational showing the geometrical parameters of
shell surface
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Referring to Figure 2, the radius of parallel circle, r, at point P can be written as

Also referring again to Figure 2, the following relations exist among the shell
geometrical parameters.[2]

(1)

(2)

(3)
Combining the above relations, we obtain the following inter-relation between the
surface parameters , , and .

(4)
3. GOVERNING MEMBRANE EQUATION
To derive the membrane equilibrium equations for shells of revolution, we consider
the free body diagram of an element of the shell in Figure 3. The element shown in
Figure 3 is taken out from the shell by two pairs of infinitesimally adjacent
sections. The first pair of sections is meridians while the second pair contains the
normal at the corner points. Since these two intersections are principal sections,
they are mutually orthogonal to each other.

Figure 3. An infinitesimal element of a rotational surface
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The free body diagram of Figure 4 shows the internal membrane forces,
and their differential variations,
designates the meridional force,
the hoop force, and
the membrane shear force; the quantities
represent the intensity of external distributed applied loading, in the
directions, respectively. [3]

Figure 4. Free body diagram of a rotational shell element

We write the equations of equilibrium in the
directions. Because of the
double curvature, the membrane forces have projections in all three directions and
thus contribute to all three equilibrium equations. Figure 5, shows the contributions
of
and
in various directions. [3]
The equilibrium equation in the meridional direction is ;
(5)
If we divide both sides of this equation by

we obtain;[3]
(6)

We derive the equilibrium equation in the hoop direction in a similar fashion;[3]

(7)
The third equilibrium equation is obtained by projecting all the forces in the
direction normal to the shell, i.e., in the r direction. By doing so, we obtain;[3]
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Which, upon division by

) yields:[3]

(8)
Equations 6, 7 and 8 constitute the governing equilibrium equations of the
membrane theory for shells of revolution. These relations yield
, i.e.
the membrane force field in the shell.
appear in all three equations. This
Note that the meridional and hoop forces
indicates that a doubly curved shell is a complex and efficient structure; all three
contribute to carrying the load in any direction. The spatial
forces
interaction of internal forces, manifested in their presence in all equilibrium
equations, is indicative of an efficient and profound behavior of doubly curved
shells. This spatial collaboration is very rare in framed structures.
4. SHELLS OF REVOLUTION WITH NONAXISYMMETRIC LOADING
Shells structures can be subjected to loadings which are not axisymmetric.
Examples of nonaxisymmetric loadings are: wind forces, earthquake effects, soil
pressure on buried pipes, and temperature gradients in composite and/or metallic
shells.
To perform a membrane analysis of rotationally symmetric shells under arbitrary
loading, we must use all three coupled simultaneous partial differential equations
(6,7,8). If we eliminate
from these equations, we obtain the following
relations:[1]
(9a)
(9b)
For a distributed loading we can expand the loading functions,
Fourier series. These expansions have the following forms:[1]

, in terms of

(10)
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For known loadings, the so-called "Fourier coefficients"
can be
determined using Fourier series analysis.
Equations (9) have solutions which are separable in and . For each value of n
are functions of
there are two different solutions: One in which
, while
are functions of multiplied by
; and
multiplied by
and
are interchanged. Both solutions are found
the other, in which
in the same way and for the first we write ;[1]

(11)

(12)

are, in general, functions of
Where
expressions into (13) and canceling the common factor of
in (9b) we find:

. Substituting these
in (9a),

(13a)

(13b)
These ordinary differential equations can be solved analytically on numerically.
Since equations (9) are linear we may superimpose any of these solutions to obtain
other solutions; typical shell analyses and designs are based on just one or two
terms.
4.1. Stresses in Domes under Seismic Load
For a simple model of earthquake force, acting on the shells of revolution, we
assume the following distribution,

(14)

For a hemispherical dome of radius a subjected to this load, equations (13)
become:
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(15a)

(15b)
In terms of the new variables:
(16)

The equations become:
(17)

Each of these first order differential equations has the form:
(18)
The general solution to this equation is;
(19)
With the help of relations (16) and (18) we find:
(20)

Returning to the relations (16) and multiplying the resulting expressions, for the
, by
and
, respectively, we obtain:
actual field variables
(21)
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The integration constants A and B can be determined by imposing the physical
and
must be finite at
. Hence after some algebraic
condition that
manipulations, we obtain the following final solution to the problem;

Figure 6. Variation of internal membrane forces in a hemispherical dome subjected to
seismic load

5. CONCLUSION
In this study, a closed form solution for a hemisphere membrane shell of revolution
under lateral seismic load is presented. The results are sketched in Figure 6. The
curves indicate that all three forces, i.e., hoop, meridional, and shear components
reach their maximum at the support, vary non-linearly over the height, and reduce
to zero at apex. The outcome of this work can be used for analysis of dome
structures under seismic inertial load.
REFERENCES
1. Farshad, M, Shell Structures (in Farsi), Shiraz university Publications, Vol. I,
78-110.
2. Flugge, W, Stresses in shells, Springer Verlag , Berlin 1973.
3. Rahimian, M, Theory of Elasticity (in Farsi), Tehran university Publications
2003.
4. Szilard, R, Theory and Analysis of Plates, Classical and Numerical 1974
Methods, Prentice-Hall, New Jersey 1974.
5. Timoshenko, S.P. and Woinowsky-Krieger, S Theory of Plates and Shells, Mc
Graw Hill book co, 1959.

CD02-014

OPTIMUM DESIGN OF 2-D REINFORCED CONCRETE FRAMES
USING A GENETIC ALGORITHM
M. Izadi Niaki1, M. R. Maheri2
M.Sc. Student, Dept. of Civil Engineering, Shiraz University, Shiraz, Iran.
2
Professor, School of Engineering, Shiraz University, Shiraz, Iran.

1

ABSTRACT
Construction of concrete structures involves at least three different materials:
concrete, steel and formwork. A large number of parameters, therefore, have to be
dealt with in proportioning a reinforced concrete element, including width, depth,
number and diameter of rebar. Consequently, together with experience, trial and
adjustment are necessary in the choice of concrete sections. A trial section has to
be chosen for each critical location in a structural system. The trial section has to
be analyzed to determine if its nominal resisting strength is adequate to carry out
the applied factored loads. Since more than one trial is often necessary to arrive at
the required section, this process is time consuming. Also, the final design of a
practiced designer is different from that of a beginner and it is never known
whether the result is an optimum design.
The objective of this research is to design optimally reinforced concrete frames that
satisfy the limitations and specifications of the American Concrete Institute (ACI)
Building Code and Commentary using a Genetic Algorithm (GA). The GA used in
this study has an adaptive penalty function. New options are added to the GA,
including tournament selection with specified conditions or repairing operator that
acts on beams and columns to accelerate convergence of the program. Design
results show that the algorithm presented here compares advantageously with
classic methods or other GA algorithms used previously for optimum design of
concrete frames.
Keywords: concrete frame, genetic algorithm, optimization, design, reinforced
concrete
1. INTRODUCTION
In the design of RC frames in proportioning a reinforced concrete element,
members’ width and depth and the number and diameter of bars have to be dealt
with. Consequently, trial and adjustment are necessary in the choice of concrete
sections.
The objective of this paper is to design optimally reinforced concrete frames that
comply with the limitations and specifications of the American Concrete Institute
(ACI) Building Code and Commentary using a Genetic Algorithm (GA). The
optimization of the reinforced concrete members is more challenging than the
optimization of members made of isotropic materials, such as steel. The problem
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has been considered by several researchers. Krishnamoorty and Mosi (1981)
presented cost optimization of two-dimensional frames with rectangular crosssections using sequential unconstrained minimization technique (SUMT). They
considered nonlinear constitutive relationships but had no actual design code. Their
cost function includes only the material costs of concrete, steel reinforcement and
formwork. Moharrami and Grierson (1993) carried out minimum cost design of
RC building frames subjected to vertical and lateral loading, based on the ACI code
("Building" 1989) using the Optimality Criteria approach. The columns had
rectangular cross-sections and the beams were considered rectangular, L or T
shapes. Their design variables were the width, depth and longitudinal steel
reinforcement of the beams and columns. Their cost function included the material
costs of the concrete, reinforcement and the formwork. Fadaee and Grierson (1996)
presented minimum cost design of three-dimensional RC frames with members
subjected to biaxial moments and shear forces based on the ACI code ("Building"
1995). Beams and columns were assumed to have rectangular sections. The cost
function included the material costs of concrete, steel and the formwork. Later,
Camp, Pezeshk and Hanson (2003) discussed optimum flexural design of twodimensional reinforced concrete frames using a genetic algorithm (GA). The
frames were subjected to vertical and lateral loads and their beams and columns
had rectangular sections. They applied a modified version of GA to achieve a lowcost design according to the ACI code ("Building" 1999). The design variables
used were depth and width of the sections and the number and diameter of the
reinforcement bars. Their cost function included the material costs of the concrete,
reinforcement and the formwork. Lee and Ahn (2003) also minimized the cost of
two-dimensional reinforced concrete frames subjected to gravity and lateral
loading based on the ACI code ("Building" 1999) and the UBC (1997) using GA.
Beams and columns had rectangular sections and their design variables were depth
and width of the sections and area of the reinforcement. Their cost function
included the material costs of the concrete, reinforcement and the formwork. Chan
and Wang (2006) also carried out optimum nonlinear stiffness design of twodimensional tall reinforced concrete buildings under service loads. Beams and
columns had rectangular sections and area of the reinforcement was assumed as
constant. The cost function also included only the concrete cost.
2. FORMULATION OF THE COST FUNCTION
The first step in an optimization is determination of the objective function. In this
research, this function includes costs of the concrete, steel and formwork for beams
and columns, where formwork cost includes labor cost. Beams and columns have
rectangular sections. The design variables are depth and width of the sections and
number and diameter of the reinforcement bars, hence the reinforcement topology
can be determined.
Description of the cost function for beams is as follows,
Minimize F :
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F = Cc lb bb hb + C s (lbl Asbl + lbm Asbm + lbr Asbr ) + C f lb (2hb + bb )

(1)

Subjected to c1b ≤ 0
c2b ≤ 0 ... cnb ≤ 0
Where, Cc is cost of the concrete per cubic foot; C s is cost of the steel per cubic
foot; C f is cost of the formwork per square foot (including labor); lb is length of
the beam; bb is width of the beam and hb is height of the beam. In this research,
beams are subdivided into three segments: the left segment, the middle segment
and the right segment. According to this subdivision, lbl is length of the left
segment of beam; also Asbl is area of the reinforcement for the left segment.
Similarly lbm , lbr , Asbm and Asbr are length of the middle segment, length of the
right segment, area of the reinforcement for the middle segment and area of the
reinforcement for the right segment, respectively. c1b , c2b ,… cnb are beams
constraint functions according to specifications and limitations of the ACI-318-05
code and commentary (ACI-318R-05).
Description of the cost function for columns is as follows,
Minimize F :

F = Cc lc bc hc + Cs lc Asc + 2C f lc (hc + bc )
Subjected to

c1c ≤ 0

(2)

c2 c ≤ 0 ... cnc ≤ 0

Where, lc is length of the column; bc is width of the column; hc is height of the
column and Asc is area of the reinforcement. c1c , c2 c ,… cnc are columns
constraint functions according to specifications and limitations of the ACI-318-05
code and commentary (ACI-318R-05).
3. PENALTY FUNCTION
All engineering optimization problems have constraints to satisfy, whereas GA is
basically introduced for unconstrained optimization. To overcome this problem and
optimize engineering problems with GA, we can apply penalty functions which are
proposed for constrained problems to convert them into unconstrained problems.
Several different ideas have been proposed to improve penalty function methods
for engineering constrained optimization problems. In this research, the method
introduced by Bean and Hadj-Alouane (1992) is employed. Their penalty function
is revised, based on the feasibility or infeasibility of the best penalized solution
during recent generations. Their penalty function allows either an increase or a
decrease in the imposed penalty during evolution as shown below. This involves
the selection of two constants, β1 and β2 (β1>β2>1), to adaptively update the
penalty function multiplier, and the evaluation of the feasibility of the best solution
over successive intervals of Nf generations. As the search progresses, in every Nf
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generation the penalty function multiplier is updated, based on whether the best
solution was feasible during that interval. Specifically, the penalty function is,
m

f p ( X , k ) = f ( X ) + ∑ λk d ik

(3)

i =1

⎧λ k β1
⎪
λ k +1 ⎨λ k / β 2
⎪λ
⎩ k

If previous N f generations have infeasible best solution
If previous N f generations have feasible best solution
Otherwise

β1 > β 2 > 1
It is recommended that β1 = 5 and β 2 = 3 .
The total cost function can then be determined as,
m

FT = F + ∑ λk d ik

(4)

i =1

After analyzing each frame, the feasibility of the frame can be assessed. If the
solution is infeasible, it is penalized; otherwise the penalty term in the cost function
is set at zero.
4. FRAME ELEMENTS SPECIFICATIONS
4.1. Beams
Flexural moment varies along a beam in a frame. At supports, the negative
moments govern, whereas, in the middle of the beam it is the positive moment that
governs. For this reason, beams are subdivided into three segments, left, middle
and right as shown in Figure 1,

Figure 1. Beams subdivision along their lengths.

Each segment can be designed according to its maximum moment, thereby
individual longitudinal reinforcement for each segment can be found. Notice that
width and depth of the section are constant along the beam.
Beams are assumed to have rectangular sections and the longitudinal
reinforcements of the beams are arranged in only one layer for tensile and
compression steel. Number and size of the bars in different rows are not the same
but all bars in a row are of the same size. Beams section specifications are shown
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in Figure 2,

Figure 2. Beams section specifications.

Moreover, shear reinforcement will be calculated for beams. Indeed, at first, beams
dimensions and longitudinal reinforcements will be produced by GA and then the
shear reinforcement will be calculated for the given specifications. GA does not
produce shear reinforcement; it produces only section dimensions and number and
size of the longitudinal bars. Therefore, for each beam there exist fourteen
variables, two for width and depth of the section for the whole beam and four for
number and size of the longitudinal bars in each segment.
4.2. Columns
Columns are considered to have a uniform section along their height. In other
words, their section dimensions and number and size of the longitudinal bars are
constant along their length. Similar to beams, columns have rectangular sections
and their longitudinal reinforcements are arranged in only one layer for tensile and
compression steel. But unlike beams, number and size of the bars in different rows
are of the same size. According to the ACI, minimum number of longitudinal bars
in columns is assumed to be four, two for each row.
Production of section dimensions, number of longitudinal bars and their sizes and
finally calculation of shear reinforcement is the same as that of the beams.
Consequently four variables participate in columns design, two for width and
height of the section and two for number and size of the longitudinal bars.
5. REINFORCED CONCRETE FRAMES AND RELATED CONSTRAINTS
All engineering structures have to be resistant under the applied loads. They must
carry loads safely, not deform excessively. ACI-318-05 code, used in this research,
outlines relations needed for design of concrete structures. These relations form
constraints which are applied to beams, columns and concrete frame.
5.1. Beams Constraints
1. Moment constraint: As mentioned before, flexural moment varies along the
beams. Accordingly, this constraint is calculated for the left, the middle and the
right segment of beams.
2. Maximum spacing for crack control: According to the Portland Cement
Association (PCA) notes on ACI, the spacing of reinforcement (Grade 60 bars)
closest to a surface in tension shall not exceed that given in tables 9A-1 and
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9A-2 of the PCA notes on ACI.

3. Maximum deflection constraint: According to the ACI code, computed
deflection of a beam, not supporting or attached to nonstructural elements
.
likely to be damaged by large deflections, shall not exceed l
360

4. Minimum width constraint: Minimum clear spacing between parallel bars in a
layer shall be db, but not less than 1 inch.

5. In this research, widths of the beams are restricted to widths of their associated
6.
7.

8.

9.

columns.
Another restriction applied to the beams is that their widths are limited to their
depths.
Maximum depth constraint: "It is also common practice in design of reinforced
concrete beams to fix the maximum ratio of the depth to the width of the beam.
Typically, h_max /b varies from 2 to 3", [3]. In this research this ratio is set at
2.5.
Minimum shear reinforcement constraint: Shear reinforcement designed for
specified section characteristics shall not be less than minimum shear
reinforcement specified by ACI-318-05. The constraint m8 defined for this
case is calculated for the left and the right support shear forces separately.
Maximum shear reinforcement constraint: Shear reinforcement must satisfy the
relation below,
Vs ≤ 4Vc

(5)

5.2. Columns Constraints
1. Minimum longitudinal reinforcement ratio constraint: Longitudinal
reinforcement ratio of the columns shall not be less than 0.01.
2. Maximum longitudinal reinforcement ratio constraint: Longitudinal
reinforcement ratio of the columns shall not be greater than 0.08.
3. Minimum width constraint: In tied reinforced compression members, clear
distance between longitudinal bars shall be not less than 1.5d b nor less than 1.5
inches.
4. Constraint related to column interaction diagram: Columns in structural
systems are rarely subjected to pure axial force; rather a combination of axial
force and flexural moment is exerted to columns. This matter affects columns
strength, and interaction of axial force and flexural moment has essential role in
calculation of columns capacity. For design purpose, column load-moment
strength interaction is used. If the factored axial force and bending moment lies
inside the design strength diagram, the capacity of the column is satisfactory.
5. Since the frame under study is a two-dimensional frame, widths of the columns
are limited to their depth.
6. Minimum shear reinforcement constraint: Shear forces are not the major
criterion in columns design. Indeed columns are designed for axial force and
bending moments, then they are checked for shear forces. Similar to beams,
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shear reinforcement of the column shall not be less than the minimum
permitted shear reinforcement specified by ACI-318-05.
7. Maximum shear reinforcement constraint: Shear reinforcement must satisfy the
relation below,

Vs ≤ 4Vc

(6)

5.3. Frame Constraints
Besides beams and columns constraints, stability of the frame is considered as a
whole frame constraint. If the frame is not stable laterally, the related constraint is
applied to the frame.
6. GENETIC ALGORITHM
The genetic algorithm used in this research has an adaptive penalty function that
has been already explained. The crossover operator has the probability of 0.8, and
three types of operators; one-point, two-point and uniform operators have been
used. To determine which type of crossover is used, a two-bit binary string is
produced. The string "00" refers to one-point crossover, the strings "01" and "10"
refer to two-point crossover and finally the string "11" refers to a uniform
crossover. One- and two-point crossovers are the least disruptive to the population,
while uniform crossover is the most disruptive operator. The mutation rate varies
between 0.008 and 0.02. If previous generation has feasible best solution, the rate
is 0.008, otherwise the rate is 0.02. Selection operator is a binary tournament
selection with specific conditions.
Sometimes in design procedure, the designer comes across sections that violate
constraints, but minor changes in section depth, section width, number of bars or
diameter of bars makes it a convenient section. This problem has been dealt with
adding a new operator to GA called repairing.
7. DESIGN EXAMPLES
7.1. Uniaxial Short-Tied Columns
The first example is a problem presented by Zielinski et al. (1995). The aim is to
design three uniaxial short-tied columns, each column is subjected to a factored
axial force, Pf , and a factored bending moment, M f . Loadings and material
properties for each column is listed in Table 1.
Table 1: Design properties for short-tied columns [3]

348 / Optimum Design of 2-D Reinforced Concrete….

–––––––––––––––––––

Values for the column dimensions in inches range from 7 ≤ b ≤ 30 and
7 ≤ h ≤ 30 . Camp, Pezeshk and Hanson (2003) designed this problem according
to ACI-318-99, using a modified version of GA. In this research the designed
columns have been checked by drawing their exact interaction diagrams. These
diagrams show that the columns have acceptable design and their axial forces and
bending moments lie inside the design diagrams. Comparison between the exact
interaction diagrams and the interaction diagrams drawn in this research, shows
that the latter has good accuracy. Figure 3 shows both diagrams and the point
related to loading for the first column.

Figure 3. First column interaction diagrams and its point of loading.

Table 2 lists the design results. It should be noted that the costs in the table are for
1 foot height of columns. Columns "Result (Ave)", "Result (Min)" and "Result
(Max)" show decrease or increase percents in cost for average, minimum and
maximum results attained in this research versus result attained by Camp, Pezeshk
and Hanson (2003), respectively. All costs are in terms of US dollar.
Table 2: Design results for uniaxial short-tied columns

7.2. Two-Bay Six-Story Frame
Figure 4 shows a two-bay six-story reinforced concrete frame designed by Rajeev
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and Krishnamoorthy (1998) based on Indian Standard Code of Practice for
Reinforced Concrete (IS 1978) design code. The frame was also designed by
Camp, Pezeshk and Hanson (2003) based on the ACI-318-99 code using a
modified version of GA.

Figure 4. Two-bay six-story frame: (a) geometry and loading; and (b) beam and
column group numbering [3].

The dimensions of the frame are: h = 4m(13.12 ft ) , L1 = 6m(19.69 ft ) , and
L2 = 4m (13.12 ft ) . A factored uniformly distributed vertical load of
w = 30 KN / m(2056lb / ft ) is applied to every beam in the frame. In addition, a
lateral load of P = 10 KN (2248lb) is applied to each story. The cost of concrete,
steel and formwork is estimated as US $735 / m 2 (US $20.81 / ft 3 ) , US $7.1 / kg
(US $1578 / ft 3 ) , and US $54 / m 2 (US $5.02 / ft 2 ) , respectively (Rajeev and
Krishnamoorthy 1998). The unit weight of concrete and steel is approximately
145(lbs / ft 3 ) and 490(lbs / ft 3 ) . The strength of concrete, f c' = 3000 ( psi ) , and
the yield strength of steel, f y = 60000( psi) .
Rajeev and Krishnamoorthy (1998) did not consider the shear capacity of the beam
sections, while Camp, Pezeshk and Hanson (2003) designed the frame with and
without shear capacity of the beam. Table 3 shows design results attained by
Camp, Pezeshk and Hanson (2003) when the moment and shear capacities of the
beams and the load-moment interaction in the columns with moment magnification
due to frame stability and column slenderness have been considered, but they did
not design shear reinforcements. Also longitudinal reinforcement was considered
constant along the beam.
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Table 3: Design results considering column slenderness for two-bay six-story frame
attained by Camp, Pezeshk and Hanson (2003) [3]

In this research, there are not any groupings for beams and columns. Each beam
and column has its particular section, defined in the previous sections. The moment
and shear capacities of the beams and columns have been considered and
longitudinal and shear reinforcements have been designed for each element. Figure
5 shows numbering of the frame elements.

Figure 5. Numbering of the frame elements.

This frame has 240 variables, 168 variables for beams and 72 variables for
columns. Design time for 200 generations with a population size of 150 is about 80
min. The best solution has the cost of US$30910. Table 4 lists section dimensions,
longitudinal reinforcements designed for some elements of the best solution.
In this table:
• b : Width of the section, in .
• h : Height of the section, in .
• nb _ b _(l / m / r ) : Number of bottom bars in the left/mid/right segment.
• nb _ u _(l / m / r ) : Number of upper bars in the left/mid/right segment.
• n _ bar _ b _(l / m / r ) : Bottom bars size for the left/mid/right segment.
• n _ bar _ u _(l / m / r ) : Upper bars size for the left/mid/right segment.
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Table 4: Section dimensions, longitudinal reinforcements designed for some elements
of the best solution.

Table 5 lists shear reinforcements designed for some elements of the best solution.
Table 5. Shear reinforcements designed for some elements of the best solution.

In this table:
• Av _ s _(l / r ) : Shear reinforcement area in unit length for the left/right
•

half of the elements, in 2 / in .
Av _ s _ min_(l / r ) : Minimum permitted shear reinforcement area in unit

length for the left/right half of the elements, in 2 / in .
• x _ .5vc _(l / r ) : Distance between point with shear force of .5vc ( vc is
shear resistance provided by concrete) and point with shear force of zero
for the left/right half of the elements, in .
• x _ vc _(l / r ) : Distance between point with shear force of vc ( vc is shear
resistance provided by concrete) and point with shear force of zero for the
left/right half of the elements, in .
In this research, design time has been assumed as a determining parameter, here the
selection operator with specified conditions and now the operator repairing has
been used to accelerate convergence of the program. In fact, the selection used in
this research causes fewer violated constraints to get in a population as the
generation number grows, and then these selected populations are repaired by using
the repairing operator. As a result, design time for the two-bay six-story frame with
240 variables is about 80 min., whereas the program used by Camp, Pezeshk and
Hanson (2003) need 13 hours to design the same frame with only 36 variables.
8. CONCLUSIONS
In this research, optimal design of reinforced concrete frames regarding cost was
considered within the limitations and specifications of the ACI code. To design
these frames a GA based optimization program was introduced. This program is
shown to be applicable and effective especially for problems with large numbers of
constraints. Tournament selection with specified conditions and a new repairing
operator was used to decrease the design time. The design time in this research is
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much shorter than the design time needed for the GA implemented by Camp,
Pezeshk and Hanson (2003). Design time for the modified version of GA
implemented by the latter researchers was about 9.75 times the design time needed
for the GA introduced in this research, while the frame variables used in this
research are about 6.67 times the variables used for the frame designed by Camp,
Pezeshk and Hanson (2003).
9. UNIT CONVERSIONS
1 in. =25.4 mm, 1 kip=4,450 N,

1 k in. =113 N mm,

1 ksi=6.9 MPa
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ABSTRACT
In seismic areas, ductility is an important factor in design of concrete members
under flexure; it is due to the increase in capacity of plastic displacement. As a
result, the inertial forces imposed on the structures can be decreased. The effective
factors on ductility are; concrete compression strength f′c, the percentage of tension
and compression steel, ρ and ρ′, the amount of stirrups confinement for concrete
ρc, the stirrups spacing, brittle effect of concrete strength, yield stress of

longitudinal bars fy and the effect of width to the depth of the section b/h. Perhaps
the most simple and general definition for section ductility of members is defined,
as the ratio of curvatures at ultimate load to curvatures at yield load (μ=φu/φy).In
this paper, a proposed method was considered to calculate the flexural curvature
ductility ratio of reinforced concrete (RC) sections. Based on the proposed method,
computer software was produced to calculate the curvature ductility in confined
RC beams. The method is based on actual characteristics of a concrete flexural
section by considering almost all effective ductility parameters such as available
experimental concrete compression diagrams. By the developed software, the
ductility factor of 250 beams under efficient circumstances were investigated
completely. The nonlinear multiple regression analyses was also performed for
these 250 beams and a direct equation is introduced to determine the ductility
factor. Based on the obtained experimental results a comparison was made between
the proposed direct method and experimental results, and it was shown that a good
agreement is available.
Keywords: ductility, flexural member, RC, nonlinear multiple regression

1. INTRODUCTION
In seismic areas, ductility is an important factor in design of concrete members
under flexure; it is due to the increase in capacity of plastic displacement. As a
result, the inertial forces imposed on the structures can be decreased [1-2]. The
effective factors on ductility are; concrete compression strength f′c, the percentage
of tension and compression steel, ρ and ρ′, the amount of stirrups confinement for
concrete ρc, the stirrups spacing, brittle effect of concrete strength, yield stress of
longitudinal bars fy and the effect of width to the depth of the section b/h [3-10].
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Beams ductility can be presented based on behaviour of members section or the
entire members’ behaviour. Prevalent criterion of beams ductility calculation
according to entire members’ behaviour are the ratio of ultimate displacement to
yield displacement (μ=Δu/Δy), ratio of ultimate rotation to yield rotation (μ=θu/θy)
and the value of structure absorbed energy. Perhaps the most simple and general
definition for section ductility of members is defined, ratio of curvatures at ultimate
load to curvatures at yield load (μ=φu/φy). The entire members’ behaviour reveals
the actual behaviour of the structure but calculation of member section behaviour is
simpler. However, the experimental results show that the difference between
curvature and displacement value of ductility are quite small [6, 8] and hence, the
curvature ductility is used generally to investigate the member behaviour.
The effect of concrete confinement with ties on flexure ductility was studied by
many researchers [4, 9, 11-14]. But in this research, ductility is calculated based on
the actual characteristics of a RC flexural section (Experimental strain-stress curves
for confined and unconfined concrete) and act as a separator proposed curves,
which divide the zone into; effective confined concrete core, unconfined concrete
core and unconfined concrete cover. The method is also based on actual
characteristics of a RC flexural section by considering almost all effective ductility
parameters such as available experimental concrete compression diagrams.
The calculations of the accurate values of curvature ductility of members are
usually complicated particularly in confined concrete beams and therefore, by the
use of simplified formula can be much easier [15]. Lee and Pan presented an
algorithm and simplified formulas for estimating the relationship between only the
tension reinforcement and ductility of reinforced concrete beams. They considered
the effects of concrete confinement and spilling of the concrete cover. Calculating
of ductility based on Lee and Pan’s method is time consuming and difficult.
Based on a proposed method in this research, computer software was produced to
calculate the curvature ductility in confined beams. By the developed software, the
ductility factor of 250 RC beams under efficient circumstances which are
mentioned above were investigated completely. The nonlinear multiple regression
analysing was also performed for these 250 RC beams data and a direct equation is
introduced to determine the ductility factor.
To investigate the performance and accuracy of the proposed equation, fifteen HSC
beams were cast and tested under bending and also the available results of nine
HSC beams were selected from research by Tsong et al. [16].
2. CURVATURE DUCTILITY CALCULATION BASED ON PROPOSED
METHOD
Perhaps the most simple and general definition for section ductility of members is
defined as ratio of curvature at ultimate load to curvature at yield load (μ=φu/φy)
shown in Figure 1 where My, corresponds to the moment at the beginning of the
yielding flat plateau in the moment-curvature curve and Mu, is the moment when
the ultimate load was reached during testing.
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Figure 1. Moment-curvature curve and strain distribution

3. EFFECTIVE CONFINED CONCRETE CORE
3.1. Separator Curves at Transverse Level
There have been many attempts to describe the separator curves of confined
concrete. Sheikh and Uzumeri, Sheikh and Yeh and Hwang and Yun made
analytical and experimental studies on the mechanism of concrete confinement by
considering the various parameters [9, 13-14]. They introduced the concept of the
effectively confined concrete area. Fafities and Shah and Woods et al.
experimentally investigated the confinement effects of HSC columns [4, 17].
Effective confined concrete area that causes an increase in both member strength
and ductility is less than core nominal area which is placed centre to centre of two
adjacent transverse bars [13]. Effective confined area of concrete is calculated
according to parameters, such as shape of transverse and distance between
longitudinal bars. At the section of transverse level with regard to the distance
between the longitudinal bars, some of compressive concrete core area is
unconfined when it is under bending. The unconfined concrete in core area is
hatched and is shown in Figure 2. Longitudinal bars confined concrete effectively
in its vicinity. It is assumed that unconfined concrete stress for hatched area out of
inside concrete core is uniform.
In this research, a confinement model is proposed to divide concrete inside tie into
effective confined concrete core and unconfined concrete core. Therefore, the
compression concrete zone of rectangular section under bending is divided by the
separator proposed curves.
The relation for separator curves of confined and unconfined concrete areas is as:

Y = aX

n

(1)

where, terms a and n are the experimental constants.
It is possible to obtain the values of a and n by considering the coordinate of the
stirrup corner (point M) in Figure 2, and the separator curves which is lying
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between a triangular and elliptical shape, in which the values of A (the hatched
area) and θ are respectively equal to C2/5.5 and 45˚ as Sheikh and Uzumeri
suggested [13].
Hence;
a=

1
1.75

0.75

⎛2 ⎞
⎜ ⎟
⎝C ⎠

and n=1.75

(2)

Having the values of a and n, and substituting in Eq. 1, the following equation is
obtained:
Y =

1
2 0 . 75
(
)
X
1 . 75 C

1 . 75

or Y =

1 2 0.75 1.75
( )
X
1.75 C

(3)

where C > 0 , − C ≤ X ≤ C
2

2

Now, the Eq. 4 can be written by considering the known values of a and n and the
coordinate of point M.
h =

2
C
C
1
× ( ) 0 . 75 × ( ) 1 . 75 ⇒ h =
1 . 75
C
2
3 .5

(4)

3.2. Separator Proposed Curves at Midway Between Ties (i.e., critical section)
It is clear that, confinement of concrete is improved if transverse (stirrup)
reinforced layers are placed relatively close together along the longitudinal axis of
the beam. There will be some critical spacing of transverse reinforcement layers
above which the section midway between the transverse sets will be ineffectively
confined, and therefore, it seems the available equation will be inappropriate.
The concrete confinement between the stirrups sets (ie, the spacing between two
adjacent stirrups) is affecting on buckled place between stirrups sets. The minimum
effective confinement lies between two stirrups. This is clearly illustrated in Figure
3. The maximum value of Y is located at a section midway between stirrups sets.
Here, such a section is called a critical section. A suggested value of 0.25S tanθ is
reported by Sheikh and Uzumeri [13], where θ is 45˚. Hence, for analysing
purpose, the critical section can be calculated by considering of actual effective
concrete confinement area at transverse level which is equal to area that 0.25S at
sides of width and height of the section.
Now, Figure 4, illustrates a proposed critical section along the beam’s length and it
is possible to define the equations for the proposed separator curves in such a
section, for both confined concrete and unconfined effective concrete core.
To obtain, the distance O' from axis X and Y, the following operations are treated;
MG = d ′ + d ′′′ − d ′′ ,
C 1 = b − 2 MG ,

H1

d ′ ′ ′ = 0 . 25 S ,
C1
=
3 .5

MG = d ′ + 0 . 25 S − d ′′
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C 2 = h − 2 MG ,

H2 =

C2
,
3 .5

C3 = C2,

H3 = H2

(5)

Figure 2. Unconfined concrete in core and separator curve

Figure 3. Unconfined concrete midway between the transverse sets

Figure 4. Proposed critical section midway between the transverse sets

C1, H1, C2, H2, C3 and H3 are the base and height of the separator curves 1, 2 and 3
respectively. Therefore, based on Eq. 3, it is possible to derive the separator curves
1, 2 and 3 for each local coordinate curve (Figure 4).
The equation for separator curve 1:
Y1 =

1
2
1 . 75
( ) 0 .75 X 1
1 .75 C1

,

Y = MG + H 1 − Y1

,

X =

b
+ X1
2

(6)
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The equation for separator curve 2:
Y2 =

1
2 0 . 75
(
)
X2
1 . 75 C 2

1 . 75

,

Y = MG + H 2 − Y 2

,

X =

b
+ X2
2

(7)

,

Y = MG + H 3 − Y 3

,

X =

b
+ X3
2

(8)

The equation for separator curve 3:
Y3 =

1
2 0 . 75
1 . 75
(
)
X3
1 . 75 C 3

3.3. Flowchart to Determine the Moment-Curvature
By using separator curves; experimental stress-strain data of confined, unconfined
concrete; and bars stress-strain relationship; a computer program was developed to
calculate the moment-curvature curves for confined reinforced concrete beams
(i.e., for both high strength and normal strength concrete (HSC and NSC)), and
therefore, the curvature ductility is obtained based on moment-curvature curve. The
proposed algorithm is demonstrated by the flowchart shown in Figure 5.

Start

Insert property of section
such as ρ, ρ', f'c…

Insert experimental stress-strain data
of confined and unconfined concrete

Assume a strain value at
extreme
concrete compression fibre

Obtaining the separator curve equation
of confined and unconfined concrete
section

Determine the neutral axis depth based on
equilibrium of section w.r.t assumed strain value

Determine moment-curvature diagram
based on neutral axis depth

Is strain at effective confinement zone, greater
than maximum strain in experimental data of
stress-strain for confined or unconfined concrete?

Increase concrete strain value
at extreme compression fiber

No

Yes
Finish

Figure 5. Flowchart to obtain moment-curvature diagram
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By use of computer software which is based on proposed method, 250 beams with
various assumed properties (shown in Table 1) were studied to determine the
curvature ductility (μφ).
The electrical strain gauges were fixed on the surfaces of concrete cylindrical
specimens and tested under compression and the stress-strain diagrams under the
load were plotted. Two diagrams of total are shown in Figure 6. Behaviour of Steel
was applied perfectly, where equation for steel was given in reference [18].
Table 1: Selected beams results studied by computer software
′

fc
79.3
79.3
79.3
79.3
79.3
79.3
79.3

ρ
0.0440
0.0440
0.0440
0.0440
0.0440
0.0440
0.0147

ρ'
0.0293
0.0293
0.0293
0.0147
0.0147
-

ρc
0.01338
0.01338
0.00735
0.00735
0.00735
0.00735
-

s/d
0.25
0.50
0.50
0.25
0.50
0.50
-

μφ
15.2
16.8
11.0
7.0
8.0
5.4
7.0

f′ c
41.3
41.3
41.3
41.3
26.6
26.6
26.6

ρ
0.0261
0.0261
0.0261
0.0174
0.0061
0.0061
0.0122

ρ'
0.0087
0.0087
0.0061
-

ρc
0.01633
0.01633
0.01633
0.01633
-

s/d
0.50
0.25
0.50
0.25
-

μφ
12.7
8.0
2.6
5.7
15.9
12.7
3.8

fy=420 MPa and b/h=0.65
f' c =79.3 MPa ρ c =0 %

f' c =79.3 MPa ρ c =1.338%

1200

Stress (MPa)

Stress (MPa)

1000
800
600
400
200
0
0

0.005

0.01

0.015
Strain

0.02

0.025

0.03

900
800
700
600
500
400
300
200
100
0
0

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Strain

Figure 6. Experimental concrete stress-strain diagram

4. ANALYZING THE DATA BY NONLINEAR REGRESSION METHOD
Any regression analysis should be preceded by a great deal of thought devoted to
what variables should be included in the analysis, how these variables might
influence the dependent variable, the correlation among the independent variables
and ease of using a predictive model based on the selected independent variables.
Therefore the first step in the regression analysis should be the development of the
form of the predictive model based on a rational analysis of the problem.
Regression analysis can then be used to develop the parameters of the model, test
the importance of the variables included and develop confidence intervals for the
predictions. A nonlinear model is defined as an equation that is nonlinear in the
coefficients or a combination of linear and nonlinear in the coefficients. For
example Gaussians, ratios of polynomials and power functions are all nonlinear. In
matrix form, nonlinear models are given by the formula:

y = f (x, β ) + ε

(9)
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Where y is an n-by-1 vector of observations, f is a function of β and X, β is a m-by-1
vector of unknown parameters, x is the n-by-m matrix made up of n observations on
each of m independent variables and ε is an n-by-1 vector of errors.
Nonlinear models are more difficult to fit than linear models because the
coefficients cannot be estimated using simple matrix techniques. Instead, an
iterative approach is required that follows these steps: a) Start with an initial
estimate for each coefficient. For some nonlinear models, a heuristic approach is
provided that produces reasonable starting values. For other models, random values
on the interval [0,1] are provided. b) Produce the fitted curve for the current set of
coefficients. The fitted response value ŷ is given by:

yˆ = f ( x, b)

(10)

and involves the calculation of the Jacobian of f(x,b), which is defined as a matrix
of partial derivatives taken with respect to the coefficients. c) Adjust the
coefficients and determine whether the fit improves. The direction and magnitude
of the adjustment depend on the fitting method [19]. Many methods can be used to
solve these problems such as Gauss-Newton. This method is potentially faster than
the other methods, but it assumes that the residuals are close to zero.
The magnitude of ductility is dependent upon the different variables such as;
concrete compression strength f′c, the percentage of tension and compression steel,
ρ and ρ′, the amount of stirrups confinement for concrete ρc, the stirrups spacing,
brittle effect of concrete strength, yield stress of longitudinal bars fy, and the effect
of ratio of width to the height of the section, b/h. Here, a constant longitudinal yield
stress value of 420 MPa is assumed.
Table 2: Details of testing program of tested beams [5-6] and Comparison of
experimental and direct proposed equation results
Beam
No.
BC1
B1
BC2
B2
BC3
B3
BC4
B4
BC5
B5
BC6
B6
BC10
BC11
BC12

f′c
(MPa)
56.31
69.50
63.48
70.50
63.21
70.80
71.45
72.80
65.54
71.50
73.77
71.00
73.42
72.98
74.35

d
(mm)
254
254
250
250
251
251
250
250
259
259
256
256
256
256
256

ρc =0 and fy=400

d′
(mm)
42
47
42
47
42
40
40
40
40

As
2Φ14
2Φ14
2Φ20
2Φ20
4Φ18
4Φ18
4Φ20
2Φ20
4Φ22
4Φ22
4Φ28
4Φ28
4Φ28
4Φ28
4Φ28

ρ (%)
0.61
0.61
1.25
1.25
2.03
2.03
2.51
2.51
3.05
3.05
4.81
4.81
4.81
4.81
4.81

ρ/ρb
ρmin=0.13
ρmin=0.13
0.24
0.24
0.36
0.36
0.43
0.43
0.52
0.52
0.79
0.79
0.79
0.79
0.79

A′s
2Φ14
2Φ14
2Φ14+1Φ18
2Φ14+1Φ20
2Φ14+1Φ25
2Φ14
2Φ20
2Φ28
3Φ28

ρ′
(%)
0.61
0.61
1.01
1.24
1.60
0.61
1.23
2.41
3.61

μ(exp)

μ
(eq.11)

11.84 11.15
10.25 10.46
6.84
8.96
5.38
7.88
5.75
7.56
4.52
5.50
5.60
7.40
2.82
4.37
5.31
6.71
3.04
3.20
1.21
1.03
1
3.29
2.76
4.33
5.78
6.50
8.99
Average error

Error
(%)
6.19
2.00
23.66
31.72
23.94
17.82
24.32
35.47
20.86
62.50
3.00
19.20
25.09
27.69
21.12
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Table 3: Details of testing program of tested beams [16] and Comparison of
experimental and direct proposed equation results
Beam
No.

f′c
(MPa)

As

ρ (%)

A′s

ρ′ (%)

C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-9
C-1

61.80
60.80
61.80
63.80
61.80
63.80
62.80
61.80
63.80
61.80

2#6
2#6
2#6
2#6
2#6
2#6
2#6
2#6
2#6
2#6

3.39
3.39
3.39
3.39
3.39
3.39
3.39
3.39
3.39
3.39

2#4
2#4
2#4
2#5
2#5
2#5
2#6
2#6
2#6
2#4

1.51
1.51
1.51
2.36
2.36
2.36
3.39
3.39
3.39
1.51

Stirrups
Spacing
ρc (%)
(cm)
4
5.47
8
2.73
16
1.37
4
5.47
8
2.73
16
1.37
4
5.47
8
2.73
16
1.37
4
5.47

μ(eq.11)

Error
(%)

25.63 35.05
15.00 19.54
11.13 14.03
41.82 37.37
17.84 21.35
11.17 16.35
46.60 39.99
25.00 24.49
24.8
19.03
25.63 35.05
Average error

26.87
23.23
20.67
11.91
16.44
31.68
16.5
2.08
30.32
26.87
19.96

μ(exp)

The computer software, based on proposed method was testified for 250 RC beams
of mentioned variables. Nonlinear regression method is used to analyze these 250
beams data. The analysis results provide the following direct equation to determine
the ductility factor:
2.13

⎛b⎞
⎝ h⎠

μ = 1027.48ρc1.24 + 2.33⎜ ⎟

0.68

⎛s⎞
+ 3.04⎜ ⎟
⎝d ⎠

0.93

⎛ f′⎞
− 76.92ρ 0.49 + 276.00ρ′1.02 + 2447.55⎜⎜ c ⎟⎟
⎝ Ec ⎠

+ 8.39

(11)

R-square and average errors of the proposed equation are 0.91 and 13 percent
respectively.
5. COMPARISON OF EXPERIMENTAL AND DIRECT PROPOSED EQUATION
To evaluate the accuracy of proposed direct Eq. 11, the experimental results of
tests reported by Akbarzadeh and Maghsoudi, and Tsong et al. [5-6, 16] are
investigated. Table 2 and 3 present the detailed testing programs. Curvature
ductility is defined as the ratio of curvatures at ultimate load to curvatures at yield
load (μ=φu/φy). The experimental yielding curvature, φy, corresponds to the
curvature at the beginning of the yielding flat plateau in the moment-curvature
curve. The experimental ultimate curvature, φu, is the curvature when the ultimate
load was reached during testing. For the tested beams, experimental curvature
ductilities and the obtained ductility amount of these beams based on proposed
equation are compared and shown in Table 2 and 3. The average error for
experimental and proposed direct Eq. (11) is 20 percent, which indicates that a
good agreement is available.
6. CONCLUSIONS
In seismic areas, flexural ductility is an important factor in design of concrete
members. The calculation of the accurate values of ductility of a member is usually
complicated and therefore a direct and accurate approach to obtain such value is
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necessarily required particularly in seismic regions. The proposed direct Eq. (11)
for calculating the curvature ductility satisfies this requirement with an average
error as low as 20 %.
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ABSTRACT
Nonlinear simulations for structures under earthquakes have been widely focused
on in recent years. However, precise modeling for the nonlinear behavior of
reinforced concrete shear walls, which are the major lateral-force-resistant
structural member in high-rise R.C. buildings, still has many items to be
investigated. In this paper, based on the principles of composite material
mechanics, a multi-layer shell element model is proposed to simulate the in-plane
bending and the coupled in-plane bending-shear nonlinear behaviors of RC shear
wall. The multi-layer shell element is made up of many layers with different layers
of thickness, and different material models (concrete or rebar) are assigned to
various layers so that the structural performance of the shear wall can be directly
connected with the material constitutive law. Besides the traditional elasto-plasticfracture constitutive model for concrete, which is efficient but does not give
satisfying performance for concrete under complicated stress condition, a novel
concrete constitutive model, referred as microplane model, which is originally
proposed by Bazant et al., is developed to provide a better simulation for concrete
in shear wall under complicated stress conditions and stress histories. Three
flanged shear walls under static push-over load were analyzed with the proposed
shear wall model for demonstration. The simulation results show that the multilayer shell elements can correctly simulate the in-plane bending failure for tall
flanged walls and the coupled in-plane bending-shear failure for short flanged
walls. In addition, with microplane concrete constitutive law, the behavior and the
damage accumulation of flanged shear wall can be appropriately modeled, which is
very important for the performance-based design of structures under disaster loads.
Keywords: flanged shear wall, nonlinear analysis, microplane, multi-layer shell
element
1. INTRODUCTION
Nonlinear simulations for structures under earthquakes have been widely focused
on in recent years. However, precise modeling for the nonlinear behavior of
reinforced concrete (RC) flanged shear walls, which are the major lateral-forceresistant structural member in medium-rise and high-rise buildings, still has not
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been successfully solved. As the cross section of the flanged shear wall member is
much bigger than that of the beam and column member, its deformation behavior
under the lateral load is more complicated and the research has focused on the
nonlinear analysis model for flanged shear wall. In this paper, based on the
principles of composite material mechanics, a multi-layer shell element model is
proposed to simulate the coupled in-plane/out-plane bending or the coupled inplane bending-shear nonlinear behaviors of RC flanged shear wall. At the element
level, the model uses the shell element that is made up of multiple layers with
different thickness and different material models (concrete or rebar) are assigned to
various layers. Since the model relates the nonlinear behaviors of the shear wall
element to the constitutive relations of concrete and steel directly, it has many
advantages in the description of the actual complicated nonlinear behaviors. In the
nonlinear analysis for the concrete structures, the constitutive relation of the
concrete has great effect on the analysis results.
Although the traditional elasto-plastic-fracture constitutive model for concrete is
efficient, it does not give satisfying performance for concrete under complicated
stress condition. So at the material constitution level, a novel concrete constitutive
model, referred to as microplane model, which is originally proposed by Bazant et
al. [1, 2, 3 and 4], is developed to provide a better simulation for concrete in shear
wall under complicated stress conditions and stress histories. In order to validate
the capacity of the proposed shear wall model, three flanged shear walls with
different nonlinear behaviors under given load cases were taken as examples.
Pushover analysis and static cyclic loading analysis was carried out on these shear
walls with the proposed shear wall model to illustrate the capacity of the proposed
model.
2. MULTI-LAYER SHELL ELEMENT
The proposed multi-layer shell element is based on the principles of composite
material mechanics and it can simulate the coupled in-plane/out-plane bending and
the coupled in-plane bending-shear nonlinear behaviors of RC shear wall. Basic
principles of multi-layer shell element are illustrated in Figure 1. The shell element
is made up of many layers with different thickness. And different material
properties are assigned to various layers. This means that the rebars are smeared
into one layer or more. During the finite element calculation, the axial strain can be
obtained in one element. Then according to the assumption that plane remains
plane, the strains and the curvatures of the other layers can be calculated. And then
the corresponding stress will be calculated through the constitutive relations of the
material assigned to the layer. From the above principles, it is seen that the
structural performance of the shear wall can be directly connected with the material
constitutive law.
The constitutive model of the rebars is set as the perfect elasto-plastic model.
Because the rebars in different directions are smeared into one layer, so if the ratios
of the amounts of the distributing rebars to the concrete in the longitudinal
direction and transverse direction are the same, the rebar layer can be set as
isotropic. But if the ratios in the two directions are different, the rebar layer should

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 367

be set as orthotropic with two principal axes. And in different principal axis, the
stiffness is set differently according to the ratio of the amount of rebars to concrete,
in order to simulate longitudinal rebars and transverse rebars respectively.

Figure 1. Multi-layer shell element

3. NONLINEAR FINITE ELEMENT PROGRAM
The NONLACS2 (NONLinear Analysis of Concrete and Steel Structures)
program utilizes the basic structure of the NONLACS program [5] with the same
finite element formulation and differs from the previous programs in terms of its
versatility, to analyze both normal and high-strength concrete systems, to eliminate
the element size effect (mesh size dependency) using both fracture mechanics and
strength-based approaches, to utilize different models for concrete in compression
and tension, and to determine the ultimate concrete tensile and compressive strain,
εtu and εcu, respectively. The program can be used to predict the nonlinear behavior
of any plain, reinforced or prestressed concrete, steel, or composite concrete-steel
structure that is composed of thin plate members with plane stress conditions. This
includes beams, slabs (plates), shells, folded plates, box girders, shear walls, or any
combination of these structural elements. Time-dependent effects such as creep and
shrinkage can also be considered.
3.1. Concrete Properties
As shown in Figure 2(a), the ascending branch of the concrete uniaxial stress-strain
curve up to the peak compressive strength is represented by the Saenz equation [6]:

σ =

E0 ε
⎛
⎞ ⎛ ε ⎞ ⎛ ε ⎞
⎟⎟ + ⎜⎜
1 + ⎜⎜ E 0 - 2 ⎟⎟ ⎜⎜
⎟⎟
⎝ Esc ⎠ ⎝ ε max ⎠ ⎝ ε max ⎠

2

(1)

where E0 is the initial modulus of elasticity of the concrete, Esc is the secant
modulus of the concrete at the peak stress, σ is the stress, ε is the strain, and εmax is
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the strain at peak stress. The descending or the strain-softening branch is idealized
by the Smith and Young model [7]:

⎛ ε ⎞
⎟⎟ exp ( 1 - ε
ε max )
⎝ ε max ⎠

σ = σ c ⎜⎜

(2)

where σc is the compressive strength of the concrete. For uniaxially loaded
concrete, σc is equal to f´c. For high-strength concrete, the compressive stress-strain
response is modeled using a modified form of the Popovics' equation [5].

Figure 2. Uniaxial stress-strain curves

For analysis of most plane stress problems, concrete is assumed to behave as a
stress-induced orthotropic material. In this study, the orthotropic constitutive
relationship developed by Darwin and Pecknold [8] is used for modelling the
concrete using the smeared cracking idealization. The constitutive matrix, D, is
given by:
⎤
⎡
⎢
0⎥
E1 ν E1 E 2
⎥
⎢
⎥
1 ⎢
(3)
0⎥
E2
ν E1 E 2
D =
2 ⎢
(1 - ν ) ⎢
⎥
⎥
⎢
0
0 1
⎢
(E1 + E 2 - 2ν E1 E 2 )⎥
4
⎦
⎣
in which, E1 and E2 are the tangent moduli in the directions of the material
orthotropy, and v is the Poisson's ratio. The orthotropic material directions coincide
with the principal stress directions for the uncracked concrete and these directions
are parallel and normal to the cracks for the cracked concrete. The concept of the"
equivalent uniaxial strain" developed by Darwin and Pecknold [8] is utilized to
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relate the increments of stress and strain in the principal directions. Therefore,
stress-strain curves, similar to the uniaxial stress-strain curves, can be used to
formulate the required stress-strain curves in each principal direction.
The strength of concrete, σc, and the values of E1, E2 and ν are functions of the
level of stress, and the various stress combinations. The concrete strength, when
subjected to biaxial stresses is determined using the failure envelope developed by
Kupfer et al. [9]. The values of E1 and E2 for a given stress ratio (α=σ1/σ2) are
found as the slopes of the σ1-ε1 and σ2-ε2 curves, respectively. For the descending
branches of both compression and tension stress-strain curves, Ei is set equal to a
very small number, 0.0001, to avoid computational problems associated with
negative or zero values for Ei. The concrete is considered to be crushed, when the
equivalent compressive strain in the principal directions exceeds the ultimate
compressive strain of the concrete, εcu. Two models are used for determination of
the concrete ultimate compressive strain, εcu, for high and normal-strength
concretes [10] and confined concretes [11]. For elimination of the numerical
difficulties after crushing (ε>εcu) and cracking of the concrete (ε>εcu), a small
amount of compressive and tensile strength as a fraction of concrete strength, γcf'c
and γtf't, is assigned (optional) at a high level of stress [Figure 2(a)], where
parameters γc and γt define the remaining compressive and tensile strength factors,
respectively.
Cracking of the concrete is idealized using the smeared cracking model, and is
assumed to occur when the principal tensile stress at a point (usually a Gauss
integration point) exceeds the tensile strength of the concrete. The stiffness across
the crack is assumed to be zero and the principal directions are not allowed to
rotate. The aggregate interlock at the cracks and the dowel action between the
reinforcing steel and the concrete are considered using the shear retention factor, β.
In reality, the concrete is able to resist tension between the cracks in the direction
normal to the crack; this tension-stiffening phenomenon is implemented in the
algorithm by assuming the ascending and the descending branches of the tensile
stress-strain curve to terminate at εcr and εtu, respectively.
4. DEMONSTRATION CASES
In order to validate the capacity of the proposed shear wall model, three flanged
shear walls were selected as the demonstration models. Pushover analysis and
static cyclic loading analysis was carried out on these shear walls with the
proposed shear wall model. For the shear wall, the lengths in two directions in the
wall plane are both much larger than the thickness of the wall. This is much
different from the beam and column members, and it will lead to bending
deformations as well as shear deformations which can not usually be neglected at
the same time when the wall is under lateral load in plane. These shear
deformations in the wall plane have an important effect on the failure type of the
wall and this complicated behavior causes the nonlinear analysis of the shear wall
to become much more difficult than the beam element directly. Since, the shear
span ratio of the wall is a main factor which affects the shear deformation behavior,
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case 1 and case 2 will simulate the coupled in-plane bending-shear nonlinear
behaviors of RC flanged shear wall with different shear span ratios respectively.
And case 3 simulates the out-plane bending behaviors of RC flanged shear wall.
Figure 3 shows the finite element model in case 1, and the finite element model for
case 2 and case 3 are similar to case 1.

Figure 3. Finite element model in case 1

4.1. Shear Wall Case 1
The shear span ratio of the shear wall in this case is 2. For pushover analysis, the
in-plane lateral load increased by step is only applied at the top of the wall.
Besides, static cyclic loading process is also analyzed. In both the two analyses, the
vertical load with the axial force ratio of 0.2 is applied in advance at the top of the
wall. The load-displacement curve for pushover is plotted in Figure 4. From Figure
4, it can be seen that the utmost loading capacity of the shear wall is about 170kN
with the displacement of about 7mm. At this time, quite a lot of concrete elements
at the bottom had cracked and most tensile rebars had yielded. After that, as the
crack expanded, the compressive area was getting smaller and smaller, which
caused the loading capacity to drop. It can be concluded that the failure type of the
wall in this case is mainly in-plane bending failure and shear deformation doesn’t
play an important part in the response of the shear wall.
Displacement of the shear wall along the height at different stages in pushover is
shown in Figure 5, indicating that the shape of lateral displacement is of bending
type. So, the deformation behavior of shear wall structure is clearly illustrated here.
Load-Displacement curve for cyclic loading is plotted in Figure 6 and the pinch
effect is shown in it. This reflects the actual response characteristics of the flanged
shear wall under cyclic load clearly. Besides, exterior envelope of the loaddisplacement curve has entered the softening part, which indicates that the
microplane model can simulate the damage accumulation of flanged shear wall
during the cyclic loading process precisely. This is very important for the
performance-based design of structures under disaster loads.
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Figure 4. Load-Displacement curve for pushover

Figure 5. Displacement along the height at different stages in pushover

Figure 6. Load-Displacement curve for cyclic loading
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4.2. Shear Wall Case 2
The shear span ratio of the shear wall in this case is 1, therefore this wall belongs to
the type of short wall and the in-plane shear failure always occurs in this type of
walls. The load-displacement curve is shown in Figure 7 and the curve of the same
relation in case 1 is also shown in Figure 7 for a comparison. It can be seen that the
stiffness and the loading capacity of the wall in case 2 are much larger than that in
case 1 because the shear span ratio has affected the response characteristic of the
shear wall under the lateral load. In the state of maximum loading capacity, a
compressive column had formed in the diagonal direction of the wall. After that,
the concrete of the diagonal compressive column was crushed and quitted the
loading gradually, which caused the loading capacity of the wall to drop. But this
process is more brittle than the descending process in case 1. This can be proved by
comparing the descending part of the two curves in Figure 7.

Figure 7. Load-Displacement curve for pushover

This is a typical in-plane shear failure process of shear wall. Obviously, shear
deformation plays an important part in the response of the shear wall in this case
and the shear failure process has much more brittleness than the bending failure
process.
In Figure 8, the pinch effect can still be seen in the load-displacement curve for
cyclic loading. And similarly to Figure 6, exterior envelope of the loaddisplacement curve has entered the softening part because of the damage
accumulation of shear wall during the cyclic loading process. But the exterior
envelope of the load-displacement curve in case 2 is steeper than case 1 because
the shear failure process has much more brittleness than the bending failure
process.
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Figure 8. Load-Displacement curve for cyclic loading

4.3. Shear Wall Case 3
In the actual shear wall structures, the flanged shear walls are laid in both
longitudinal and transverse directions. When the lateral load is applied to structure
in one direction, the response of the wall with the plane in the same direction will
present the coupled in-plane bending-shear nonlinear behavior just as in the above
case 1 and case 2. But the wall with the plane perpendicular to the loading direction
will bend out of the loading plane and present the out-plane bending behavior. This
must be considered in the finite element analysis for shear wall structures.
In case 3, the geometric model is the same as in case 1. To study the out-plane
bending behavior of flanged shear wall, the out-plane lateral load increased by step
is applied at the top of the wall, and the vertical load with different axial force
ratios is applied in advance at the top of the wall.
Figure 9 shows the relation between the lateral load and the lateral displacement at
the top of the wall under different axial forces studied. Because the thickness of the
shear wall is much smaller than the height, the out-plane bending behavior of the
shear wall is very similar to the bending behavior of the 1-D beam element. This
can be proved from Figure 9.

Figure 9. Load-Displacement curves under different axial force ratios in case 3
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5. CONCLUSION
The proposed multi-layer shell element model based on the principles of composite
material mechanics relates the nonlinear behaviors of the shear wall element to the
constitutive relations of concrete and steel directly, and therefore it has many
advantages in the description of the actual complicated nonlinear behaviors. And at
the material constitution level, a novel concrete constitutive model, referred to as
micro-plane model is introduced to provide a better simulation for concrete in
flanged shear wall under complicated stress conditions and stress histories. The
simulation results show that the multi-layer shell element model can correctly
simulate the coupled in-plane/out-plane bending failure for tall flanged walls and
the coupled in-plane bending-shear failure for short flanged walls. And with microplane concrete constitutive law, the cycle behavior and the damage accumulation of
flanged shear wall can be precisely modeled, which is very important for the
performance-based design of structures under earthquake loads.
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ABSTRACT
Self-Consolidating Concrete, SCC is the new generation type of concrete which is
not needed to be compacted by vibrator and it will be compacted by its own
weight. Since SCC is a new innovation, therefore, understanding the
implementation of this type of concrete on the ultimate unbounded tendon stress of
post-tensioned self-consolidating concrete of bridge slabs decks (PSCCSD) is
critical. For this purpose, the theoretical and experimental investigation of
continuous tow span PSCCSD consisting of high strength concrete was performed.
The slabs deck (L=7.5 m, b=1 m, h=0.2 m) were simulated by this concrete and the
percentage of tensile and compressive steel reinforcement are in accordance with
the provision of the ACI-08 for prestressed conventional (vibrating) concrete
structures. During the test, the strains on concrete, steel strands and ordinary bar
and deflections were measured at different locations along each span. Based on the
experimental measurements, the values of experimental ultimate unbounded tendon
stress
for two tested post-tensioned SCC, continuous slabs were measured. The
theoretical early and up to date works, as well as the codes recommendations for
predictions of internal unbounded tendon stress at ultimate (for conventional
concrete used in prestressed structures) are reviewed and their relations are used to
compare with the only available experimental results of post-tensioned continuous
SCC slabs of this study. It was found that the experimental results are higher than
the theoretical as well as the codes prediction values suggestion for
. However,
among the theoretical values suggested by different selected codes of this study,
the ACI-08 values are close to the experimental values of this study.
Keywords: post-tensioned, continuous slab decks, SCC, Ultimate unbounded
stress
1. INTRODUCTION
The development of SCC started in Japan (Tokyo University) in the mid 80’s with
the aim of reducing durability problems in complicated and heavily reinforced
concrete structures due to lack of skilled workers and poor communication between
designers and construction engineers [1]. Even though conventional (vibrating)
concrete previously (and still today) in some applications was cast without any
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compaction, this new concrete was deliberately designed to be able to fill every
corner of the form and encapsulate all reinforcement with maintained stability only
under the influence of gravitational forces.
The amount of pressure on Iranian transportation infrastructure continues to
increase as our growing population demands new roads and older roadways need to
be replaced. Only a portion of the necessary funds are available for building new
bridges and replacing deficient ones. Therefore, research in bridge design is
crucial. High quality structures need to be designed and built with increasing
efficiency to allow them to serve society better for a longer period of time, while
leaving finances for other undertakings. This research document focuses on one
specific type of bridge system; post-tensioned self consolidating concrete slabs
made continuous over tow spans through the use of continuity diaphragms. This
type of bridge system was selected because it has many advantages (see Figure 1).

Figure 1. Post-tensioned concrete slabs made continuous

A continuous bridge is one in which two or more simple spans are connected endto-end with continuity diaphragms. To understand the moments that develop in a
continuity diaphragm, consider a simply supported system. The ends of the girder
are able to rotate freely throughout the service life of the bridge from the effects of
creep, shrinkage, prestress loss, live loads, temperature gradients, and other loading
conditions. In a continuous system, no further end rotation is allowed after the
continuity diaphragm is poured and the ends of the slabs are fixed. Restraint
moments must then develop in the continuity slabs to oppose those moments that
would rotate the end of the slab if it were unrestrained.
A continuous bridge has several advantages over a series of simple span structures.
First, there is a reduction in mid-span bending moments and deflections. This is
economical because the deck cross-section can be reduced, or fewer prestressing
strands can be used in cases where the member size is fixed [2]. Secondly, making
a bridge continuous will improve serviceability by eliminating joints in the deck.
The removal of joints will improve the riding surface of the bridge, and durability
will be increased because the water and salts from the deck will not drain onto the
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substructure. Many people consider this the most important advantage [3]. In
addition, the exclusion of joints in a design will reduce the initial cost of the bridge
and also reduce bridge maintenance. Third, a bridge that has been made continuous
will redistribute moments if the load capacity is exceeded for a particular girder in
the system [2]. To determine the change in force in an unbounded post-tensioned
tendon due to load on a structure, the entire structure needs to be analyzed rather
than individual sections. The change in tendon strain due to applied loads should be
calculated by the structure displacements. To calculate the strain in unbounded
tendon the displacements of anchorage are required. The calculation of unbounded
tendon strain generally requires an iterative procedure. The procedure becomes
more complicated when nonlinearities due to cracking, material stress-strain
relations, eccentricity changes with applied loads, and joint opening in segmental
construction etc., are included in the analysis. Time dependent effects due to creep
and shrinkage of concrete and relaxation of prestressed reinforcements, and the
effect due to temperature gradient across the section depth are important in the
analysis to predict accurate deflections, strains and stresses in concrete structures at
the serviceability limit state. In addition, the contribution of the uncracked concrete
to the stiffness of the structure, which is known as the tension stiffening effect,
should be considered.
The studies mentioned above were useful only to find the tendon stress at the
ultimate limit state. To determine the strain in unbounded tendons due to the entire
loading range up to ultimate, the structural analysis has to be performed to find
displacements for the given loads. This becomes difficult as the unbounded tendon
stresses are not known a priori, thus iterative methods are generally required.
Simplified methods are also available to determine the behavior of concrete
structures with internal unbounded tendons due to service loads considering
cracking. Most of these methods are however limited to beams with symmetrical
loads and tendon profiles.
1.1. Theoretical Early and up to Date Work for Predictions of Internal
Unbounded Tendon Stress at Ultimate
Baker [4] was among the first to propose an equation to calculate the unbounded
prestressing tendon strain,
at ultimate Eq. (1):

(1)
Where

= strain due to effective prestress which is the stress in the tendon after

the effects of self weight, short and long term losses;

= change in strain

calculated for an identical but bonded tendon due to load in excess of the dead load
leading to ultimate failure of the structure; = reduction factor representing the
effect of absence of bond between the concrete and tendon. He suggested a value
of k equal to 0.1 be used in design to be on the safe side. This value was found to
be very conservative [5], especially for beams with smaller span-to-depth ratios.

378 / Theoretical and Experimental Study of ….

The ultimate tendon stress,

–––––––––––––––––––––––

has been calculated by assuming linear material

stress strain relation for unbounded prestressing steel, which is usually the case in
practice according to many researchers, because the steel stresses generally remain
within the elastic range Eq. (2):
(2)
Where

= modulus of elasticity of prestressing steel. Several other investigators

[6, 7] modified the value of k based on experimental results by relating k to the
neutral axis depth of the critical section at ultimate. However the determination of
the neutral axis depth needs iteration as
and neutral axis depth are
interdependent.
The effect of nonprestressed steel and the continuity of the concrete member have
not been addressed in the above work. Therefore, more experimental studies were
done to determine these effects on the value of
, at ultimate, using simple and
continuous members.
To calculate the stress in the prestressing steel at nominal strength, the following
equation was adopted in the latest version of the ACI-Code [8] Eq. (3):

(3)
Where

the prestressing is steel ratio;

is the concrete compressive strength, in

psi; and
is the effective stress of the prestressing steel, in
. Eq. (1) was
derived by Mattock et al. [2] Based on evaluation of experimental data of
unbounded members tested before 1971. Using the test results of post-tensioned
unbounded slabs, supported with an analytical truss model, Mojtahedi and Gamble
[9] concluded that increasing the span-to-depth ratio of unbounded members
reduces the stress increase in the prestressing steel. Based on their findings, the
ACI Building Code, in its 1983 version, limited the use of Eq. (3) to members with
span-to-depth ratios of 35.
Two major drawbacks of the ACI Building Code equations are: 1) they neglect the
effect of bonded tension reinforcement; and, more importantly, 2) they do not
consider the effect of multispan systems or loading pattern in continuous members,
which has a major influence on the stress in unbounded tendons. In 1976, Tam and
Pannell [10] accounted for the effect of bonded tension reinforcement using the
following Eq. (4).
(4)
In which the neutral axis depth c is extrapolated in accordance with Tam and
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Pannell’s approach as follows Eq. (5).

(5)
where

and

respectively;

are the area of bonded tension and compression steel,
is the modulus of elasticity of the prestressing steel;

is the

ultimate concrete compression strain; L is the span length; and is the ratio of the
to the neutral axis depth c. For rectangular
equivalent plastic hinge length
sections or flanged sections with rectangular section behavior,
= b. Based on
their own test results of simply supported members loaded with single concentrated
load at midspan, Tam and Pannell [10] recommended the use of a value of =
/c = 10.5. Using a value of
leads to a value of

,

= 0.003 and

= 10.5

. Note that Eq. (4) does not take into

account the effect of continuous members. In 1991, based on the results of
analytical studies [11, 12] and test data of internally unbounded members, Harajli
and Kanj [13] proposed the following lower bound design equation taking into
consideration the effect of bonded tension reinforcement, member span-to-depth
ratio and loading pattern in continuous members Eq. (6):

(6)
In which the term

need not be taken greater than 0.23,

and
is a combined member span-to depth ratio and continuity coefficient given
as Eq. (7):
(7)
where
is the number of loaded spans required to form a collapse mechanism,
and n is the total number of spans between anchorages. In principle, the value of
is equal to unity for evaluating the stress at the section of maximum positive
moment, and
= 2 for evaluating the stress at the section of maximum negative
moment at an interior support. In its 1998 version, however, the same code
introduced a totally new equation that was also adopted by the AASHTO Guide
Specification [14] Eq. 8, 9
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(9)
For rectangular section behavior,

= b; le and

are the effective tendon length

and length of tendon between anchorages, respectively; and
= number of
support hinges required to form a mechanism crossed by the tendon. In its 2005
version of AASHTO LRFD [15] introduced a total Eq. (10):
(10)
In 1991, Naaman and Alkhairi [16] proposed the following expression Eq. (11):

(11)
Where

is a bond reduction factor, expressed as

= k/ (L/

), and

/

is

the ratio of the length of loaded span(s) in continuous members to the total length
of tendon between anchorages (see Figure 2).

Figure 2: Loading patterns with associated collapse mechanisms and corresponding
values of continuity coefficient Canadian code (A23.3-M94, 1994)

The equation given in the Canadian code [17], Eq. (12) to predict unbounded
tendon stress at ultimate accounts indirectly for nonprestressed steel area, , and
span-to-depth ratio. This equation was derived assuming formations of plastic
hinges at ultimate limit state (Loov, 1987):

(12)
British code (BS 8110, 1997)
The equation given in the British Code [18], Eq. (13)
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(13)
where,
zone,

: width or effective width of the section or flange in the compression
: design effective prestress in the tendons after all losses,

characteristic strength of concrete,
steel,

:

: specified tensile strength of prestressing

: area of prestressing tendons in the tension zone,

: design tensile

stress in the tendons, d: effective depth to the centroid of the steel area, x: depth of
the neutral axis.
1.2. Analysis of Initial Effects Due to Prestress and Self-Weight
Initial analysis of the effects due to prestress and self-weight are considered in two
parts. In the first part, the effective tendon forces are applied to the member as an
external load effect. Section strains at any location along the member are
determined from section equilibrium. In the second part, the self-weight is applied
to the structure, also as a load effect with strains again determined at discrete
sections. Initial strain from the analysis of the tendon forces alone are considered in
the equilibrium calculations (see Figure 3).

Figure 3. Initial strains at three sections along continues slab with prestress forces
acting alone

1.3. Application of External Loads to the Member
The first application of external loads occurs in the analysis with the application of
the cracking load. It is assumed that the member first cracks at the maximum
moment section when the tensile capacity of concrete is exceeded. The
corresponding cracking moment defines the magnitude of the bending moment
distribution and hence the load level. Initially the structure is assumed to remain
uncracked with the cracking load applied to attain a snapshot of the beam behavior
just prior to cracking is obtained (Figure 4). It is reminded that in all above reports
the conventional (vibrated) concrete were used to find the ultimate unbounded
tendon stress, , and therefore argent research is needed to find out the value of
while using SCC (non vibrating concrete) in post-tensioned concrete structures.
Although, the use of SCC in simple post-tensioned concrete slab is reported but no
work was observed for this type of concrete while using in continuous posttensioned deck slabs constructions.
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Figure 4. Application of first cracking load to the uncracked slab

1.4. Experimental Program
Two continuous unbounded post-tensioned self-consolidating concrete slab tests,
PSCC slab1 and PSCC slab2 were conducted. As yet there is no any standard for
SCC used in prestressed concrete, the post-tensioned slabs were designed
according to ACI 318-08 [8] for conventional (vibrating) concrete. The tendons
used were strand, supplied by Bridon Ltd. The overall dimensions of the
continuous slabs were identical with an overall length of 7500 mm, each span
length of 3500 mm, a width of 1000 mm, and a depth of 200 mm. PSCC slab1 and
PSCC slab2 had four longitudinal parabolic tendons with a nominal diameter of
11.11 mm and area of 74.54
(see latter in Figure 6). Each tendon was
supported on seven steel chairs to maintain the variable designed eccentricity of the
tendons. At the mid-span and central support of the slabs the height of eccentricity
was 30 mm. The heights of the chairs were interpolated considering the tendon
curvature as a second degree parabola. Each tendon passes through the dead and
live anchorages that were identical and supplied by CCL Ltd. The general layout
of the unbounded post-tensioned one-way SCC slabs is shown in Figure 5. The
post-tensioning was carried out by the first author by elongating the strands, to a
specific load, from the live anchor using a hydraulic jack after the SCC gained a
minimum strength of
. The live end was locked using wedges with the
load transferred to the concrete. The non-jacked end of the strand was prelocked
using wedges at the dead anchor. Bursting reinforcement was designed, according
to ACI 318-08 [8], to resist tensile bursting forces around individual anchorages.
Seven transverse, 8 mm diameter, ordinary reinforcement steel bars having a
nominal yield stress of
were positioned at each end of the slab adjacent
to the dead and live anchorages. The bars were tied using ten 12 mm diameter
closed links. The results of fresh and hardened SCC used are presented in Table 1.
However, further details of the tested specimens are given in reference [19].
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Table 1: Fresh and hardened concrete characteristics specimens

Specimen

SCC
slab1
SCC
slab2

Fresh and hardened concrete characteristics specimens
Average
Average
VL- box
J- ring
compressive
compressive
funnel
cube strength
cube strength
t
h2-h1
D
t
h1/h2
at transfer, fci
at 28 days,
(sec)
(mm)
(mm)
(sec)
(Mpa)
fcu (Mpa)

Slump
flow
D
(mm)

59.0

67.1

0.36

0.83

76

68

7.01

68

61.0

68.0

0.37

0.89

77

74

6.85

74

Figure 5: General layout of the unbounded post-tensioned slabs

1.5. Material Properties
Tensile tests were carried out to determine the material properties of the ordinary
bars and the tendon. The nominal ultimate tensile strength of the tendon, was
2005MPa, corresponding to a nominal breaking load of 150 . The nominal yield
load was specified as 110kN. The strain gauges were fixed onto the strands and the
reinforcement bars (by the first author) before concrete casting. Four displacement
transducers LVDTs were used to measure the deflection at the mid span of the
slabs and under load. A data logger system was used to record the load and strain at
regular intervals during the slabs test. The strains in the tendons were recorded
during the post-tensioning process.
1.6. Test Set Up and Experimental and Theoretical Comparison
The loading arrangements are shown in Figure 6 for testing the two spans posttensioned slabs. A 1400kN pushing capacity jack applied the load, which was
measured and controlled by different load cells. The slabs were loaded at tow
locations using spreader plates 1000×30×30mm, as shown in Figure 6. A data
logger system was used to record the applied load, the strains in the tendons and
concrete surface, and the vertical deflections. The load-tendon strains are plotted
and shown in Figure 7. Also the values of experimental ultimate unbounded tendon
stress, fps for two tested post-tensioned SCC slabs are measured and compared with
the theoretical values suggested by different researchers (Table 2).
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Figure 6. Test setup

Figure 7(a) load-tendon strain curve for
slab1

(b) load-tendon strain curve for
slab2

Table 1: Experimental and theoretical comparison of ultimate unbounded stress, fps
Experimental

Theoretical (fps (MPa))

εps

fσ2
(MPa)

Tam
and
Panell

Harajli
and
Kanj

ACI

Aashto

Aashto
lrfd

Canadian

BS

SCC Slab 1

0.009961

1788.65

1247.21

1564.91

1594.37

1218.37

1308.15

1358.46

1417.36

SCC Slab 2

0.007079

1599.08

1247.21

1556.76

1594.37

1218.37

1308.15

1358.46

1417.36

Specimens

2. CONCLUSIONS
The values of experimental ultimate unbounded tendon stress, fps for two tested
post-tensioned SCC (none vibrating), continuous slabs were measured and
compared with the available theoretical values suggested by different codes and
researchers for conventional (vibrating) concretes. Although no vibrating is used in
SCC, but for two tested specimens the obtained results are indicated that the
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experimental values of fps are higher than the five codes suggested value and close
to the ACI-08 value.
Also, the obtained experimental values of fps are higher than the two theoretical
values suggested by Tam and Panell, and Harajli and Kanj, and close to the value
suggested by Haragli and Kanj. However, comparing the theoretical and five
selected codes value, it was found that the theoretical suggested value by Haragli
and Kanj are close to the code value provided by ACI-08.
It was also found that, no change in fps values are obtained for either of the slabs
tested while compared to the theoretical and codes values, except for the values
obtained by Haragli and Kanj which are similar to the experimental values and are
different for either of the slabs. This is because in this method, the amount of
ordinary tensile and compression reinforcement used are taken into consideration.
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ABSTRACT
Externally bonded fiber-reinforced-polymer (FRP) sheets have been successfully
used for strengthening of damaged or deficient reinforced concrete members.
Despite of a lot of research conducted and tests on application of these new sheets
during the last decade, further research is still required to consolidate recent
developments and expand the scope of application of FRPs for structural
applications. Nonlinear finite element analysis combined with laboratory testing
constitutes an efficient approach for pursuing this objective.
The objective of this paper is exploring and illustrating the contribution of a refined
three-dimensional (3D) constitutive FE model for investigating the nonlinear
response of concrete joint, reinforced with steel rebars and strengthened with
external FRP sheets. The analyses were carried out by using finite element
software having different capacities. Different parameters such as application of
FRP sheets with different patterns, different loading conditions and different
strengthened areas have been considered to show the results. Several results
regarding increasing ultimate values in the strengthened model in comparison with
the reference specimen, ductility of the strengthened model, and evaluation of
ductile against non-ductile joint have been presented in this paper.
Keywords: FE model, nonlinear analysis, RC joint members, FRP sheets,
strengthening
1. INTRODUCTION
Existing reinforced concrete (RC) structures that were designed according to pre1970’s codes often have inadequate reinforcement detailing, which not only results
in deficient lateral load resistance, but also in insufficient energy dissipation, rapid
strength deterioration and improper hinging mechanisms during earthquakes,
leading to excessive drifts and ultimately to structural collapse. Non-ductile
detailing is generally manifested through deficient joint shear resistance, deficient
column shear capacity, deficient column’s main reinforcement lap splices, deficient
anchorage of beam positive reinforcement at the beam-column joint, and deficient
beam shear resistance. In particular, recent earthquakes have demonstrated that RC
beam-column joints that have been constructed based on pre-1970’s design codes
may initiate and cause total collapse of structures. For instance, Figure 1-a [1]
shows a RC structure that collapsed during the 1999 Kocaeli Earthquake in Turkey
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in which joints failures appear to be the major contributor to such collapse, while
Figure 1-b shows a close-up of a non-ductile failure of a beam-column joint during
the same earthquake. Beam-column joint deficiencies combined with the weak
column/strong beam glitch contradict failure hierarchy of the design capacity
concept. A failure in the beam is usually less critical than that in the column, and
the latter is less critical than a failure in the joint. Hinging in the joint, being at the
point of intersection of the beam and column, allows excessive rotations both in the
beam and column in conjunction with a loss of load carrying capacity of the
column. Such dangerous failure mechanism is unacceptable and must be prevented
in design.

(a)
(b)
Figure 1. Damages to moment resisting frames during the Kocaeli 1999 earthquake:
(a) joint induced structural collapse; (b) beam-column joint failure [1]

There is a perceived void in the current literature for studies that focus on the
behavior of reinforced concrete beam–column joints under cyclic loading. In fact,
most reported research in the literature is mainly on cyclic behavior of connections
[3] in newly designed steel structures and also concrete connections retrofitted by
traditional rehabilitation techniques [2]. Moreover; most of the recent researches
involved in finite element modeling of RC connections; are concerned with
exterior beam-column joints.
This study intends to investigate the effect of various combinations of FRP
wrapping patterns on the performance of interior reinforced concrete beam–column
joints, i.e. ductility, under combined axial and lateral cyclic loads. A threedimensional finite element analysis model of FRP wrapped beam–column joints,
which exhibit material and geometric nonlinearities that are due to large
displacements, confinement effect, and concrete nonlinear behavior, are developed.
The FEA model is validated through leveraging an experimental study on a FRPwrapped beam–column joint.
2. EXPERIMENTAL TEST ON INTERIOR RC BEAM-COLUMN JOINTS
There are abundant experimental tests regarding RC beam-column joints, and most
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of them have been carried out on exterior beam-column joints. In addition; limited
researches have been investigated on finite element modeling of interior beamcolumn joints. A. Mukherjee et al [5] have performed a fully detailed,
comprehensive experimental test on interior RC beam-column joints strengthened
with FRP laminates. The test scheme and specimen which have been investigated
in the test are firstly introduced. Eventually, the FE model calibrated regarding the
experimental study is presented and results are analyzed.
2.1. Specimens Details
Two different types of RC joints have been cast for experimental verification [5].
One set of joints has adequate steel reinforcements with proper detailing of
reinforcements at the critical sections (Figure 2). In the other set of specimens the
beam reinforcements have deficient bond lengths at the junctions with the columns
(Figure 3). When the beam was transversely loaded the first set was characterized
by a long plastic zone (ductile) while the second set failed in reinforcement pull out
and exhibited sudden failure (non-ductile).
Column

Beam

Figure 2. Specimen with ductile joint reinforcement [5]

Figure 3. Specimen with non-ductile joint reinforcement [5]

The specimens in Figures (2) and (3) were strengthened using carbon and glass
FRP materials. Prior to the application of the FRP, the concrete substrate was
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smoothed by grinding. Figures (4) and (5) present schematic arrangement for two
typical systems; L-overlays and precured carbon plates which were utilized
respectively, in the aforementioned experiment. In Type A; GFRP/CFRP sheets
have been applied in L shape to upgrade the joints. These sheets have been applied
in several layers. FRP has been applied on the top and bottom surface of concrete
surfaces, so the fibers were along the axes of the members (Figure 4a). Then, FRP
wraps were provided over the inner layers (Figure 4b), the direction of fibers in
wraps was perpendicular to the axis of the members. Figure 5a shows glass fiber
sheets (80mm wide and 250mm long) on either side of the joint. Only one layer is
provided on one side. Two layers of FRP have been provided on the other side to
evaluate its efficacy.

Figure 4. Type a strengthening system-use of composite overlays [5]

Figure 5. Type B strengthening system-use of precured carbon plate [5]

Both the column and the beam are then wrapped by unidirectional glass fibers with
100mm lap length. Same conFigure uration is repeated using carbon fiber sheet
using 1 and 2 layers of overlays and single wrap with 100mm overlap. Both
adequate and deficient joints were reinforced using this conFigure uration.
Furthermore, procured carbon plate (25mm wide and 1.2mm thick) have been used
in the beams in Type B to improve bending stiffness. To achieve a good bond
between the plate and the concrete, a groove (25mm wide and 25mm deep) has
been created inside the joint. The plates have been inserted into the joint as shown
in Figure 5, and then the groove has been filled by injecting epoxy resin, and the
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plates have been inserted in the groove as shown in step 1 of Figure 5. The beams
and columns have then been wrapped using a single wrap of carbon sheet.
2.2. Test Program
The experimental setup which has been utilized by A. Mukherjee et al [5] is shown
in Figure 6. The column was fixed at its ends on a loading frame. It was subjected to
a constant axial load of 100KN which is 50% of ultimate load carrying capacity of
the column. Cyclic load was applied using a hydraulic actuator with load cycle based
on increasing displacement control. Three cycles were repeated at each level of
displacement. Vertical deflection of the tip of the beam was recorded directly by the
linear variable displacement transducer (LVDT). The compressive strength of
concrete used in this experiment has been 30N/mm2 and also properties of other
material used are shown in Table (1). The same values have also been used for FE
modeling of aforementioned specimens. Totally, 12 specimens at two categories of
ductile and non-ductile reinforcement, including as-built and strengthened specimens
with different patterns have been tested in this experimental research by [5].

Figure 6. Experimental setup [5]

The elaborate test matrixes for adequate and deficient specimens which have been
investigated through this experiment are presented in Tables (2) and (3)
respectively.
Material

Table 1: Properties of materials [5]
Effective
Ultimate
Tensile
thickness
strength
modulus
(mm)
(MPa)
(GPa)
0.36
2250
70
0.11
3500
230

Glass-G (fiber)
Carbon-C (fiber)
Carbon plate-CP
(composite)
Mild steel longitudinal
reinforcement
Mild steel transverse
reinforcement

Ultimate
strain
0.0239
0.0117

1.2

2800

165

0.017

6 mm dia

275

198

0.045

3 mm dia

555.13

193

0.043
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Table 2: Test matrix for ductile specimen [5]
Specimen
Details
name
D-1
G1L-D
Type A with single L of GFRP at top and bottom

3

G2L-D

Type A with two L of GFRP at top and bottom

4

C1L-D

Type A with single L of CFRP at top and bottom

5

C2L-D

Type A with two L of CFRP at top and bottom

6

CP1-D

Type B with CFRP plate at top and bottom

1
2

Table 3: Test matrix for non-ductile specimen [5]
Specimen
Details
name
ND-1
G1L-ND
Type A with single L of GFRP at top and bottom

3

G2L-ND

Type A with two L of GFRP at top and bottom

4

C1L-ND

Type A with single L of CFRP at top and bottom

5
6

C2L-ND
CP1-ND

Type A with two L of CFRP at top and bottom
Type B with CFRP plate at top and bottom

S. no

3. FINITE ELEMENT MODELING OF INTERIOR RC BEAM-COLUMN
JOINTS
All specimens which have been investigated in the experimental study conducted
by Mukherjee [5] are modeled in this section by using non-linear finite element
ANSYS ver 11.
3.1. Material Models
The constitutive relationships employed to describe the mechanical behavior of
materials as well as the interaction between steel bars and concrete are basically
those proposed in CEB-FIP Model Code 1990 [4], with some slight modifications.
In compression, the behavior of the concrete is that proposed by the same code and,
in tension, a linear elastic behavior is assumed up to the strength of concrete in
tension (fct). For the sake of comparison, a second model that indirectly
incorporates the tension-stiffening effect [6] is also implemented. In such a model,
the progressive loss of rigidity after cracking is quantified indirectly through an
adaptation of the tension behavior introducing a softening branch, which is
calibrated using the α and εm parameters. Both the curves are illustrated in Figure 7.
The aforementioned parameters are usually set at 0.5≤α≤0.7 and εm= 0.0020. In
this case, fracture mechanics could be used to establish these values, based on
energy criteria [8].
The perfect plasticity model of the behavior of the longitudinal reinforcement bars
and also the interaction between reinforcement bars and concrete are shown in
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Figures (8) and (9), respectively. The parameters shown in Figure 9 depend on the
bond conditions and confinement of concrete, as established in CEB-FIP Model
Code 1990 [4].

Figure 7. Stress-strain relationship for concrete [6]

Figure 8. Stress-strain relationship for steel [6]

Figure 9. Bond stress-slip relationship [4]

Solid 65, Solid46 and Link8 are the element used in ANSYS to develop these FE
models. The Solid65 and Link8 elements were used to model the concrete and
reinforcement, and also layered solid elements, Solid46, were used to model the
FRP composites.
3.2. Bond Model
The correct simulation of the bond between concrete and reinforcement bars plays
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a significant role in the proper modeling of beam-column connections. When the
bond forces tend to zero it is apparent that the majority of the shear force will be
transferred across the joint core by a diagonal compression strut mechanism and
hence severe diagonal tension cracking is less likely if bond deterioration occurs at
an early stage of loading [9]. A complex interaction between flexural response of
the adjacent beam element and the joint shear transfer mechanism occurs also due
to the stress penetration into the panel zone from the beam bars, combined with a
fixed-end rotation in the beam due to progressive bond degradation and pull out
mechanism. The discrete bond model implemented in ANSYS consists of a onedimensional (1D) finite element with a realistic bond-slip relationship as shown in
Figure 10. Additional information on the discrete bond model can be found in [7].

Figure 10. Bond-slip relationship for deformed bars [7]

For plain round bars with a diameter of 12 mm, the total bond strength was
approximately τ m + τ f = 1 MPa ( τ m = mechanical bond; τ f = frictional bond) for a
slip of s1 = 0.03 mm [10]. During cycling, the bond degradation valid for deformed
bars is principally due to the shear failure of concrete between the ribs of the bar.
In the case of smooth bars, it is reasonable to assume that friction is the only source
of bond mechanism at the steel-concrete interface and that it is scarcely influenced
by the cycling.
3.3. Analytical Modeling of Specimens
Two different finite element models for each of the specimen in two different
categories of ductile and non-ductile were analyzed. Albeit, neither of the
experimental specimen had been investigated for monotonic loading, but in order
to acquire the ductility and load-displacement curves for specimens; all the FE
models in this analyses went under monotonic loading for non-linear analysis. A
relatively fine discretization was employed for monotonic loading as Figure 11a.
On the other hand, for saving computation time, cyclic analyses were carried out
using a relatively coarse discretization shown in Figure 11b. The FE model of steel
bars is shown in Figure 11c.
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(a)
(b)
(c)
Figure 11. Finite Element model of Ductile specimen: a) fine 3D FE mesh used for
monotonic loading; b) coarse 3D FE mesh used for cyclic loading; c) steel bars FE
model

The experimental control specimen of ductile category (D-1) was firstly modeled
and then went under both monotonic and cyclic loading to asses and validate the
accuracy of FE model. Figure 12 compares the applied force versus free tip of the
beam drift curves for monotonic loading of the fine and coarse models with the
envelope curve from the cyclic experiments for ductile specimen. It can be seen
that the numerical results agree reasonably well with the experimental results. The
coarse model, however, slightly overestimated the peak resistance and exhibited
slightly more brittle response. For both models the failure mode was diagonal shear
failure of the joint. This point confirms the accuracy of FE model; therefore FE
model is extended to acquire further results.

Figure 12. Comparison of the model response for the coarse and fine meshes with
experimental results for ductile specimen

Non-linear finite element analyses for the entire models including ductile and nonductile; has been implemented by utilization of the two different patterns of
strengthening Type A & B.
The usage of two different types of strengthening which has been performed for
both ductile and non-ductile FE models is illustrated in Figure 13.
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(a)
(b)
Figure 13. Finite element model of strengthened joint: a) Strengthening Type A; b)
Strengthening Type B

3.4. Results for FE Models with Ductile Joint Reinforcement
The displacement levels of the first few cycles do not generate any nonlinear
deformation in the model. The onset of stiffness degradation is identified by
simultaneous appearance of tension cracks at the root of the cantilever beam. The
analyses show that at this point the steel started to yield and it was not capable of
taking any further load. The additional load from this point was carried out by the
FRP. At this point, linearity of the ascending and the descending paths is lost. This
phenomenon is yield point.
The post yield behavior is signified by monotonic degradation of stiffness. Ability
of the structure to survive an earthquake depends to a large extent, on its ability to
dissipate the input energy. Forms of energy dissipation include kinetic energy,
viscous damping and hysteretic damping, etc. An estimate of the hysteretic
damping can be found by the area enclosed in the load–displacement hysteresis
loops. Yield points for ductile specimen are provided in Table (4). Columns 2 & 3
of Table (4) summarize the percentage increase in the yield load. The CP1-D
exhibited the highest increase in the yield load followed by the C2L-D, G2L-D,
C1L-D and G1L-D specimens. It may be noted that the forces at the tensile face of
the beam are shared by the steel and FRP in proportion of their relative stiffnesses.
The stiffness of carbon is considerably higher than that of glass. Therefore, for the
same tip load, the tensile force in steel is lower in the carbon reinforced FE model
than in the glass reinforced models. As a result, the steel in the carbon reinforced
models yield at higher tip loads. The CP1-D models are anchored at the joint
through a groove. Therefore, they exhibit higher stiffness than other sheet models.
The models with two-layer reinforcement had higher yield loads than the models
with one layer reinforcements. Due to FRP reinforcements the displacement at
yield increased to a much lesser extent than the load (Comparison of column 2 (or
3) with 4 (or 5), Table 4). Another interesting point is that the glass reinforced
models had much higher displacement at yield than the carbon reinforced models.
This is due to the higher stiffness of carbon than glass. There is satisfactory
agreement between FE model and experimental test results. The initial stiffness and
the ultimate displacements are also summarized in Table (5).
It is worthwhile to mention that almost all the values of increase and promotion for
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FE models are higher in comparison with experimental results. This is due to the
reduction of degrees of freedom in analytical finite element model in comparison
with the real specimen. FE models are inherently stiffer than real specimens. Figure
14 reveals the ratio of ductility for strengthened specimen versus control specimen.
Apparently ductility for all strengthened FE ductile models has increased between
25 to 78%. The joint shear crack, which ultimately caused the model to fail, was
similar to the shear cracks observed in the experiments.
Table 4: Yield points of ductile specimens
Yield load
Deflection at yield load
% increase
% increase
Specimen
FE
experiment FE model experiment
model
Control-D
G1L-D
21.32
23.48
-10.00
-9.25
G2L-D
48.42
51.12
58.95
61.25
C2L-D
57.89
59.60
-3.16
-3.62
CP1-D
116.18
112.10
161.84
158.31
Table 5: Ultimate points in ductile specimens
Initial stiffness
Ultimate deflection
Specimen
% increase
% increase
experiment FE model experiment FE model
Control-D
G1L-D
17.14
18.25
14.65
15.22
G2L-D
75.00
73.28
29.21
31.25
C2L-D
140.94
138.25
42.83
44.21
CP1-D
41.37
45.95
20.63
19.75

Unfortunately, a direct comparison of the sequence of cracking (flexural to shear)
was not possible since monotonic loading of the test specimens was not performed.
The finite element
model for monotonic loading (fine mesh) was also used to investigate: 1) the
influence of the bond strength (Figure 15a) and 2) the influence of the normal
column force (Figure 15b). Figure 15 shows the influence of the ultimate bond
strength ( τ m + τ f ) on the response of the joint. It can be seen that with higher bond
strength the resistance is higher and the failure more brittle. Figure 15b shows the
influence of the axial column force on the applied force versus free tip of beam
drift curve. It can be seen that with higher compressive force the joint shear (thus
overall subassembly) resistance increases.
The time that analyses finished and elements turned to fail, pondering through
strain distribution in the control model revealed that the beam has failed at the joint
through the formation of a hinge. The hinge has formed between the two shear
links of the beam. It seems concrete has spalled in such a fashion that two
semicircular surfaces have been created. The FRP reinforced models, on the other
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hand, did not have the semicircular failure planes. The failure planes were
approximately vertical. It could be concluded that the difference in the failure
mode is due to the presence of the FRP wraps.

Figure 14. Ductility for Strengthened ductile models

(a)
(b)
Figure 15. Comparison of numerical and experimental results for monotonic loading:
a) effect of variation of bond strength; b) effect of variation of axial load

3.5. Results for FE Models with Non-Ductile Joint Reinforcement
Non-linear analyses show that to some extent the extracted results from non-ductile
FE models are close to ductile FE model. However due to the presence of
continuous steel bars in the joint area, ductile model have a higher load bearing
capacity, stiffness and energy dissipation capability. In Tables (6) & (7) the yield
and ultimate points for non-ductile models are given. The G2L-ND exhibited the
highest increase in the yield load followed by the C2L-ND, CP1-ND and C1L-ND.
The models with two-layer reinforcement had higher yield loads than the models
with one layer. Due to FRP usage the displacement at yield increased to a much
lesser extent than the load (Comparison of column 2 (or 3) with 4 (or 5), Table 6).
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Table 6: Yield points of non-ductile specimens
Yield load
Deflection at yield load
Specimen
% increase
% increase
experiment FE model experiment FE model
Control-ND
G2L-ND
103.75
42.56
15.24
16.32
C1L-ND
12.60
13.25
-18.29
-19.23
C2L-ND
79.36
36.45
4.27
5.34
CP1-ND
68.36
-45.25
78.05
81.21
Table 7: Ultimate points in non-ductile specimens
Initial stiffness
Ultimate deflection
Specimen
% increase
% increase
experiment FE model experiment
FE model
Control-ND
G1L-ND
41.46
42.56
20.45
22.36
G2L-ND
9.52
13.25
55.11
58.12
C2L-ND
32.49
36.45
41.37
39.96
CP1-ND
-41.17
-45.25
16.08
17.91

The load-displacement envelopes for ductile and non-ductile FE models are plotted
in Figures (16-17). The envelopes let us compare the relative performance of the
models. All the FRP reinforced models have higher peak loads than the control
model. For ductile joints the CP1 model has the highest peak load followed by the
C2L, G2L and G1L. For non-ductile joints the G2L-ND model has the largest
envelope area followed by the C2L-ND, CP1-ND and C1L-ND. Comparing these
Figures reveal the superior performance of ductile joints.

Figure 16. Load-Deflection envelope for
ductile models

Figure 17. Load-Deflection envelope for
non-ductile model s

Ductility promotion for non-ductile joints is approximately between 16 to 51%
(Figure 18).
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Figure 18. Ductility for Strengthened non-ductile models

4. CONCLUSION
With application of FE models (validated based on experiment) for two different
types of RC joints including ductile and non-ductile reinforcement details the
promotional effect of both glass and carbon composite has been investigated. These
two composites could be efficiently used for seismic retrofitting of RC joints
regardless of reinforcement details. Obviously due to presence of continuous steel
bars in the joint area for ductile joints, they exhibit a more superior, ductile behavior
rather than non-ductile joints. The main cause of superior performance of the FRP
reinforced joints is the continuous confinement provided by the FRP wraps which
impede the creation of hinge through the spalling of concrete. FE models confirm the
advantage of carbon reinforcements over glass reinforcement in case of ductile joints.
But for non-ductile joints, glass reinforcing is preferable. Utilization of FRP sheets
have a promotional efficiency regarding to yield load, performance and initial
stiffness of joints. Commonly CFRP strengthened joints reveal stiffer behavior than
GFRP strengthened joints regardless of reinforcing details.
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ABSTRACT
A reinforced concrete material is a composite material made up of two components
with unequal mechanical behaviour and physical features. In general, the external
load is already applied to concrete and the reinforcing bars receive its part of the
load only from the surrounding concrete by bond. In composite structures, the bond
between different components of reinforced concrete member has a primordial role
and its negligence conducted to poor structural response. Therefore, for modeling
of reinforced concrete structures one needs a simple and realistic bond-slip model.
There are various finite element models for bond-slip relationship between
reinforcement and concrete. In this paper, modeling of the transition region
between steel and concrete as a cohesion layer in the finite element program
(Ansys) is discussed. A 3D finite element model to represent this layer has been
introduced. The layer involves modeling the ribs and effects of slip and bond stress
of the bar. The accuracy of the models is assessed by comparison of the finite
element numerical response with experimental data from pullout test.
Keywords: pull-out test, finite element, bond-slip relationship
1. INTRODUCTION
A reinforced concrete (RC) structure is a composite structure made up of two
materials with different characteristics, namely, concrete and steel. In general, the
external load is already applied to concrete and the reinforcing bars receive its part
of the load only from the surrounding concrete by bond. “Bond stress” is the name
assigned to the shear stress at the bar-concrete interface which, by transferring load
between the bar and the surrounding concrete, modifies the steel stresses. This
bond, when efficiently developed, enables the two materials to form a composite
structure. In composite structures, the bond between different components of
reinforced concrete member has a primordial role and its negligence is conducted
to poor structural response. These complex phenomena have led engineers in the
past to rely heavily on empirical formulas for the design of concrete structures,
which were derived from numerous experiments. For these reasons, the
incorporation of bond is carried out considerably in recent works. The properties of
this interaction depend on several factors, such as friction, mechanical interaction
and chemical adhesion [1, 2].
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In the past, a number of experimental investigations have been carried out in order
to clarify and understand the behaviour of deformed bars pulled out from a
concrete block under monotonic and cyclic loading conditions. These experimental
results are well documented in the specific literature [9]. Based only on the
experimental results it is difficult to filter out the influences of material and
geometrical parameters on the bond behaviour. Therefore, to better understand the
bond behaviour, a reliable bond model (simulation of the transmission of forces in
the bond zone, see Figure 1a) that can be employed in a three-dimensional finite
element, an analysis is needed. The numerical modelling of the bond behaviour is
principally possible at two different levels: (1) detailed modelling (see Figure 1b)
in which the geometry of the bar and the concrete is modelled by three-dimensional
elements and (2) phenomenological modelling (see Figure 1c) based on a smeared
or discrete formulation of the bar-concrete interface [3].

Figure 1. Schematic simulation of the idealized bond zone [3]

In the phenomenological modelling of bond the concrete and the reinforcement are
discretised by two- or three-dimensional finite elements. The link between the bar
and the concrete can be realized by a discontinuous approach where bond is
defined by discrete, zero-thickness elements (springs) whose behaviour is
controlled by the bond stress-slip relationship. This approach is able to realistically
predict the bond behaviour for different geometries and for different boundary
conditions only if a realistic constitutive model for the surrounding concrete is
used. However, the model is not able to automatically predict the bond behaviour
of a given bar geometry. Consequently, the influence of these parameters must be
stored in advance in the basic parameters of the bond model. Thus one has the
possibility to realistically simulate the behavior of reinforced concrete structures
with relatively low effort in modelling and computing time. By the use of detailed
modelling, such as both modelling of the ribs of the reinforcement and the concrete
lugs (see Figure 1b) between the ribs of the reinforcement a quite fine finite
element mesh has to be generated. This leads again to a high effort in modelling
work and also to a really long computing time in particular while carrying out a
finite element analysis on complex reinforced concrete structures [3, 4].
2. REINFORCEMENT FINITE ELEMENT MODELS
In finite element modelling of reinforced concrete structures, there are three
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different alternative representations of reinforcement: smeared, embedded and
discrete reinforcement models. The first one is rarely used and therefore it depends
on the nature of used structure. The discrete and embedded representations are
formulated and introduced in the developed program [4, 5].
2.1. Discrete Reinforcement Representation
The discrete modelling of steel reinforcement is the first approach used in finite
element analysis of reinforced concrete structures [10]. The discrete representation
of reinforcement uses one dimensional truss elements and it is the only way for
accounting for bond slip and dowel action effects, Figure 2.

Figure 2. Discrete representation of steel bars [4]

A significant advantage of discrete representation is that it can account for possible
displacement of the reinforcement with respect to the surrounding concrete. The
bond effects are usually related with this representation and the bond-link or
cohesive models can be used to connect the steel and concrete nodes in order to
consider this effect. The main disadvantage is that the finite element mesh patterns
are only restricted by the location of reinforcement and consequently the increase
of the number of concrete elements and the degrees of freedom. In this way,
Lagrange or Serindipity isoparametric concrete elements are used and a line three
node truss elements is used to represent the steel and the compatibility between
concrete and steel must be guaranteed [4].
2.2. Embedded Reinforcement Representation
In this representation, the reinforcement bar is considered as an axial member
incorporated in the concrete element such that its displacements are consistent with
membranous concrete elements and bond loss can be considered, Figure 3.
In this scope, many works have presented different formulations for this model.
Embedded models allow for an independent choice of concrete mesh. So, the same
number of nodes and degrees of freedom are used for both concrete and steel. The
disadvantage of this procedure is that additional degrees of freedom increase the
computational and numerical treatment [4].
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Figure 3. Embedded representation steel bars [4]

3. FINITE ELEMENT MODELS FOR BOND
Two different elements have been typically proposed to include the bond-slip
effect in the finite element analysis of RC structures. One is bond link element and
the other is bond zone element as also known as contact element.
These elements are associated with the discrete reinforcement model, which has the
advantage of representing different material properties more precisely. Afterwards
other bond conditions at different nodes can be easily represented [5].
To describe the bond behaviour between concrete and steel, the vertical and
horizontal relative displacement between concrete and steel in the local coordinates
can be considered. The same type of isoparametric elements and it has, at the
unloaded stage, no physical dimension in the transverse direction. It uses linear,
quadratic or cubic interpolation functions corresponding to the number of nodes
per element. In linear analysis, the vertical relative displacements are too small
compared to the horizontal displacement [4].
3.1. Analysis With Bond Link Element
Bond-link element consists of two orthogonal springs which connect and transmit
shear and normal forces between a reinforcing bar node and an adjacent concrete
node (Figure 4). Since the link has no physical dimensions, the two connected
nodes originally occupy the same location in the finite element of undeformed
structure [5].
The bond element is a two-node finite element. The element displacement field is a
slip which is defined as a relative movement between the reinforcing bar and
concrete in the direction parallel to the axis of the reinforcing bar.
The bond effect is assumed as an interaction between reinforcing bars and
surrounding concrete. When the change of stresses in concrete and steel occurs, the
effect of bond begins and becomes more pronounced at the end anchorages of
reinforcing bars and in the vicinity of cracks.
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Figure 4. Bond-link model [4]

3.2. Analysis With Contact Element
The behaviour of the concrete-steel interface must be described from stress-strain
laws. Many constitutive relationships are presented in the literature. In this
element, the contact surface between the steel bar and the concrete in the
immediate vicinity of the steel bar is modeled by a bond stress-slip law which
considers the special properties of the bond zone. The most important differences
are that contact element has the dimension along the steel-concrete interface (it
does not have physical dimension in other two directions) and it provides a
continuous contact surface between - steel bar and concrete [5].
3.3. Analysis Without Bond
In this case, the stiffness matrices of the steel elements are computed in local axis
at the nodes of non bond. The concrete element stiffness matrices are calculated in
the global axis and they are transformed steel local axes at common nodes. In ydirection, concrete and steel have the same degree of freedom but have different
degree of freedom in x-direction at common nodes [4].
4. LOCAL BOND SLIP RELATIONSHIP
4.1. Differential Equation Governing The Slip
In Figure 5 a steel reinforcement embedded in a concrete mass is shown. Over a
small piece of the bar, dx, the change in the relative displacement of the steel to
concrete , dΔ, is equal to change in steel deformation, δs, minus the change in
concrete deformation, δc. That is [7]:
dΔ=δs – δc

(6)

The magnitudes of differential deformation for the reinforcement and concrete, if
we assume an elastic state, are given in equation 7 and 8 respectively ac follows:

δ s = (σ s E )dx
s

(7)
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δ c = (σ c E )dx

(8)

c

σsAσ
s sAs

(σs + dσs)As

Figure 5. Bond consideration for steel reinforcement in concrete.

where the sub-scripts “s” and “c” refer to steel and concrete respectively. The terms
used in equation 1 are general (independent of the type of reinforcement) and apply
to local level (vary with location and stage of the test) [7].
In practice, the value of δc is negligible relative to δs because the concrete section
is usually much larger than the steel section and the normal stress in concrete is
much lower. Therefore, the second term in equation 6 is neglected and whole
differential slip at local level is attributed to the steel deformation. It follows that
equation 6 reduce to [7]:
dΔ ~ δs

(9)

Substituting from equation 7 into equation 9 and re-arranging, we can write:

d Δ σs
=
dx E s

(10)

If we differentiate both sides of the above equation with respect to dx, the
following equation will be obtained:

d 2Δ
1 dσ
=( ) s
2
d x
E s dx

(11)

On the other hand, the bond stress and steel stress (over segment dx) are interrelated from the condition of equilibrium that states (Figure 5):

(σ s + d σ s )A s = σ s A s + τ × dx × π × d b
Simplifying:
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dσs
πd
=τ × ( b )
dx
As

(12)

If we substitute from equation 12 into equation 11, the following equation will be
attained:
d 2Δ
πd
(13)
= τ (s (x )) × ( b )
2
d x
As E s
Where
is the diameter, As is the cross sectional area, Es is the Young’s modulus
of the reinforcing bars and s(x) is the slip between concrete and steel abscissa x [7].
Equation 13 is known as the fundamental differential equation for the bond
between a steel reinforcement and concrete. This equation has been drawn in the
same form as shown above or in other forms (but with the same concept) by
various authors.
It is assumed that the bond characteristics of reinforcing bar are analytically
described by a local relationship of bond τ=τ(s) , in which τ is the shear stress
acting on the contact surface between bars and concrete and s is the slip; that is the
relative displacement between those of the steel bar and concrete.
4.2. Analytical Expressions for Bond-Slip Relationship
The experimental evidence indicates that the load transfer between reinforcement
and concrete is mainly accomplished through bearing of the reinforcing bar lugs on
the surrounding concrete and through friction at large slip values (Figure 1a). The
adhesion is negligible. This behavior can be described using so-called bond stressslip relationships.
The simple bi-linear bond stress-slip model is selected and the parameters of the
model are derived from the experiment data corresponding to material features of
each specimen. The bond stress-slip relationship which is used in the model and the
corresponding components are shown in Figure 6.

Figure 6. Bi-linear bond stress-slip [4].

τ1(s) = Eb1s

s ≤ s1

(14)
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τ2(s) =τ1 + Eb2(s − s1 )

–––––––––––––––––––––
s1 ≤ s ≤ s2

(15)

s1= 2 mm, s2= 10.5 mm, τ f = 10.55 MPa and τ1 = 13.50 MPa
5. NUMERICAL EXAMPLES
5.1. Finite Element Modeling of Pullout Test
To study the bond behavior of steel reinforcement in a concrete matrix, we use
pull-out tests of a steel bar (Ø12mm) with ribs (see Figure 1) which was performed
by Eligehausen (2003) [9].
To investigate the performance of the cohesion layer, numerical investigations on
pullout specimens have been carried out. The specimen is an anchor of a
reinforcing bar db=12 mm in a well confined cylinder of concrete of 150mm height
and 60mm diameter which corresponds to anchorage length of 5 bar diameters
(embedment length lE=5 db =60 mm).
For the numerical investigations the finite element software (Ansys) has been used
and a detailed FE model in 3D mode with and without bond-slip effect as cohesion
layer to simulate bond have been employed. Since rib of reinforcement are being
simulated, the mesh size close to the rib in steel bar, concrete and cohesion layer
should be small enough to accurately describe the deformation and stress gradients.
However, for the remaining regions coarse mesh can be used in order to reduce the
computational costs. The results of these numerical investigations are compared
with the results of the experimental investigations [8]. The test specimen used in
the finite element model is shown in Figure 7.

Figure 7. Finite element model

Table 1 shows the summary of the basic material variable used in the experimental
and numerical investigations.
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Table 1: Summary of the material parameters
Values (kg/cm2)
300
30
273664
0.2
2100000
Steel yield stress
3000
0.3
Steel Poisson’s coefficient

Material properties
Concrete compressive strength
Concrete tensile strength
Concrete E modulus
Concrete Poisson’s coefficient
Steel E modulus

A displacement control load being applied to the end of the reinforcement in pullout test Figure 8.

Figure 8. Displacement control load applied to the end of the reinforcement

In this paper, the concrete and the reinforcement bar was modeled by eight-node
Serendipity axisymmetric elements (Plane 82, Axisymmetric) with 2×2 Gauss
integration points.
5To display the bond slip effect between concrete and steel, two distinct models are
selected, such as: (1) full perfect, (2) bi-linear model. These models are introduced
in finite element program (Ansys) and the collected results are analysed and
discussed in the next section.

(a)

(b)

(c)

Figure 9. Stress distribution in reinforced concrete with bi-linear law of bond, (a) σxx,
(b) σyy and (c) τxy.
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(a)
(b)
(c)
Figure 10. Stress distribution in reinforced concrete for perfect bond, (a) σxx, (b) σyy
and (c) τxy.

The bond stress-slip relation obtained in the finite element calculation when the
three dimensional modelling of the reinforcement is used are substantially
corresponding to the curves of the experimental investigations.

Figure 11. Comparison bond stress-slip graph in 3D finite analysis and experiment

According to the normal and shear stress curves (Figures 9-10), it is possible to
appreciate how the connection influences the transmission of the efforts from steel
bar towards the concrete and vice versa.
6. CONCLUSION
In this paper the methods of modeling of reinforcing bars and bond-slip models
between steel rebar and concrete in the finite element program is described. Then
one analytical expression of bond-slip relationship is selected and the pull-out test
with slip and without slip modeled by finite element software (Ansys) in 3d mode
and then the obtained results are presented and compared with experimental data
from pullout test. It was found that stress distribution in the steel bar and concrete
of pull-out tests may principally be influenced by the properties of the interface.
1. In the improvement of finite element models of composite material, it is
necessary to use not only the constitutive laws of concrete and steel but also one of
the interface.
2. The stress distribution in the steel bar of pull-out tests may principally be
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influenced by the properties of the interface.
3. The finite element studies of pullout tests with a short embedment length (local
bond conditions) show relatively good agreement between experimental and
numerical results.
4. The cohesion layer is able to predict transfer of bond stresses from reinforcement
into concrete realistically.
5. The proposed approach predicts the stress field in the concrete and along the
steel bars (local behaviour)
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ABSTRACT
In almost all codes of practice for seismic resistant design of buildings, a behavior
factor is used to reduce design base shear. The behavior factor is affected by
several parameters such as ductility, overstrength and redundancy reduction
factors. There are two common approaches to assess the effects of redundancy on
the strength of a structural system, which are as follows: Static Pushover Analysis
and Incremental Dynamic Analysis. The two indices: redundancy strength
coefficient and redundancy variation coefficient have been introduced to measure
these effects. Simplified methods are developed and presented to calculate these
parameters. In this paper the redundancy strength and the redundancy variation
parameters are evaluated for the reinforced concrete plane frames with different
number of stories, bays and ductility capacities. The investigations indicate that
these two parameters are mainly the results of redundancy reduction factors.
Keywords: redundancy, behavior factor, ductility, concrete frames, redundancy
strength index, redundancy variation index
1. INTRODUCTION
Although behavior factor (R) has been an important subject in structural
engineering studies in recent years but most important studies in this field get back
to the last two decade. Among the researchers in this field, Freeman is the one who
calculated behavior factor with using the capacity spectrum method. According to
this method, to compute the quantity of R by an analytical method, it can be
formulated as follows:
(1)
R=RA×RB×RC×…×RN
Where Rx are parameters such as arrangement of frames, type of structural system,
composition of loads, degree of uncertainty, damping, characteristics of nonlinear
behavior in structure, characteristics of materials, ratio of building dimensions,
failure mechanism and other effective parameters. The range of effective factors in
determining R is such that it would almost be impossible to find two buildings with
identical behavior factors. In other words, each building has its own unique
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features. Therefore, instead of adding all effective factors, as mentioned in the
behavior factor relation, usually only the factors having more determinant role in
the behavior factor are studied. In this paper, two main coefficients namely the
structural capacity and the force resulting from earthquake are primarily
considered, and the factors that help increase the capacity and reduce the seismic
forces are determined in the following steps.
In 1991, separate researches on behavior factor, also known as Uang plasticity
coefficient method were accomplished by Uang [1]. In 1997, Pandey and Barai [2]
studied the structural sensitivity response to uncertainty. They assumed that for
every structure subjected to a given loading, the general uncertainty is proportional
to the reverse structural sensitivity response; thus, the structural response
sensitivity reduces with increasing uncertainty.
In 1999, Bertero and Bertero studied uncertainty in the seismic resistant design. In
this study, they explained the main concepts of seismic uncertainty and defined the
probabilistic effect of uncertainty on structural failure.
In 2003, Wen, and Song [3], studied the reliability of structural behavior under
earthquakes. They believed that when more elements are involved in resistance
against lateral load, the probability for collapse of all elements, at the some time, is
lower than the case when le elements with equal resistance are involved.
In 2004, Hosain and Tsopelas tried to determine structural uncertainty in
reinforced concrete buildings. In that, they studied rs (uncertainty resistance
coefficient) and rv (uncertainty variation coefficient) and their relation with the
component’s plastic rotation ductility factor ( μθ ). The effects of number of stories
and bays, the length of bays and story height were studied as well. They then
studied the effect of uncertainty on behavior factor (RR). Here, the effect of number
of stories and bays, bays’ length, story height and also the effect of gravity loads on
uncertainty coefficient are studied. Even the effect of number of frames present at
each lateral load direction has been considered, and finally, the procedure to
compute uncertainty coefficient using uncertainty resistance and uncertainty
change coefficients were studied.
2. REDUNDANCY
The redundancy concept has been considered by engineers, especially after Kobe,
Northridge and Turkey earthquakes, during which many buildings with low
redundancy degree were damaged. Therefore, the redundancy topic was introduced
seriously, and the degree of redundancy in structural systems was considered for
seismic design.
There is some information about the useful effects of redundancy in structural
resistance, but the efficient methods measurement methods are not available as yet.
The effects of three parameters are usually considered to measure redundancy
degree, which include:
1. Static redundancy degree of system
2. The ratio of probability in system failure to parts failure
3. Involvement of additional capacity which was not necessary for design
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Some researchers studied the effects of redundancy degree with deterministic
method; that is, use of nonlinear static analyses. There are few studies in which
probabilistic method is applied to determine the effects of redundancy degree using
structural reliability.
Seismic redundancy degree (n) for a structural system is actually the number of
critical areas (plastic hinges) in a structural system which continue to yield until the
structure exceeds the allowable limit leading to emergency disasters like plastic
displacement or complete collapse. In engineering problems of earthquake, it is
assumed that if all critical points (plastic hinges) yield simultaneously, the structure
would fail under earthquake shaking. The redundancy degree is defined using the
parallel and serial structural system reliability theory, determining the probability
of failure in serial systems by weakest connection model and setting the probability
of failure in parallel systems through secure decay model [4].
In 1999, Bertero et al studied the effect of redundancy and redistribution of internal
forces in seismic design and stated that a part of behavior factor is originated from
redundancy degree and can not be determined independent from overstrength and
ductility. They also assumed that when the structure can not withstand gravity
loads under the effect of earthquake forces, it would collapse. About structural
resistance against displacement due to increasing lateral load, the resistance in the
first yielding point is considered, and the maximum resistance is predicted using
the reliability of displacement capacity.
A structure takes advantage of the positive effects of redundancy degree when:
a) Change coefficient in “structural demand” reduces in comparison to change
coefficient in "structural capacities"
b) Addition resistance increase
c) Curvature capacity increases in plastic hinges
d) A minimum rotation capacity is ensured in all elements of structural system
According to much uncertainty in structural capacity and demand, one of the
methods in studying the redundancy of structural systems under seismic loads, is to
use the reliability concept. In one kind of structural system without change in
materials and conFigure uration, the redundancy degree factor can only influence
the reliability on structural stability against earthquake induced lateral loads and
the structure behavior factor, seriously. It should be considered that the redundancy
degree is different in similar frames. If the size of an element, its reinforcement and
implementation details change, the failure mechanism may naturally change, but
even for two completely similar frames, redundancy degree will be different for
various lateral load models [5].
Behavior factor used in codes, which reduces the level of elastic forces in the
design process and in its primary formulation, is defined in terms of ductility
coefficient (Rμ) and the additional resistance coefficient (Rs)[6]. Ductility
coefficient is computed considering nonlinear response of structural system. The
relationships for computing functional ductility coefficient is formulated by some
researchers by involving the natural period of structure and its ductility capacity,
which are commonly based on nonlinear response change of a multi-story building
relative to nonlinear response of a system with single degree of freedom [7].
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The overstrength capacity show the actual lateral resistance in comparison to
modeling resistance overstrength may be divided into two general parts. The first
part is related to the overstrength resistance modeling until the first hinge yields in
a structure and the second part is related to formation of the first hinge until a
mechanism for total failure of a structure is developed [8].
In ATC-19, the formulation of behavior factor (R) is introduced [8]. This
coefficient includes an additional factor (RR) used to account for the effect of
redundancy degree in a structure. These effects include probability effects and
others related to structural systems geometry either in a plan or at a point in height.
Therefore, behavior factor (R) is equal to:
R=R μ .RS.RR

(2)

Some effective parameters in redundancy and structural systems reliability are the
ratio of demand to the capacity of structural systems, the kind of failure mechanism
formed, building high, the number of stories, the length and the number of bays.
This study computes the probabilistic and deterministic effects of redundancy
through obtaining two redundancy resistance index (rs) and redundancy variation
index (rv). These two indexes are used in measuring the resistance reduction
coefficient from RR redundancy for structural frames with two-dimensional
reinforced concrete.
3. REDUNDANCY INDEXES
Redundancy resistance index rs represent the ability of a structural system in
redistributing forces while failure and the capability of a structure in transferring
the forces of elements yielded to the elements with higher resistance. This index is
a function of static redundancy, ductility, strain hardening and the average
resistance of elements in a structural system. Second index having probability
nature is an rv redundancy variations index. This index measures the probability
effect of elements resistance on structural system resistance. It is also a function of
static redundancy in a structural system, and on the other hand is a function of
statistical nature in ductility and structural elements resistance. Following variables
are used in computing above indexes:
- Base shear in the beginning of yielding system.
- Ultimate base shear.
- The number of local failure or the number of plastic hinges caused during
ultimate failure of structure.
- The access of elements curvature to ultimate curvature.
4. REDUNDANCY RESISTANCE INDEX
Redundancy resistance index rs are defined as the ratio of average ultimate
resistance ( S u ) to yielding resistance ( S y ). In which S y is the average system
resistance non redundant system.
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rs =

Su
Su
=
S nr S y

(3)

So that in this equation, both parameters S u and S y can be defined with respect to
nonlinear static analysis curve (Figure 1) [9].
0.3
Base-shear coefficient

Su

Sy
pushover
Idealaize

0
Top-floor drift ratio

Figure 1. Base-shear versus top-floor drift curve

In a method suggested for this paper in studying the effects of redundancy using
nonlinear dynamic analysis with increased acceleration, the base shear during
failure and yielding is considered. In previous studies, this method is applied for
studying the effects of overstrength [10]. In this study, the system failure standards
that will be considered in nonlinear static and dynamic analyses with increased
acceleration are as follows:
- Limitations related to storey drift which according to code [11] for buildings
which period lower than 0.7 second are limited to 2.5% and for structures with
period more than 0.7 second are limited to 2%.
- The index of structure stability which in a structure with high ductility is
limited to 0.125 and in a structure with low ductility is limited to 0.25.
- The formation of failure mechanism in a structure and collapsing structure.
- The access of structure failure index to a number one according to park-Ang
criterion [12].
In pushover static analyses performed in this study, it is assumed that lateral loads
with reverse triangular distribution are inserted into a structure which is
proportional to Iran 2800 standard earthquake force. In nonlinear dynamic analysis
with increased acceleration, the maximum acceleration of any record is coordinated
to a primary number (here it is considered to be 0.02g) and in one stage in
increased to 0.02g and the structure is analyzed in every step until when one of the
four above-mentioned criteria’s is occurred. In this stage, the analysis is stopped
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and base shear is used during yielding and maximum base shear is used for
measuring rs redundancy resistance index.
5. REDUNDANCY VARIATION INDEX
The relation between resistance of a structural system and the resistance of its
composing elements is obtained using plastic analysis of structure. In this relation,
the selection of failure mechanism is important because it can result in non-actual
estimates from redundancy variation index. For simplify computations, one sway
mechanism according to Figure (2) is considered. This mechanism is based on the
''strong column" and "weak beam'' assumption which column resistance is at least
20% more than the resistance of beams.

Figure 2.Sway type failure mode of a generic plane frame

The frame strength (base shear strength) for any failure mode could be represented
by the following expression:
n

S = ∑ C i .M i

(4)

i =1

Where S= frame strength (base shear); n= number of plastic hinges in the frame
resulting from the particular failure mode or collapse mechanism considered;
Mi=yield moment of the structural element where plastic hinge ''i'' is formed; and
Ci=coefficient with units radians length that is a function of the plastic rotation and
geometry of the structure. Eq. (4) is of the form of the strength equation of a
parallel system type.
The mean value of the frame strength can be derived from the fallowing
expression:
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n

S = ∑ C i .M i

(5)

i =1

Where Mi = mean value of the strength of the structural element where plastic
hinge ''i'' is formed.
Accordingly the standard deviation of the frame strength σ f can be obtained from:

σf =

n

n

i =1

j =1

∑ ∑C C
i

j

ρ ij σ Miσ M j

(6)

Where ρ ij = correlation coefficient between the strengths Mi and Mj and σ Mi =
standard deviation of the yield moment Mi. also ρ ij = 1 for i=j. To further simplify
the deviation, a regular multistory multi-bay frame with the following properties is
considered.
1. The frame is composed of elements with identical normally distributed strengths:

Mi =M j =Me

(7)

σMi =σM j =σe

(8)

2. The correlation coefficient between the strength of any two pairs of elements is
the same.
(9)
ρ ij = ρ e
3. The bays of the frame have identical spans and the stories identical high which
result in:
Ci = Cj = C
(10)
Eq.(5) and (6) now become:

S = n.c.M e

(11)

σ f = Cσ e n + n(n − 1) ρ e

(12)

The following relationship between the coefficient of variation (COV) of the frame
strength υ f and the COV of the element strength ve is calculated by dividing Eq.
(12) to Eq. (11):
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vf =

σf
S

=

σe

––––––––––––––––––

1 + (n − 1) ρ e
1 + (n − 1) ρ e
= ve
n
n

Me

(13)

The redundancy variation index rv is defined as the ratio between υ f and ve:

rv =

vf
ve

=

1 + (n − 1) ρ e
n

(14)

For a parallel system with unequally correlated elements, ρ e could be substituted
with the average correlation coefficient ρ defined as:

ρ=

n
1
∑ ρ ij
n(n − 1) i , j =1

(15)

i≠ j

Therefore, Eq. (14) Can be modified using the average correlation coefficient of
the strengths of the plastic hinges as fallows:

rv =

1 + (n − 1) ρ
n

(16)

Hence the redundancy variation index rv is a function of the number of plastic
hinges “n” and their average correlation coefficient between their strengths, and
represents a measure of the probabilistic effects of redundancy on the system
strength, its values range between 0 and 1.
For a building structure where a single plastic hinge causes collapse (n=1), rv =1
and the structure under consideration in non redundant. The other extreme value
rv=0 indicates an infinitely redundant structural system and is reached either when
an infinite number of plastic hinges are required to cause collapse (practically “n”
attains large values) or when element strengths in a structure are uncorrelated (the
average correlation coefficient in Eq.(16) is zero).
Using Eq.(16) rv can be estimated from a pushover or dynamic analysis and for a
particular value of the average correlation coefficient of the structural member
strength.
6. REDUNDANCY FACTOR "RR"
The overall effects of redundancy on the structural strength may be completely
described by the ratio of the ultimate strength of a structural system to the ultimate
strength of non-redundant structure. Thus:
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RR =

Su
S nr

(17)

Where Su = structural system strength which includes all the effects of redundancy;
and
Snr =the same strength but for non-redundant structural system. Assuming
that the strength of a structure is distributed normally, the characteristic or design
strength of a structural system, its standard deviation, the coefficient k is formed.
Therefore, both Su and Snr may be written as follows:

S u = S u − kσ f

(18)

S nr = S nr − kσ nr

(19)

Where σ f = standard deviation of the frame strength; σ f =standard deviation of
the non-redundant frame strength; S u = average of the ultimate frame strength and

S nr = average of the non-redundant frame strength.

An expression for σ f could be obtained as follows:

rv =

σf

1
⇒ σ f = rv rs ve S nr
ve rs S nr

(20)

By virtue of S u = rs. S nr ; Eq. (19) results into:

S u = rs S nr − krv rs ve S nr = rs (1 − krv ve ) S nr

(21)

Where rv=redundancy variation index; rs =redundancy strength index and ve=COV
of the strength of the structural system elements.
Using Eq. (19) and (21), Eq.(17) becomes:

RR =

rs (1 − krv ve ) S nr
S nr − kσ nr

⎛ 1 − kve rv
= rs ⎜⎜
⎝ 1 − kv nr

⎞
⎟⎟
⎠

(22)

Where vnr is the COV (coefficient of variation) for non-redundant frame strength.
A non-redundant frame structure could be modeled as a parallel system consisting
of ideal elastic-brittle elements. Such a system behaves like a series system, where
failure of one element results in the system collapse, and that the safety index of
the system is equal to that of the element. For a non-redundant system, (n=1)
vnr=ve. Therefore, the redundancy factor (RR) can be expressed as follows:

⎛ 1 − kve rv
R R = rs ⎜⎜
⎝ 1 − kve

⎞
⎟⎟
⎠

(23)
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7. CASE STUDY ABOUT THE EFFECTS OF REDUNDANCY ON TWODIMENSIONAL CONCRETE FRAMES
In order to compute redundancy indices, 16 frame samples from 2 bay to 5 bay and
with two, four, six and ten stories were designated. SAP2000 software [13] and the
IDARC software [14] are used for nonlinear dynamic and nonlinear static analyses.

For nonlinear static analysis, 16 frame samples with high ductility and 16
frame samples with low ductility are selected (Figure 3).

Two story two bay to five bay

Fourth story two bay to five bay

Six story two bay to five bay

Ten story two bay to five bay
Figure 3. Reinforced concrete frames with two story two bay to ten story five bay

The lateral load pattern applied to the structure is reverse triangular, which is
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approximately in accordance with lateral force criteria of the earthquake standard
2800 of Iran. Four different cases of design and analysis are considered for
comparison. In the first case, the bay length is 4 meters and the story height is 3
meters and in the second case, the story height is increased from 3 to 4 meters. In
the third case, the bay length is increase to 5 meters and finally in the forth case,
the gravity loading intensity is increased to 30%. Therefore, in static nonlinear
analysis, one hundred twenty eight frames are designed with SAP2000and then
analyzed by the IDARC. Response curves are computed in terms of displacement
at the top of structure (Δtar) with respect to base shear divided by structure weight
(Cb). Two values, base shear coefficient during yielding and also maximum base
shear coefficient are important over curve. The rs index is obtained by dividing
maximum base shear coefficient to the base shear coefficient when yielding.
Using maximum number of plastic hinges formed in nonlinear static analysis, one
can obtain rv index. As a result of having these two indices, resistance reduction
coefficient can be obtained from redundancy according to relations in the third
part.
In order to carry out nonlinear dynamic analysis with increased acceleration by the
IDARC software, begins to analyze with a primary PGA value in any stage, and it
continues the operation with 0.02g increase relative to the previous measure, until
one of the failure conditions is reached. In this case, the value of base shear
coefficient is applied for computing rs and also for computing rv index. The number
of plastic hinges formed while failure is used to compute 16 frames with high
ductility and 16 frames with low ductility. Eight seismic records are applied,
equally, for both linear and nonlinear static analysis methods, for 4 different cases.
Finally, 1024 frames were analyzed with different cases and the values of base
shear coefficient while forming the first plastic hinge. Maximum base shear
coefficient and the number of plastic hinges when failing are used as parameters
required for computing rs, rv and RR indices. It is necessary to note that the average
values obtained from eight records is the basis for computing above indices.
8. CONCLUSION
Comparing the responses obtained from Static Pushover Analysis method (SPO)
with Incremental Dynamic Analysis (IDA), it is concluded that in most conditions,
RR coefficients obtained from static method are larger than dynamic method, but
this difference is maximally 10%. According to result from Figure(4), we can
conclude that the results obtained from nonlinear static method are in good
agreement with results obtained by nonlinear time history method and may be used
as a reliable method.
Finally, it should be emphasized that these results are only for frames modeled in
this study and might not hold true for all other structural models.
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Figure 4. Average of redundancy modification factor with number f story
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ABSTRACT
Reduction factor shows the efficiency of lateral load resistance systems in
dissipation of seismic energy through inelastic behavior. This parameter is broadly
used in guidelines to determine elastic resistance of the structure. Since these
seismic guidelines mainly put their emphasis on common lateral load resistance
systems, it may not be appropriate to use the published reduction factor values in
designing composite or strengthened lateral load resistant systems. The main
objective of this research is to examine the quantitative impacts of confined
concrete columns with CFRP jackets on reduction factor. Therefore, three models
of 4, 7 and 10-story buildings, in a veryhigh seismic zone were selected. Pushover
analyses were performed by means of the software SAP 2000 for threedimensional models. Finally, the reduction factor of reinforced concrete (RC)
buildings that were retrofitted with CFRP jackets was found to be 9.9. This result
indicates an enhancement in the seismic resistance and specially, in ductility of the
buildings.
Keywords: concrete buildings, reduction factor, confinement, carbon fiber
reinforced polymer (cfrp) jackets, pushover analysis
1. INTRODUCTION
Reduction factor shows the efficiency of lateral load resistance system in
dissipation of seismic energy through inelastic behavior. This parameter is broadly
used in guidelines to determine elastic resistance of the structure. By taking many
parameters and effects into consideration, depending on type of the lateral load
resistant system, different seismic design guidelines reduce the calculated values
for earthquake loads. These parameters and effects are namely structural system
ductility, structural indeterminacy degree, structural overstrength and dissipation of
seismic energy. For the first time, in the first decade of the twentieth century,
following obtained experiences and study results from real earthquakes, researchers
proposed the vertical seismic shear force to be a ratio of total weight of the
building. In the following years, it was found that for higher buildings, the stiffness
reduces and the period of vibration increases as the height increases. As a result,
earthquake imposes lower accelerations to higher buildings. With finding out this
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phenomenon, further development of structural dynamics knowledge and better
understanding of structures behavior, it was understood that reduction factor is
related to the number of building stories.
Accurate determination of the reduction factor of a building would improve
exactness of the calculation of its seismic resistance, evidently. This factor depends
on various parameters such as type of the lateral load resistant system, fundamental
vibration period of the building, force-deformation model for materials, ductility
capacity, overstrength factor and design safety factors.
In the present study, firstly, different definitions were explained and then possible
effects of abovementioned parameters on reduction factor were investigated. Since
seismic retrofitting of buildings is a new concept in Iran, quantitative effects of
confinement of RC sections with CFRP jackets on reduction factor of RC buildings
were subsequently studied, Three models of 4, 7 and 10-story buildings, in a very
high seismic zone were selected. Pushover analyses were performed by means of
the software SAP 2000 for three-dimensional models.
2. MODELING APPROACH
Some of the most important force-deformation models are bilinear, trilinear and
those with reduction of stiffness and resistance in each cycle. The forcedeformation relationship should be based on experimental documents or those,
which are stated in [1-3]. For a pushover analysis, it is possible to utilize the
general force-deformation relationship that is illustrated in Figure 1 or any other
proper curves, which describe the performance under constant increase of
displacement. For nonlinear dynamic methods, force-deformation relationships
should describe the performance under both constant increases of displacement or
under numbers of displacement cycles.

Figure 1. Force-deformation relationship for concrete elements [3]

3. DUCTILITY FACTOR
The most significant parameter in determining reduction factor of a structure is the
ductility factor. Ductility factor is shown with (μ) and is calculated from below
equation:
Δ
(1)
μ= u
Δy
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where, μ is the ductility factor defined as the ratio between the maximum
displacement (Δu) and the yield displacement (Δy). Higher values of ductility
factors would mean higher ductility capacities and therefore, higher reduction
factors.
Several studies have been conducted for determination of reduction factors. Most
of these studies propose that for a specified earthquake record, the reduction factor
depends on ductility and fundamental period of vibration of the building [4-6].
Consequently, with a high precision, reduction factor could be expressed in terms
of ductility as stated in Eq. (2):
Rμ = Rμ (T , μ )

(2)

An excellent overview has been presented by Miranda and Bertero (1994). In this
paper, a bilinear spectrum was used for the reduction factor Rμ [6]:
Rμ = ( μ − 1)

T
+1
TC

Rμ = μ

,

,

T < TC

T ≥ TC

(3)

(4)

where, μ is the ductility factor as defined above, cT is characteristic period of the
ground motion and T is the fundamental period of structures.
Fundamental period of structures (T) is a major factor in calculation of reduction
factor and could be assessed using various experimental methods or by means of
computers. Increase of this parameter would increase reduction factor. The
fundamental period of a non-retrofitted reinforced concrete building without shear
walls could be computed from the below experimental relationship [7]:
T = 0.8 × 0.07 H

3

4

= 0.056 H

3

4

(5)

where, H is the building height in meters.
4. OVERSTRENGTH FACTOR
In most of design guidelines, structures are designed so that none of their elements
exceed the elastic state. However, since some plastic hinges form after exceeding
this limitation, it does not always result in the collapse of the structure. By forming
plastic hinges, general stiffness of the structure would decrease but still, it can
resist higher loads. This procedure will continue until the formation of plastic
hinges cause an instability mechanism and stiffness of the structure become zero.
In the case that structure loses its ductility capacity simultaneously, it would
collapse. As a result, in mentioned guidelines, the extra resistance of elements after
the formation of plastic hinges is neglected. This resistance capacity is defined as
the overstrength factor (RS) and is calculated as ratio of the yield base shear to the
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design base shear by:
RS =

Vy
Vw

(6)

where Vy is the yield base shear, Vw is the design base shear.
5. DESIGN SAFETY FACTOR
There are many reasons for considering a safety margin in designing a structure
and this margin is usually applied through safety factors (Y). However, these
factors do not enter directly in seismic design procedures and it is not common to
employ safety factors in seismic design guidelines. Nevertheless, in seismic
guidelines this safety factor is implied through the reduction factors.
ACI-318 proposes to increase earthquake loads by multiplying them in 1.87. This
design code also allows designers to multiply 0.75 in any load combinations, which
include seismic loads [8]. Hence, the safety factor of moment resistant concrete
frames is given by:
Y = 0.75 × 1.87 = 1.403

(7)

6. CALCULATION OF REDUCTION FACTOR
By considering important parameters, reduction factor of a structure, could be
determined by [9]:
Rw = Y × Rμ × RS

(8)

where, Rμ is the period-dependent ductility factor, RS is the period-dependent over
strength factor and Y is the safety factor.
7. MODELING AND ANALYSIS
SAP2000 Nonlinear Version 8 has been utilized for analysis and design procedures
[10]. This program is capable of performing static and dynamic analyses of
structures in three dimensions. This program is compatible with most of the design
guidelines.
A Three-dimensional model of each structure was created in SAP2000 to carry out
nonlinear static analysis. In addition, a P-Δ analysis has been performed for every
model. The ACI 318-99 guideline was employed for design purposes, since this
guideline is supported by the SAP2000 program.
8. INTRODUCING MODELS
Three symmetrical moment resistance RC frame buildings are considered in this
study. Three structures of 4, 7 and 10-story buildings are modeled in three
dimensions with height to width ratio of about 1 to 2. These structures are
considered according to Iranian Seismic Design Code (Standard 2800-05) [7] as
residential buildings with a medium importance factor (I=1.0). Based on this code,
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structures are assumed located in a very high seismic zone with a design ground
acceleration of 0.35g and the soil type is assumed class II. For all of the three
models, span lengths equal to 4 m in both directions. The 4-story model consists of
a three- bay frame, 7-story consists of four bays and the 10-story consists of five
bays (Figure 2). Typical floor-to-floor height is 3.2 m.

Figure 2. Plan view of 4, 7 and 10 story buildings

Figure 3. Frame properties of 4, 7 and 10-story models

Beam and column dimensions and the amount of longitudinal reinforcement were
specified as could be seen in Figure 3. Table 1 presents the final FRP jacket
thicknesses for all columns.
Concrete properties are assumed to be 210 kg/cm2 for the compressive strength,
218800 kg/cm2 for modulus of elasticity and 0.2 for Poisson ratio. The strength of
both longitudinal and transverse reinforcements is chosen to be 3000 kg/cm2 with
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modulus of elasticity of 2.1×106 kg/cm2. The CFRP tensile strength and modulus of
elasticity (Efrp) are 42400 kg/cm2 and 2.32×106 kg/cm2, respectively. The rupture
strain of employed CFRP fibers is 0.18 and their thickness is 0.1375 mm/layer.
Table 1: Initial and final thicknesses of the FRP jackets for all columns.
Member sizes (mm)
FRP thickness (mm)
Member
Longitudinal
group
reinforcement
Width
Depth
Initial
Final
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10

30
30
40
40
40
50
50
50
60
60

30
30
40
40
40
50
50
50
60
60

13.5
18.0
16.0
24.0
32.0
25.0
37.5
50.0
54.0
72.0

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.412
0.678
0.678
0.963
0.963
1.513
1.788
1.788
1.513
1.788

The dead and participating live loads on the stories are 650 kg/m2 and 200 kg/m2,
respectively. Dead loads, which are exerted by internal partitioning walls, are also
participated in abovementioned value of dead loads. Loads that are related to
peripheral walls and parapets are assumed to be 700 kg/m and 250 kg/m. Lateral
loads were determined by means of an equivalent static method and are applied in
directions as stated in Iranian Seismic Design Code (Standard 2800-05) [7].
9. APPLIED MODEL FOR FRP CONFINED CONCRETE
In the last few years, many studies have been conducted on the stress–strain
behavior of FRP-confined concrete and various models have been proposed [11].
However, the stress–strain model for FRP confined rectangular sections, that has
been proposed by Teng and Lam appears to be a suitable model for our study as it
is simple and it captures the main characteristics of the stress–strain behavior of
FRP-confined concrete [12].
Based on this model, the compressive strength and axial rupture strain of FRPconfined concrete in rectangular sections are calculated as described by the
following equations [13]:
f
f ' cc
= 1+ 3.3k S 1 1
f ' co
f ' co

⎛ f ⎞⎛ ε h ,rup
ε cc
= 1.75 + 12k S 2 ⎜⎜ 1 ⎟⎟⎜⎜
ε co
⎝ f ' co ⎠⎝ ε co

(9)

⎞
⎟
⎟
⎠

0.45

where, f1 is the equivalent confining pressure, defined as follows:

(10)
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f1 =

2 E frp ε h , rup t
D2 + B2

(11)

where Efrp is the elastic modulus of the FRP, B and D are dimensions of the
rectangular cross-section (D≥B), εh,rup is the FRP hoop rupture strain and t is the
thickness of FRP fibers.

Figure 4. Confinement action in rectangular columns [13]

According to Figure 4, Teng and Lam proposed the following model for
determination of the total area of concrete enclosed by the FRP jacket:
⎡⎛ B
D
2
2 ⎞⎤
⎢⎜ D (D − 2 RC ) + B (B − 2 RC ) ⎟⎥
⎟⎥ − ρ SC
1 − ⎢⎜
3 Ag
⎟⎥
⎢⎜⎜
⎟
Ae
⎢⎣⎝
⎠⎥⎦
=
AC
1 − ρ SC

(12)

where, ρSC is the cross-sectional area ratio of longitudinal steel and RC is radius of
the rounded corners. These researchers suggested Equations (13) and (14) for the
shape factor for strength (kS1) and the shape factor for strain (kS2):
2

⎛B⎞ A
k S1 = ⎜ ⎟ e
⎝ D ⎠ AC
⎛D⎞
kS 2 = ⎜ ⎟
⎝B⎠

0.5

Ae
AC

(13)

(14)

where most of the parameters are the same as previous equations and Ae is the area
of the effectively confined concrete and AC is the total area of concrete enclosed by
the FRP jacket.
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10. PUSHOVER ANALYSIS
As mentioned before, the models were analyzed using SAP2000 [10], which is a
general-purpose structural analysis program for static and dynamic analyses of
structures. For nonlinear analysis of initial models, axial force–moment hinges and
pure moment hinges are assigned to the ends of beams and columns, respectively.
Rupture strains and rotations of plastic hinges could be evaluated using the stated
nonlinear static criteria in [1-3].
The moment-rotation relationships of plastic hinges are similar to the momentrotation relationship of moment hinges except that they are compatible with the
moment-axial load interaction curves. The moment-axial load interaction curves of
columns Figures could be determined using principal theories. Effect of FRP
confinement on increase of strength and ductility of the columns could be
concerned in interaction curves. Figure 6 shows an example of the moment-axial
load interaction curves for a rectangular column with dimensions of 40×40 cm.

For performing a pushover analysis, two kinds of load distributions are
utilized in this study:
a) Distribution type I; distribution is proportional to the lateral loads that have
been calculated from a linear spectral dynamic analysis.
b) Distribution type II; distribution is uniform where the lateral loads are
proportional to the weight of each story.
For better clarifying the results, which are presented in Table 2, Figure 7 shows the
base shear-top displacement relationship for the non-retrofitted frame (labeled as
‘‘initial’’) and the retrofitted frame (labeled as ‘‘final’’). It is evident from Figures
and tables that confinement of reinforced concrete columns with FRP fibers would
increase their strength and ductility by 19 and 38 percents respectively. Therefore,
this method could be considered as a major way for enhancing seismic
performance of concrete structures.
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Figure 6. The moment-axial load interaction curves for a rectangular FRP-confined
columns with dimensions of 40×40 cm for (a) ρl=1% and (b) ρl=2%

In Table (2) effective parameters such as ductility factor (Rμ), overstrength factor
(RS) and safety factor (Y) were obtained for evaluating the reduction factor. Using
these values and by means of Eq. (8) the reduction factor of RC buildings could be
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calculated.
Table 2: Different parameters of reduction factor for models

4S-O-1*
4S-R-1
4S-O-2
4S-R-2
7S-O-1
7S-R-1
7S-O-2
7S-R-2

Desig
n
Vw,
ton
66.7
66.7
66.7
66.7
168.7
168.7
168.7
168.7

10S-O-1

334.1

10S-R-1

334.1

10S-O-2

334.1

10S-R-2

334.1

Model

Yield

Ultimate

Δy

Vy,
ton
198.9
214.4
212.3
233.3
480.2
533.7
582.3
728.1
1080.
0
1161.
1
1217.
1
1318.
8

,cm
7.9
8.4
6.7
7.3
19.0
18.3
14.0
17.5
30.0
32.0
24.0
26.0

μ

Rμ

Rs

Y

Rw

cm
13.2
19.2
10.4
15.7
28.8
42.7
19.1
32.9

1.7
2.3
1.6
2.2
1.5
2.3
1.4
1.9

1.7
2.3
1.6
2.2
1.5
2.3
1.4
1.9

3.0
3.2
3.2
3.5
2.8
3.2
3.5
4.3

1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4

7.0
10.3
7.0
10.6
6.1
10.3
6.6
11.4

43.3

1.4

1.4

3.2

1.4

6.5

67.0

2.1

2.1

3.5

1.4

10.2

32.5

1.4

1.4

3.6

1.4

6.9

43.1

1.7

1.7

3.9

1.4

9.2

Δu,

Vu,
ton
217.4
247.2
235.9
271.1
529.0
629.9
640.9
842.5
1173.
2
1334.
3
1301.
1
1549.
8

*Note: Model identification is "number of story – non retrofit (O) / retrofit (R) – lateral load type.”
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Figure 7. Comparison of capacity curves of a 4-story frame, 7-story frame
and 10-story buildings

In Table 3, reduction factor values for each of the models under both lateral load
distributions are represented. As it is apparent, average of reduction factor value for
non-retrofitted reinforced concrete buildings is 6.7 and is 9.9 for retrofitted RC
buildings.
Table 3: The reduction factor for non-retrofitted and retrofitted models
Non-retrofitted
Retrofitted
Story
Lateral Load
Lateral Load
Lateral Load
Lateral Load
Type I
Type II
Type I
Type II
4
7.1
7.0
10.3
10.6
7

6.1

6.5

10.1

9.7

10

6.5

6.9

9.3

9.2

Average

6.7

9.9

11. CONCLUSIONS
The results derived from the nonlinear static analyses of initial models, which were
desi In Table 3, reduction factor values for each of the models under both lateral
load distributions are represented. As it is apparent, average of reduction factor
value for non-retrofitted reinforced concrete buildings is 6.7 and is 9.9 for
retrofitted RC buildings.
based on [7], are stated as below:
1. Confinement of reinforced concrete columns would increase their strength and
ductility by 19 and 38 percents, respectively.
2. Reduction factor of a non-retrofitted reinforced concrete building without
shear walls is evaluated to be 6.7 but with confinement of columns with CFRP
jacket, this factor would increase to 9.9.
3. Application of CFRP fibers for confinement of reinforced concrete columns
would increase their resistance, ductility and capacity of seismic energy
dissipation. Moreover, it would move the failure point from columns to beams.
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ABSTRACT
This paper aims at investigating the behavior of masonry buildings strengthened
with concrete shear walls. To this end, a masonry wall with openings extracted
from an individual two-storey masonry building is modeled using ANSYS finite
element software. A number of nonlinear static analyses were conducted on the
model. The nonlinear behavior of the existing model was compared with that of the
model enhanced with concrete shear wall. The results obtained from the numerical
analyses confirm that the load-carrying capacity of the unreinforced masonry
buildings degrades due to the global failure of the wall. Whereas, the masonry
buildings strengthened with concrete shear wall may achieve their target
displacement. Moreover, the results reveal that the wall load-carrying capacity may
be upgraded, if the added shear wall is connected to both the diaphragm and
adjacent masonry wall.
Keywords: rehabilitation, masonry building, concrete shear wall, push-over
analysis
1. INTRODUCTION
The masonry buildings have extensively been constructed in Iran for low-rise
buildings, because of their cost-effectiveness. Most of them have been designed
regardless of the effect of earthquake induced loads. In other words, these kinds of
buildings are non-engineered structures which may be susceptible to a significant
risk during an earthquake.
Among the points of weakness associated with the masonry buildings, the lack of
appropriate tying system, improper masonry elements, large openings, etc. are note
worthy.
Since many of the important buildings such as schools are structured with
unreinforced masonry buildings, it is necessary to rehabilitate those using proper
solutions.
One of the methods used for seismic rehabilitation of masonry buildings is known
as simple rehabilitation method [1]. In this method, the building weaknesses are
retrofitted one by one. Another method is coating a reinforced concrete layer on the
masonry walls. By using this method, the lateral load-carrying capacity of structure
is enhanced. In the above-mentioned methods providing integrity for the
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diaphragm is mandatory.
Among the other methods used for rehabilitation of masonry buildings, the use of
an external lateral resisting system is noteworthy. In this method, the lateral loadcarrying capacity of the structure is mainly provided with the added lateral resisting
elements.
Another method that can be used is structure of an exposed lateral seismic loadcarrying system. For this purpose, a concrete shear wall, well known as an effective
lateral resisting system, can be used. Providing appropriate integrity among the
added shear walls, the existing masonry walls and the diaphragm is a key concern
in this method. The mobilization of induced actions among these elements is
another concern.
2. CASE STUDY
In this study, an existing two-storey masonry building with an area of 829 m2 is
investigated (see Figure 1).
A

B

C

D

E

1

2

3

4

Figure 1. Typical floor plan

In order to assess the structural system of the building, a set of destructive and nondestructive inspection program was prescribed. This inspection program indicated
that the building possesses unreinforced masonry system, having some rawbacks,
including:
a. Inappropriate tying system
b. Improper bricking
c. Lack of diaphragm integrity
The above drawbacks cause the building to be a seismic vulnerable structural
system. Several methods were investigated for seismic rehabilitation of the
building [2]. The methods were compared with each other regarding the technical

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 443

and economical aspects. Among them, the method of adding concrete shear wall
was assessed as the best solution. According to the initial studies, four L-shape
shear walls were provided as shown in Figure 2.

Figure 2. Concrete shear walls position

In order to study the effect of adding concrete shear wall on lateral behavior of the
masonry building, the nonlinear behavior of one of the perimeter axis (Axe1) was
evaluated using ANSYS finite element software. The lateral behavior of this axis
was studied in its existing situation as well as in presence of concrete shear walls.
Since the number of shear walls is limited, the diaphragm rigidity should be
provided. The diaphragm rigidity conditions may be satisfied using such details as
shown in Figure 3.

existing beams

existing beams

Figure 3. Details for providing diaphragm rigidity
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Since the gross mass of the masonry buildings has mainly arisen from the masonry
walls, two details were utilized to connect the concrete shear walls to the building:
Firstly, connecting the shear walls to both the diaphragm and masonry walls of the
building; secondly, connecting the shear walls to the diaphragm, only. In essence,
in first detailing, the lateral force is transmitted to the shear walls through the
diaphragm while both the diaphragm and masonry walls contribute to the transition
of lateral forces to the shear walls. The proposed details for connection of the
concrete shear walls to the diaphragms and to the adjacent masonry walls are
illustrated in Figures 4 and 5, respectively. Also the details shown in Figure 6 were
proposed for transferring the lateral forces from shear wall to the earth.
Φ12@150
(L=1000mm)

Φ12@150
(L=1000mm)

Φ8@150x150
(Network)

Concrete slab
(Th=70mm)

Figure 4. Shear wall-to-diaphragm connection
2000mm

Φ12@300

Φ10@600x600
Φ12@300
8Φ18

8Φ18
Φ10@300

200mm
Φ12@300

Φ6@500x500

Φ12@300

2000mm

Φ10@600x600
Φ12@300

Φ12@300
8Φ18

200mm

Figure 5. Proposed details to connect concrete shear wall to masonry one
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Figure 6. Proposed details for shear wall foundation

3. FAILURE MECHANISM AND MATERIAL MODELS FOR UNREINFORCED
MASONRY STRUCTURES
Masonry wall is a composite structure that consists of brick and mortar. The
geometry, axial loading and material properties, play an essential role in the
response of the wall and in the mechanism of failure. Figure 7 shows different inplane failure modes for masonry walls.

Figure 7. In-plane failure mechanisms in masonry walls

Several researchers have proposed failure criteria for masonry material. Page [7]
suggested a microscopic finite element model for masonry, considering elastic
elements for bricks and link elements for joints. Although this model could present
global nonlinear behavior of masonry walls and crack distribution, it failed to
express the failure in bricks and the effect of multi axial stresses on the response.
Ganz [8] also presented a failure criterion for masonry under biaxial compressive
stresses, neglecting the tensile strength.
William and Warkne [9] developed a constitutive model for tri-axial behavior of
brittle materials like concrete. The model considers multi axial stresses of brittle
material and takes into account cracking, crushing and sliding phenomena by
reflecting their effects on the stiffness matrix [4, 9].
The general form of William and Warkne's theory has been used here. The above
model as has been developed in ANSYS, has also been recommended by [3] for
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masonry material. In another study, Kumar and Bhandari adopted a similar model
for masonry arches [10].
4. MODELING
As previously mentioned, to study the behavior of masonry building strengthened
with concrete shear wall, a typical perimeter axis (Axe 1) is employed. Nonlinear
static analysis was carried out using ANSYS finite element software. Nonlinear
material was assigned to the masonry and concrete elements. To this end, WilliamWarkne failure criterion was employed for materials. The element SOLID65 was
used to model masonry and concrete walls. This element has capability to idealize
brittle materials for cracking and crushing phenomenon. The element SHELL63
was applied for the modeling of horizontal and vertical ties. Figure 8 shows a
scheme of the model.
shear wall - solid65
both side

vertical & horizontal tie -shell 63
both side

opening

bricks & mortar -solid 65

Figure 8. A scheme of the model

The mechanical properties of the brick and mortar employed in the building were
obtained according to the test results. The test results are summarized in Table 1.
Table 1. Specifications of the existing masonry walls

f cb

f cb′

Vt

Vs

MPa
10

MPa
1.2

MPa
0.18

MPa
0.095

In the above table:
f cb : compressive strength of bricks
f cb′ : compressive strength of masonry walls
Vt : allowable tension stress
V s : allowable shear stress

5. ANALYSIS PROCEDURE
In order to identify the nonlinear behavior of the building, a nonlinear static
analysis, well known as Push-over analysis, was conducted on the model. Since the
height to length ratio of the wall is low, the first deformation pattern which is well
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adapted to the first mode of vibration was applied to the model. For this purpose a
prescribed displacement was applied to top of the building.

The target displacement was obtained according to FEMA 356. In the
following, the target displacement is calculated for the model with and
without strengthening elements:
a. Existing masonry wall:
T=

δ t = C 0 C1C 2 C 3 S a

2π
k /m

=

2π
30000 / 16

= 0.145 sec

T2
0.145 2
g
=
1
.
2
x
1
x
1
.
1
x
1
x
(
0
.
3
x
2
.
5
)
x
x9.81 = 0.005m
4π 2
4π 2

b. Strengthened masonry wall:
T=
δ t = C 0 C1C 2 C 3 S a

2π
k /m

=

2π
50000 / 16

= 0.112 sec

T2
0.112 2
g = 1.2 x1x1.1x1x(0.3 x 2.5) x
x9.81 = 0.003m
2
4π
4π 2

The parameters k and m denote the wall stiffness and the wall mass, respectively.
The wall stiffness was estimated from the initial linear analysis.
6. ANALYSIS RESULTS
The crack pattern shown in Figure 9 illustrates that under a 5-mm target
displacement, a major failure had taken place in the existing masonry wall. While
in the strengthened masonry wall, the minor cracks are localized round the
openings under its target displacement (Figure 10).
The in-plane shearing stress contour shown in Figure 11 indicates that the applied
acts are localized mostly within the concrete shear walls, and the shearing stress is
nearly uniform within the masonry elements. The maximum shearing stress applied
to the masonry element in the strengthened wall is, approximately, half of that in
the existing wall.

Figure 9. Crack pattern in the existing masonry wall
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Figure 10. Crack pattern in the strengthened masonry wall

Figure 11. In-plane shearing stress contour in the existing masonry wall

Figure 12. In-plane shearing stress contour in the strengthened masonry wall
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In Figure 13, the base shear is depicted versus the top displacement for all the
models. As observed, the strengthened masonry models show more stiffness and
strength in comparison with the existing model. Furthermore, as previously noted,
the added shear walls are more efficient if connected to both the diaphragms and
masonry walls. In essence, as the added shear walls are attached to the diaphragms
only, a significant promotion is not achieved. This is due to the considerable mass
of the walls in the masonry buildings. In case of connecting shear walls to both the
diaphragms and masonry walls, the lateral strength and initial stiffness is increased
by 50% and 100%, respectively.
100
90
Base shear (ton)

80
70
60
50
Existing masonry wall

40
30

Enhanced masonry wall (1)

20
Enhanced masonry wall (2)

10
0
0

0.001

0.002

0.003

0.004

0.005

Roof Dis. (m)
(1) Shear wall connected to both diaphragm and adjacent masonry wall
(2) Shear wall connected to diaphragm only

Figure 13. Base shear versus roof displacement

7. CONCLUSION
This paper dealt with one of the efficient methods for seismic rehabilitation of
masonry buildings. Through the nonlinear analyses performed using ANSYS finite
element software, it was confirmed that the lateral behavior of masonry buildings
may be promoted by providing concrete shear walls. According to the numerical
results, the added concrete shear walls become much more efficient if connected to
both the diaphragms and adjacent masonry walls. The analysis results indicate the
load-carrying capacity of the existing masonry walls is thoroughly deteriorated due
to the major cracks. While, in the strengthened masonry walls the cracks are minor
and localized round the openings. In addition, the concrete shear walls and
masonry ones can contribute to the lateral forces, resulting in reduction of shear
demand on the masonry walls. Also, in case of connecting shear walls to both the
diaphragms and masonry walls the lateral strength and initial stiffness is increased
by 50% and 100%, respectively.
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ABSTRACT
Development of a new generation of concrete, self-consolidating concrete, SCC is
a very desirable achievement in the RC structures for overcoming problems
associated with many problems such as congestions of steal reinforcement. This
non-vibrating concrete is not affected by the skill of workers, and shape and
amount of reinforcing bar arrangement of a structure. Due to high-fluidity and
resisting power of reinforcing of SCC, it can be pumped longer distances. In this
research, the finite element, F.E modeling of four normal concrete (vibrating
concrete), NC and SCC beams in bending is performed and the results are
compared together. For the experimental phase, the results of available tested
beams of dimensions 20 cm width, 30 cm height and 300 cm length are used. For
modeling longitudinal steel bars and concrete, the 2-node and 8-node 3-D
elements, are used respectively. The 8-node element has ability to consider
cracking in tension and concrete crushing in compression. The deflection, cracking,
yield and ultimate loads, as well as beams ductility are compared numerically and
experimentally. The comparison of results obtained by two methods indicates that a
satisfactory agreement is achieved.
Keywords: self-consolidating and normal concrete, bending behavior, finite
element modeling
1. INTRODUCTION
Concrete structural components require the understanding of the responses of those
components to a variety of loading. There are a number of methods for modeling
the concrete structures through both analytical and numerical approaches. Finite
element analysis (FEA) is a numerical one widely applied to the concrete structures
based on the use of the nonlinear behavior of materials. FEA provides a tool that
can simulate and predict the responses of reinforced concrete members. The use of
FEA has increased because of progressing knowledge and capability of computer
package and hardware. Any attempts for engineering analyses can be done
conveniently and fast using such versatile FEA packages.
Self-consolidating concrete (non vibrating concrete), SCC is a new type of concrete
that is able to flow and compact under its own weight and completely fill the
formwork even in the presence of dense reinforcement, whilst maintaining
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homogeneity and without the need for any additional compaction. This has generated
tremendous interest since the initial development in Japan by Okamura [1] in the
1980s in order to reach durable concrete structures. Since that time, Japanese
contractors have used SCC in different applications. In contrast with Japan, research
in Europe, America and Iran started only recently [2, 3]. The advantages of SCC over
normal concrete (vibrating concrete), is that NC offers many benefits to the
construction practice; the elimination of the compaction work results in reduced costs
of placement, equipment needed on construction, time and improved quality control
[4]. Therefore, a comparison of these two types of concrete, i.e. NC and SCC in
bending can be interesting, especially for practical engineers.
2. MATERIALS PROPERTIES MODELING
2.1. Reinforced Concrete
An eight-node solid element, solid65, was used to model the concrete. The solid
element has eight nodes with three degrees of freedom at each node-translation in
the nodal x, y, and z directions. The element is capable of plastic information,
cracking in three orthogonal directions, and crushing [5]. The geometry and node
locations for this element type are shown in Figure 1.

Figure 1. Solid65-3-D reinforced concrete solid [6]

2.1.1. Concrete Mechanical Properties
2.1.1.1. Self-Consolidating Concrete
Development of a model for the behaviour of concrete is a challenging task.
Concrete is known as a quasi-brittle material and has a different behaviour in
compression and tension. In this research, the graph of nonlinear-isotropic stressstrain of SCC is obtained by the first author from results of compression test of
concrete specimens in the laboratory with the help of embedded sensor (Figure 2).
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Figure 2. Self-consolidating concrete stress-strain diagram

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 453

2.1.1.2. Normal Concrete
For NC, Saenz-Smith relationship has been used to introduce stress-strain diagram,
science convergence plays the main role. Therefore, ascending branch of stressstrain curve of Saenz relationship [7] and for descending branch, Smith and Young
relationship [8] have been used (Figure 3).

(1)

(2)
Esc= f ′c / ε′c, (MPa)
Eq.s (1,2), represent the relations between f ′c, ε′c, E0 and Esc, which can be found
from stress-strain curve and in this paper, the ascending and descending branches
of curve have been acquired of equations (1) and (2), respectively.
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Figure 3: Normal concrete stress-strain diagram

2.1.2. Steel Reinforcement
A link8 element was used to model the steel reinforcement. Two nodes are required
for this element. Each node has three degrees of freedom, translations in the nodal
x, y, and z directions. The element is also capable of carrying plastic deformation.
The geometry and node locations for this element type are shown in Figure 4.

Figure 4. Link8 3-D spar [6]
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Here, the stress-strain curve for steel reinforcement used in SCC beams was
obtained from steel bars tested in tension. The curve has an initial linear elastic
portion, a yield plateau (yield point beyond which the strain increases with little or
no increase in stress), a strain-hardening range in which stress again increases with
strain and finally a range in which the stress drops off until fracture occurs which
has been shown in Figure 5. The following relationships used in this study are
those obtained by testing the bars in tension and the stress-strain curve for steel
reinforcement has the following characteristics:

ε s < ε y ⇒ f s = Es ε s

1: elastic portion;

ε y ≤ ε s ≤ ε sh

2: yield plateau;

⇒

(3)

fs = f y

(4)

3: strain hardening;
2
⎡ ε −ε
⎛ ε s − ε sh ⎞ ⎤
s
sh
⎟⎟ ⎥
− ⎜⎜
f s = f y + ( f u − f y ) ⎢2
⎢⎣ ε u − ε sh ⎝ ε u − ε sh ⎠ ⎥⎦

ε sh < ε s ≤ ε u

(5)
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Figure 5. Stress-strain diagram of tested tensile steel

Material properties for the steel reinforcement (εy, εsh, εu, fy, fu) and concrete (f ′c,
ε′c) are obtained (Figures 2, 3, 5).
3. FINITE ELEMENT MODELING
As an initial step, a FEA requires meshing of the model. In other words, an
important step in FE modelling is the selection of the mesh density. A convergence
of results for steel reinforcement and concrete is obtained when an adequate
number of elements are used in the model; this is practically achieved when an
increase in the mesh density has a negligible effect on results. The ANSYS
software has been performed and the results are shown in Figures 6, 7.
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Figure 6. Finite element model of steel

Figure 7. Finite element model of concrete

4. BEAMS PROPERTIES
Four simply supported reinforced SCC beams (SCCB1-SCCB4) with 300*200
dimension and 3000mm length were tested [9] under two point loading (statistical
increasing) with a constant moment region (Figure 8). All beams were designed for
the shear span to depth ratio of 3.5. The clear cover for the tested beams was
maintained at a minimum of 25mm. Different types of electrical and mechanical
strain gauges were attached on the steel bars and concrete surface by the first
author. Also, the LVDTs were placed at different locations of beams. During the
test, the readings of these sensors were recorded by the data logger.
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Figure 8. Details of tested beams

The beams details are presented in Table 1. The typical test set up for the tested
SCC beams is shown in Figure 9.
Table 1: Details of testing program of tested beams [9]
Beam
No.

f′c
( MPa)

d
(mm)

d′
(mm)

As

ρ/ρb

A′s

SCCB1
SCCB2
SCCB3
SCCB4

33.0
31.5
35.0
25.0

256
255
254
251

42.9
43.5
45.4
42.0

2Φ18+1Φ16+1Φ14
4Φ20
4Φ22
4Φ28

0.511
0.746
0.91
1.48

2Φ14+1Φ18
2Φ14+1Φ20
2Φ14+1Φ25
2Φ14

(KN/m3)

γC

22.80
23.03
22.60
22.30

Figure 9. Typical test set up for loading arrangement [9]

The SCC mix was designed by the first author and the range of fresh properties is
summarized in Table 2. It was found that the SCC was consolidated exceptionally
well under its own weight for four specimens.
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Table 2: Test results of fresh concrete
L-box

V-funnel

J-ring

Slump flow

h1/h2

t
(sec)

t
(sec)

h2-h1
(mm)

D
(mm)

D
(mm)

0.83

0.40

7.5

13

75

76

5. COMPARISON OF RESULTS
The comparison of stress-strain diagrams of SCC and NC are shown in Figure 10.
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Figure 10. SCC and NC concrete stress-strain diagram

The numerical and experimental deflections are compared for two types of
concrete and the results are shown in Figures 11, 12.
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Figure 11. Load-deflection curves of experimental and numerical SCC beams
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Figure 12. Load-deflection curves of F.E model of SCC and NC beams

The comparison results of deflections, ductility, cracking, yielding and ultimate
loadings and F.E modeling of SCC and NC beams including the percentages of
errors are presented in Tables 3-5.
Table 3: Comparison of deflections and ductility between experimental and numerical
results of SCC beams
Experimental
Numerical
Error Error Error
Beam
µexp- µnumresults
Results
for Δy for Δu for μd
No
Δy
Δu
Δy
Δu
SCC
SCC
(%)
(%)
(%)
(mm) (mm) (mm) (mm)
SCCB1 10.73
92.2
9.5
80
8.6
8.42
10.85
12.87
2.1
SCCB2 12.48 47.58
11.3
42
3.82 3.71
10.25
9.7
3.0
SCCB3
12.4
43.43
11.6
39
3.5
3.38
5.1
8.2
3.4
SCCB4 28.79 28.79
25.8
25.8
1
1
10.4
10.4
-

[

Table 4: Comparison of cracking, yielding and ultimate loads between F.E model of
SCC and NC beams
F.E model of SCC beam
F.E model of NC beam
Error (%)
Beam
P
P
P
P
P
P
cr
y
u
cr
y
u
No.
Pcr
Py
Pu
(KN)
(KN)
(KN)
(KN)
(KN)
(KN)
B1
18.5
140
172
19.3
136.3
163
-4.3
3
5.2
B2
11
190
231
11.4
176
218
-3.6 7.3
5.6
B3
17
219
268
17.5
210
252
-2.9 4.1
6
B4
20
400
400
20.7
385
385
-3.5
4
4
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Table 5: Comparison of deflections and ductility between F.E model of
SCC and NC beams
F.E model of SCC
F.E model of NC
Error
µ
Beam
µ num
beam
beam
for
μd
num
No
Δy
Δy
NC
(%)
Δu (mm)
Δu (mm)
SCC
(mm)
(mm)
B1
9.5
80
9.8
78.2
8.42
8
5
B2
11.3
42
11.7
40.8
3.71 3.48
7
B3
11.6
39
12.3
37.5
3.38 3.05
9.7
B4
25.8
25.8
24.2
24.2
1
1
-

6. CONCLUSIONS
The following conclusions can be drawn:
Comparison of numerical and experimental results of yield deflection (Δy), with a
percentage error range of 5.1 to 10.8 is an indication of satisfactory results of F.E
modelling.
Except beam SCC4 which is reinforced with a high amount of steel reinforcement,
all other three tested SCC beams achieved an experimental minimum ductility
index, µdexp value of 3.5. In other words this an acceptable minimum value for
reinforcement of NC beams suggested in seismic regions. It is therefore, concluded
that, if reinforced SCC beams are well designed in bending, it can impose
sufficient ductility at ultimate loads.
In a comparison of numerical modelling of SCC and NC it was concluded that, the
cracking loads in SCC beams are slightly lower than the NC beams. However, the
ultimate and yielding loads of SCC beams are slightly higher than the NC beams.

The SCC beams are shown to be more ductile than the NC beams both
experimentally as well as numerically.
REFERENCES
1. Okamura, H., “Self-Compacting High-Performance Concrete”, Concrete
International. (July 1997), Vol.19, no. 7, pp. 50-54.
2. Skarendahl, A and Petersson, State of the Art Report of Rilem Technical
Committee174-Scc, Self Compacting Concrete, O. (2001), Report No.23.
3. Maghsoudi. A. A and Arabpour Dahooei. Effect of Nanscale Materials in
Engineering Properties of Performance Self Compacting Concrete, F. (2005),
7th International Conf. In Civil Eng., University of Tarbiat Modares, TehranIran.
4. Holchemacher, Klaus & Yvette klug, “A database for the Evaluation of
Hardened Properties of SCC”, ( 2002), LACER NO.7, pp.123-134.
5. K.J., William, E.D., Warnke, “Constitutive Model for the Triaxial Behaviour
of Concrete”, Proceedings of the International Association for Bridge and
Structural Engineering, (1975), 19, p.174, ISMES, Bergamo, Italy.
6. ANSYS, ANSYS User’s Manual, Version 9.
7. Saenz, L.P., “Equation for the Stress-Strain Curve of Concrete in Uniaxial and

460 / F.E Modeling of Normal and Self-Consolidating RC…–––––––––––––––––

Biaxial Compression of Concrete”, ACI Journal, (1965), V. 61, No. 9, pp.
1229-1235.
8. Smith, G.M., and Yaung, L.E. “Ultimate Theory in Flexure by Exponential
Function”, J. of Am. Concr. Inst., (1955), V. 52, No. 3, pp. 349-359.
9. Diba, S. M., “Behavior of Beams with Self-Compacting Concrete Under
Flexure”, A Thesis Submitted for Master of Science in Civil Engineering, Iran
University of Science and Technology, (March 2007), Civil Eng., Dept., Iran,
Tehran.

CD02-024

SEISMIC FINITE ELEMENT ANALYSIS OF IRREGULAR
REINFORCED CONCRETE BUILDINGS IN ELEVATION
A. Mortezaei1, S.M. Zahrai2
Lecturer, Civil Engineering Dept., Islamic Azad university- Semnan branch, Semnan, Iran
2
Associate Professor, Center of Excellence for Engineering and Management of Infrastructures,
School of Civil Engineering, the University of Tehran, Tehran, Iran
1

ABSTRACT
Near field ground motions are different from ordinary ground motions in that they
often contain strong coherent dynamic long period pulses and permanent ground
displacements. The dynamic motions are dominated by a large long period pulse of
motion that occurs on the horizontal component perpendicular to the strike of the
fault, caused by rupture directivity effects. This paper addresses multistorey
reinforced concrete buildings, irregular in elevation under near field earthquakes.
Two twelve-story buildings with two and four large setbacks in the upper floors
respectively, as well as a third one, regular in elevation, have been designed to the
provisions of ACI 318-2005 for the high (DCH) and medium (DCM) ductility
classes, and the same peak ground acceleration (PGA) and material characteristics.
All buildings have been subjected to inelastic dynamic time-history analysis for
selected input motions. The assessment of the seismic performance is based on
both global and local criteria. It is concluded that irregular buildings demonstrate
poor seismic performance in terms of ductility and energy dissipation capacity
during severe seismic events. As expected, DCM buildings are found to be stronger
and less ductile than the corresponding DCH ones.
Keywords: reinforced concrete buildings; irregularity in elevation; near field;
setbacks; seismic performance; time-history analysis
1. INTRODUCTION
Recent major earthquakes (Northridge 1994, Kobe 1995, Chi -chi 1999 and Bam
2003, etc.) have shown that many near-fault ground motions possess prominent
acceleration pulses. Some of the prominent ground acceleration pulses are related
to the large ground velocity pulses, others are caused by mechanisms that are
totally different from those causing the velocity pulses or fling steps. Near fault
ground motions, which have caused severe damages in recent disastrous
earthquakes, are characterized by a short-duration impulsive motion that will
transmit large energy into the structures at the beginning of the earthquake.
The paper addresses multistorey reinforced concrete (RC) frame buildings with
setbacks, i.e. a reduction of the length of the building along its height (irregularity
in elevation). It focuses on buildings with large setbacks in the upper floors.
Irregular conFigure urations either in plan or in elevation were often recognized as
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one of the main causes of failure during past earthquakes. Focusing on buildings
with setbacks, observed damage after strong earthquakes indicates an inferior
performance of this type of structure [1]. Experimental [2, 3] as well as
analytical [4] studies involving frames with setbacks designed and detailed to
modern codes such as the ACI 318-2005 [5] showed a quite satisfactory seismic
performance of this type of structure. Nevertheless, the seismic behavior of
reinforced concrete multistorey buildings with setbacks under the near field
earthquake has not yet been studied.
The present paper focuses on the seismic performance of multistorey RC frame
buildings with setbacks in the upper stories, designed to the provisions of the ACI
318-2005. In order to examine the influence of the design ductility class on the
seismic behavior of the buildings, all frames were designed for both the high
(DCH) and the medium (DCM) ductility classes. Buildings designed for the low
(L) ductility class with low dissipation capacity and low ductility have not been
examined here since they are only recommended for low seismicity areas.
2. DESIGN CONSIDERATION
Six twelve story reinforced concrete (R.C.) frame buildings were designed
according to the requirements of ACI 318-2005[8], three of them (FRH, FRH-1
and FRH-2) for the high (DCH) ductility class and the rest (FRM, FRM-1 and
FRM-2) for the medium (DCM) ductility class, with the same materials and the
same peak ground acceleration. The geometry of the typical plane frames of all
buildings are shown in Figure 1. Two of them (FRH and FRM) correspond to
buildings regular in elevation, without any setbacks, as shown in Figure 1. The
other four frames have the same conFigure uration in the lower eight stories and
large setbacks (about 40% of the length of the lower storey) in the upper ones, two
of them (FRH-1 and FRM-1) in the upper two, and the rest (FRH-2 and FRM-2) in
the upper four stories.
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Figure 1. Geometry of the typical plane frames of all buildings

Irregular frames FRH-1, FRH-2, FRM-1 and FRM-2 were designed with the aid of
modal response spectrum analysis, whereas in the cases of the regular FRH and
FRM frames the (static) ‘lateral force method of analysis’ was used. The first 4
modes of vibration were considered in the multimodal analysis of all irregular
frames, with total contributing masses of more than 90% in all cases. The natural
periods of the frames were found to be 1.21 s, 1.12 s and 1.10 s for FRH, FRH-1
and FRH-2 respectively, and 1.21 s, 1.12 s and 1.07 s for FRM, FRM-1 and FRM-2
respectively. The, strange at first sight, fact that stiffer frames have longer natural
periods than the less stiff ones can be attributed to the reduction of mass (because
of the setbacks) at a rate greater than the one of stiffness.
The results of a detailed estimation of the required steel quantities and concrete
volume show that FRM and FRM-1 have exactly the same cross-section
dimensions with FRH and FRH-1 respectively, while the only difference between
FRM-2 and FRH-2 concerns the cross-section dimensions of the interior columns
of the lower four stories, which results in a 4% increase of required concrete
volume in FRM-2 in comparison with FRH-2.
DCH structures generally require less longitudinal and more transverse
reinforcement than the corresponding DCM ones. This is a very significant effect
of the ductility class, the clear trend being that the percentage of longitudinal steel
decreases, while that of the transverse reinforcement increases with increasing
ductility class. The difference is more pronounced in irregular structures. On the
other hand, ductility class seems not to affect significantly the total amount of the
required reinforcement. Based on the foregoing comparisons, it appears that from
the economical point of view both ductility classes for medium and high seismicity
areas are essentially equivalent.
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3. ASSESSMENT OF SEISMIC PERFORMANCE- PROCEDURE
All frames have been subjected to both inelastic dynamic time-history analysis and
inelastic static pushover analysis. Inelastic dynamic time-history analysis of the
structures was carried out with the aid of the IDARC computer code [6], including
several new features and elements, as well as capability for seismic reliability
analysis. The dynamic input has been given as a ground acceleration time-history
which was applied uniformly at all the points of the base of the structure; only one
(horizontal) component of the ground motion has been considered while dynamic
soil–structure interaction was neglected. P–Δ effects were considered.
Inelastic static pushover analysis was carried out with the aid of the well-known
ETABS000 computer code [7]. Two vertical distributions of the lateral loads were
applied: a ‘uniform’ pattern, based on lateral forces proportional to mass regardless
of elevation, and a ‘modal’ pattern, proportional to the story lateral forces given by
the multimodal analysis. In each case, the ‘target displacement’ was defined as the
seismic demand derived from the elastic response spectrum.
The possibility of failure in each member, as well as in each story of the structures,
was checked by applying appropriate global, as well as local, failure criteria. Global
failure was assumed to coincide with story failure; a dual criterion based on a
limiting interstorey drift of 2% and the simultaneous development of a sidesway
collapse mechanism involving all vertical members was adopted for assessing storey
failure; regardless of mechanism formation, a structure was assumed to have
collapsed if the interstorey drift at any location exceeded a limiting value of 3% [8].
The input motions used in this study were two horizontal components of the
records from the earthquakes of Naghan (1978), Tabas (1980), Manjil (1986) and
Bam (2003), which are among the ones that caused the most serious damage,
including collapses and casualties, during the past forty years. All these records are
characterized by the fact that they come from surface earthquakes with small
epicentral distances (representing the typical destructive earthquakes in Iran). The
time–acceleration diagrams are plotted in Figure 2.
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Figure 2. Time histories of input accelerograms. (a) Naghan; (b) Tabas; (c) Manjil (d)
Bam

4. ASSESSMENT OF SEISMIC PERFORMANCE -RESULTS
Figure 3 summarizes the interstorey drift ratios for the DCH frame structures of
Figure 1 for the ‘design’ and the ‘collapse prevention’ earthquake. These results
represent the mean values of the drift ratios resulting from any of the eight input
motions (every earthquake with two directions) used in the inelastic dynamic timehistory analysis. It is permitted to consider mean values if the response is obtained
from at least seven records.
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a=0.60g
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Figure 3. Interstorey drift ratios for DCH structures resulting from time-history
analysis. (a) ag=0.35g; (b) ag=0.60g

As can be seen in Figure 3, interstorey drifts of the irregular frames are quite low,
not exceeding 0.40% for the design earthquake and 1.0% for the collapse
prevention one, which are well below the adopted failure values (2%–3%). These
values can be considered as very satisfactory, particularly for pure frame
multistorey structures. Comparing with the regular frames, the interstorey drifts of
the irregular frames seem to be similar or even lower, mainly because of the lower
natural periods. Exceptions to this trend are the interstorey drifts of FRH-2 and
FRM-2 in the upper two stories where the stiffness has been drastically decreased.
On the other hand, interstorey drift ratio values of both ductility levels seem to be
similar enough, with the values of DCM frames being lower than the
corresponding of the DCH ones at the lower stories and higher at the upper ones.
5. CONCLUSIONS
The following remarks that resulted from the analysis of two-dimensional 12-story
plane frames strictly apply only in the case of medium-to-high-rise buildings,
irregular in elevation but regular in plan, similar to those studied in this paper. For
other structures, in particular those with irregularities in plan and for low-rise or
very tall buildings, further studies have to be carried out to check the validity of the
remarks made herein.
The seismic performance of the studied multistorey reinforced concrete frame
buildings with setbacks in the upper stories, designed for the high (DCH) and the
medium (DCM) ductility level, can be considered satisfactory, not inferior and in
some cases even superior to that of the regular ones, even for motions twice as
strong as the design earthquake.
Interstorey drift ratios of irregular frames were found to remain quite low even in
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the case of the ‘collapse prevention’ earthquake with an intensity double that of the
‘design’ one. This fact, combined with the limited plastic hinge formation in
columns, exclude the possibility of formation of a collapse mechanism.
Most of the input energy of the irregular frames is dissipated in beams where
plastic hinges form. Plastic hinges in columns do appear in the case of an
earthquake with twice the design intensity, but the ductility requirements seem to
be much lower than the available values.
Irregular structures seem to be stronger. On the other hand, all DCM frame
structures seem to be, as expected, stronger and less ductile than the corresponding
DCH ones.
As far as the effect of ductility class is concerned, buildings of both ductility
classes seem to perform equally satisfactorily during the design earthquake.
However, a potential weakness in the shear capacity of DCH beams (mainly those
of the regular structure) has been detected.
From the economical point of view, differences between DCH and DCM design
seem to be very small, even negligible, and no clear trends were detected, other
than that the percentage of longitudinal bars in the total reinforcement decreases
while that of the transverse reinforcement increases with increasing ductility class.
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ABSTRACT
The influence of the in-plane flexibility of composite floor systems on the seismic
response of the structures may become significant, particularly when considerable
floor slab cracking and yielding are expected. As in recent years the use of
composite floor systems is increasing, in this study the lateral in-plane behavior of
composite floor diaphragms in steel structures is investigated through numerical
simulations. The structures considered in the study were two models of the
prototype buildings, where the elastic and inelastic response of the diaphragms
under lateral load is analyzed using 3-D finite element models and FEM linear and
nonlinear structural analysis. It was found that under the seismic load specified in
the code, the criterion of diaphragm rigidity is too small, so the composite floor
systems can be assumed as rigid body, however under lateral loads with higher
amplitudes, by developing the cracks in the concrete slabs, nonlinear behavior and
stiffness degradation of the diaphragms might occur. The results showed that for
both single story structures the ultimate strength of the diaphragms was very high
about 20 to 33 times of the seismic load specified in Iran's seismic code, however
the ultimate strength of the second diaphragm was considerable showing an
increment about 50~60 percent compared to the ultimate strength of the first
diaphragm. The comparisons between the numerical and previously obtained
experimental results showed that FEM overestimates the diaphragm response in
terms of stiffness and deformability; however conservatively estimates the
diaphragms strength.
Keywords: composite floor system, numerical simulation, finite element method,
nonlinear analysis, diaphragm, seismic load, crack pattern, ultimate strength, inplane stiffness
1. INTRODUCTION
The contribution of the floor systems in transferring the lateral loads (seismic
actions, wind pressures, etc.) to the vertical structural elements and subsequently to
the foundation of the building structures is well known and indisputable. The floor
systems in building structures, are usually designed to carry the gravity loads to the
vertical structural elements, however they should be also designed to resist the
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lateral forces and be able to transfer them to the resisting systems by a diaphragm
action. If the floor elements act together in resisting the horizontal action and have
the same deflection and show high in-plane lateral stiffness, the floor performance
is known as rigid diaphragm behavior. In current design practice of building
structures the floors sub assemble, according to the specifications of many building
codes are usually considered as a rigid diaphragm. Even this assumption is often
used to reduce the degrees of freedom of the structure and simplifies seismic
response analysis of many types of buildings, however for some classes of
structural systems, the effect of diaphragm deformability cannot be disregarded,
especially in the case of rectangular buildings with large aspect ratios where
considerable inelastic floor slab behavior is expected [6]. Since the diaphragm
behavior is one of the most important factors in the seismic response of the
structures, researchers have conducted studies on this subject, but the studies have
not a long precedent and they are mostly performed in the last two decades.
An extended numerical parametric study was carried out to study the diaphragm
behavior of RC floor systems (slabs and beams). The results show that the
influence of aspect ratio on the criterion of the diaphragms rigidity ( Δ d / Δ s ) is
considerable, although there is no clear correlation between these two structural
characteristics [10]. The seismic behavior of wood diaphragms in unreinforced
masonry buildings has been studied through the tests on three test specimens, using
different rehabilitation methods. The results indicate that FEMA 273 tended to
overpredict the stiffness and significantly underpredict yield displacement and
ultimate deformation levels, while FEMA 356 tended to underpredict stiffness and
overpredict yield displacement [7]. The studies on the low rise steel buildings with
metal roof deck have shown that the lateral period is influenced by the diaphragm
in-plane flexibility and the forces in the resistant elements can be amplified due to
dynamics of the flexible diaphragm, also the shaking table results have indicated
that the diaphragm in-plane deformations are twice of the values obtained from
static analysis [11].
The diaphragm behavior of different types of floor systems usually differs
substantially and depends on the details of the floor system, so as the use of
composite floors is increasing, due to their low weight and economic benefits, in
this paper the behavior of composite floor systems (CFS) (steel beams with upper
concrete slab) in typical steel structures under lateral load with the influence of the
gravity load, and also the in-plane characteristics of the diaphragm such as the
deformability, stiffness, ultimate strength, yield point and crack pattern was
investigated.
2. ANALYTICAL MODELS OF THE FLOOR DIAPHRAGMS WITH
LINEAR BEHAVIOR
2.1. Design and Description of Prototype Buildings
The structures considered in this study are 3-D single-story typical steel buildings
consisting of composite floor and X bracings, common in many countries. The
10.8m×7.2m×3m prototype buildings considered in the study are illustrated in
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Figure 1. The girders and floor joists are I shapes supported on box columns braced
by X bracings having box sections. The overall geometry of the structures
presented in Figure 1 is the same and the main difference is the direction of the
floor joists.

(a)

(b)

Figure 1. The steel buildings prototype: (a) The floor joists parallel to the lateral load.
(b) The floor joists perpendicular to the lateral load.

The composite floors were designed with the AISC code specifications and
composite structures design handbook [12]. Thickness of the floor slab was
obtained as 8cm and the spacing between the floor joists in the structures shown in
Figure 1, were set to 108cm and 90cm respectively.
The seismic design of the structure was performed according to the seismic code of
Iran [2], where the specified seismic lateral load for the structure, V, is given by:
V = CW, C =

ABI
R

(1)

Where C is the seismic shear force coefficient, A is zonal acceleration, B is the
seismic response factor, I is the importance factor, R is the force modification
factor and W is the seismic weight of the structure.
For these administrative building structures in Tehran we have:
A=0.35, B=2.5, R=6, I =1
So we have C=0.146 and the total seismic load calculated for both of the structures,
obtained from Eq.(1) is 54.1 kN.
2.2. Linear Analysis
The linear analysis of the structures was performed using SAP2000 computer
program. For each structure two finite element models were developed, in the first
models the floors were modeled by SHELL element having four nodes in each
element to consider in-plane flexibility of the diaphragm. The beams, columns and
bracings were modeled by FRAME element and the connection between these
elements was modeled by the coincident nodes. The scaled structures with flexible
diaphragm were analyzed under lateral load specified in the seismic code [2], with
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the influence of gravity load. The FEM model and deformed shape of the structure
with flexible diaphragm is presented in Figure 2(a) and (b). Due to flexibility of the
diaphragm the displacement of mid point of the diaphragm is more than the side
points as shown in Figure 2(b). In the second models rigid diaphragm hypothesis
was used and the floors were modeled by rigid diaphragms. Figure 2(c) and (d)
shows the FEM model and deformed shape of the structure with rigid diaphragm.
In this model the displacements of all points of the diaphragm are the same as
shown in Figure 2 (d).

(a)

(b)

(c)

(d)

Figure 2. (a) Meshing of the FE Model with Flexible Diaphragm. (b) Deformed Shape.
(c) Model of Structure with Rigid Diaphragm. (d) Deformed Shape

2.3. Results of Linear Analysis
The results of analysis of the FEM models for both structures and also the results
of the rotating tests are presented in Table1. In this table RD1 and RD2 are the FE
models with rigid diaphragm and FD1 and FD2 are the FE models with flexible
diaphragm. Also E1 and E2 are the specimens tested under lateral and gravity
loads.
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Table 1: Results Obtained from Three Models for the Structures

The results show that both of the composite floor diaphragms were rather rigid
under the lateral load specified in the seismic code. The difference between the
calculated tensile and compressive bracing forces were obtained using Table1
where for the first specimen were about 17% and 1% respectively, while in the
second specimen were 3% and 10.5%.
The net displacement of the diaphragm is the relative displacement of the mid
frame to the side frames, which is given by:
Δ d =Δ m -Δ s

(2)

Where Δd is the diaphragm displacement, Δm is the displacement of the mid frame and
Δs is the displacement of the side frames or the story drift. The proportion of

Δd
is a
Δs

criterion to evaluate diaphragms rigidity in some building codes, for example with

Δd
≤0.5, the diaphragm can be
Δs
Δ
assumed rigid. As in these structures proportion of d was small (0.063 to 0.083),
Δs
respect to the specification of Iran's seismic code[2], if

these composite floors under lateral load behave as rigid diaphragms. One of the
effective parameters in the diaphragm behavior of floor systems is aspect ratio of the
floor plan, so that for high plan aspect ratios, in-plane flexibility of the diaphragms
increases significantly, but there is no clear relation between aspect ratio and

Δd
[3].
Δs

Therefore in these structures with low aspect ratio¹ (L/D=1.5), the behavior of floor
system as a rigid diaphragm, is somehow expectable.
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3. ANALYTICAL MODELS FOR THE FLOOR DIAPHRAGMS WITH
NONLINEAR BEHAVIOR
3.1. Description of Prototype Buildings
In some cases floor diaphragm may undergo lateral loads more than the seismic
lateral load of a single story building specified in the building codes. For example
the seismic lateral force on a floor diaphragm in lower stories of a multistory
building is much more than the seismic lateral load of a single story building with a
similar plan. So in the second part of the study, the nonlinear behavior of
diaphragms of composite floor systems is studied. In order to ascertain nonlinear
behavior of composite diaphragms and study the nonlinear characteristics of
diaphragms (such as in-plane deformations, stiffness, ultimate strength, etc.) the
stiffness of lateral load resisting system of the structures were increased by
doubling the number of X bracings. It was to give priority to the failure of
diaphragms compared to the failure of structures. Structures considered in this part
of study and meshing of the FEM models are presented in Figure 3. Connections of
the columns to the foundation are rigid connections, while the connection of beams
and braces to the columns are hinge connections.

Figure 3. Meshing of the FEM Models

3.2. Theoretical Nonlinear Analysis
The seismic load was simulated by lateral cyclic load applied at the roof level
distributed on the floor thickness and the pattern of the amplitudes of lateral cyclic
load was the same as the previously conducted experiments. The nonlinear analysis
of the structures was performed using ANSYS [8]. The elements used in modeling
the structures are described as follows.
3.2.1. Used Elements [1]
-SOLID65:
In this study the concrete slab of composite floor system is modeled by SOLID65
element and the temperature reinforcement is considered by the volume ratio. The
connectivity between the concrete and the steel beams is modeled by common
joints within a distance same as the spacing of the shear keys.
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-BEAM24: BEAM24 is a uniaxial element of arbitrary cross-section (open or
single- celled closed section) with tension-compression, bending and St.Venant
torsional capabilities. The element has plastic, creep, and swelling capabilities in
the axial direction as well as a user-defined cross section.
In this study BEAM24 element were used to mesh the steel elements of the
structural steelwork, such as girders, joists of the composite floors, columns and
bracings.
-BEAM44: BEAM44 is a uniaxial element with tension, compression, torsion and
bending capabilities. This element allows a different unsymmetrical geometry at
each end and permits the end nodes to be offset from the centroidal axis of the
beam.
Since in this element the properties of each end of beam (such as stiffness) may
differ, in this study BEAM44 element were used to develop hinge connections of
beams and bracings to the columns, so that all steel elements were meshed by
BEAM24 element, except the end elements of the beams and braces which were
meshed by BEAM44 element, then by releasing the moment of the node located at
the connections, hinge connections were created.
The application of BEAM24 and BEAM44 elements in developing the FEM model
is presented in Figure 4.

Figure 4. Application of the Beam Elements in Modeling the Structures

3.2.2. Loading
3.2.2.1. Gravity Load
The gravity load includes dead and live loads and a load related to scaling and
simulation requirements. Because as the scale factor is 0.5 the materials used in the
scaled structure must be twice of the prototype ones, so to cover the lack of weight,
Q ρ a load equal to the weight of concrete slab is considered in total gravity load.
The total gravity load applied on the diaphragms is given by:
Q tot =Q DL +Q LL +Q ρ =372 kg/m²=3650 Pa

(3)

The total gravity load was applied on SOLID65 element as uniform pressure of
3650 Pa with Load key=6.
Also the weight of structural elements was included using base acceleration of
g=9.8 m/s² upward which is equivalent to acceleration of structural elements
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downward [1].

(a)

(b)

Figure 5. Applying the Structures Weight in the Software: (a) Downward Acceleration
of the Structure. (b) Upward Acceleration of the Base

3.2.2.2. Lateral Load
The lateral load was applied as uniform compressive pressure on the elements
located at the edge of the floor slab. Since lateral cyclic load was applied in reverse
directions, in the southern edge elements Load key=2 and in the northern edge
elements Load key=4 were used. Amplitudes of lateral cyclic load in each cycle
(which are the same as the previously conducted tests) [9] for both structures are
shown in Figure 6. The end points of the curves are the failure points of
diaphragms of the structures.
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Figure 6. Amplitudes of Lateral Load. (a) First model. (b) Second model

3.3. Results of Nonlinear Analysis
3.3.1. Ultimate Strength
After loading and unloading in each cycle, the lateral loads of the next cycle were
applied with larger amplitude as shown in Figure 7. The composite diaphragms
concrete failed when the solutions of nonlinear analysis were not converging,
because despite the time steps were too small and decreased automatically, and
also the number of iterations were too large, after a large number of iterations the
nonlinear analysis diverged. The criterion of concrete failure is the criterion of
William and Warnke, which represents a surface of failure, using the properties of
the concrete, such as uniaxial tensile and compressive stresses and the coefficients
of shear transfer in open and close cracks [8]. The displacement solution of side
frame (story drift) is presented in Figure 7. The end points of the graphs shown in
Figure 7 relates to the divergence of solutions. According to Figure 11 the ultimate
strength of the diaphragms are 27 tons and 40.8 tons, respectively. The results
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show that the ultimate strength of the second diaphragm is greater than the first one
with a factor of 1.511.

(a)

(b)

Figure 7. Solutions of Nonlinear Analysis. (a) First model. (b) Second model

3.3.2. Crack Pattern
In both diaphragms some cracks developed under the gravity load which were the
same in both models, however cracking under the gravity load were nominal and
the main cracks developed under the lateral load. In the first model the first cracks
appeared when the lateral load was about 6 tons, then by increasing the lateral load,
most of the cracks developed parallel to the joists or the direction of lateral load,
but under the loads about the ultimate strength (26 tons), a few cracks developed
near the braced frames, which inclined about 45º to the joists. In the second model
the first cracks appeared when the lateral load was about 31 tons, then by
increasing the lateral load, most of the cracks developed near the braced frames,
which inclined about 45º to the joists. Crack patterns of the diaphragms of two
models are illustrated in Figure 12 [8].

(a)

(b)

Figure 8. Crack Patterns of Concrete Slabs of the Diaphragms. (a) First model. (b)
Second model
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Performance of diaphragms is generally controlled by a combination of shear and
flexural actions. In this study, performance of the composite diaphragms can be
perceived from the crack patterns of the diaphragms, so that if the diaphragms are
considered as beams on the braced frames as their support, in the first model the
crack pattern indicates that the flexural action is dominate, but in the second model
the crack pattern shows that the shear action is dominant.
3.3.3. Diaphragms' Deformation and Stiffness
Deformed shapes of the diaphragms were extracted using a path through axis 2-2
(shown in Figure 4). For example deformed shape of the diaphragm of the first
model under lateral load of 6 tons is illustrated in Figure 9. The horizontal axis is
calibrated as diaphragm width, which is 5.4 m, and the vertical axis presents
displacement of all points of the diaphragm. Net displacement of the diaphragm
can be found from deformed shapes of diaphragm, which is difference of mid and
side frames of the diaphragm.

Figure 9. Deformed shape of the first diaphragm
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The analytically obtained load-displacement curves of the diaphragms are shown in
Figure 10. The horizontal axis is the net displacement of the diaphragms and the
vertical axis is total lateral load applied on the diaphragm [12].
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Figure 10: Load-displacement curves of the diaphragms.(a)First model.(b)Second
model

In order to compare in-plane flexibility of the diaphragms, the displacement of two
diaphragms versus lateral load is traced in one coordinate system (Figure 11a)). As
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shown in Figure 11(a) the displacement of the diaphragms under lateral loads less
than 20 tons is almost the same, but under lateral loads more than 20 tons the
displacement of the first diaphragm compared to the second one increases
significantly. For example under ultimate load of the first diaphragm, the
displacement of the first diaphragm is about 2.2 times of the second one. The
comparison was made in the joint region, since the ultimate strength of the
diaphragms was not the same.
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Figure 11. (a) The displacement of two diaphragms. (b) and (c)Variation of the
diaphragms stiffness of First and Second model.

One of the most important characteristics of the diaphragms which affect their
behavior is their in-plane lateral stiffness. As the stiffness is the load required for unit
displacement in a specific point, slope of the load-displacement curves (shown in
Figure 10) represents the in-plane stiffness of the diaphragms. Variation of stiffness
of two diaphragms versus lateral load is presented in Figure 11(b) and (c). As shown,
in the first model the diaphragm stiffness is rather constant until lateral load is 18
tons (about 60% of the ultimate strength), then decreases about 70% until failure.
However in the second model the diaphragm stiffness is constant until 34 tons (about
85% of the ultimate strength), then decreases about 50% until failure [8].
3.3.5. Stress Contours of Diaphragms
Since the structures have low plan aspect ratios, the distribution of shearing stress
in the diaphragms is more important. The contours of shearing stress ( S XY ) in the
diaphragms are presented in Figure 12. Due to the symmetry of the models, the
absolute values of shearing stress in two sides of the axis of symmetry are the
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same, but have different signs. As shown in Figure 18 in both diaphragms the
maximum shearing stress is observed near the braced frames. Maximum of the
shearing stress for the first diaphragm is about 2.04 MPa (0.452
second diaphragm is about 2.730 MPa (0.618
about 36% comparing to the first one.

(a)

f ′c ), and for the

f ′c ), which shows an increase

(b)

Figure 12. Contours of Shearing Stress in the Diaphragms. (a) First Model. (b) Second
Model

3.4. Analysis of Results
The results of nonlinear structural analysis by ANSYS are compared with the
results previously obtained from quasi-static cyclic lateral loading test as follows.
The ultimate strengths of the diaphragms, obtained from nonlinear FEM analysis
were 27 tons and 40.8 tons respectively, while the ultimate strengths obtained from
the tests were 29 tons and 47 tons, which show errors about 7% and 13%
comparing to the values obtained from the tests. The difference between the results
can be described as follows; ANSYS computer program can predict failure of the
concrete using the criterion of William and Warnke [1], which represents a surface
of failure, by means of properties of the concrete. However after failure of the
concrete, some other structural elements, such as the columns, braces and the joists,
and also the interlocking of the temperature reinforcement with the concrete and
the joists, resist the lateral load until overall failure of the structure; so the ultimate
strength of both diaphragms obtained from the tests are slightly higher than the
analytical ones.
The crack pattern of both diaphragms, obtained from numerical analysis using
ANSYS illustrated in Figure 8, are in good agreement with the crack pattern of
concrete observed in the previous tests ([4] and [9]). As shown in the diaphragm of
the first specimen most cracks are parallel to the direction of lateral load, but in the
diaphragm of the second specimen most cracks inclined about 45º to the joists,
showing that the test results confirm the results of FEM nonlinear analysis.
According to the results obtained in the previous experiments ([4] and [9]), it is
obvious that for both diaphragms the finite element method generally underpredicts
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the diaphragms displacements under lateral load and overpredicts the diaphragms
stiffness compared to the ones obtained from tests. The difference between the
results of two methods can be described as follows; in FEM analysis of
diaphragms, size of the elements affect the displacement values of the response,
and if the discretisation mesh is not fine enough the stresses of the lateral resisting
elements may be determined with a good approximation, but the response
displacements may be determined with some errors [3]. In modeling of the
structures, with respect to the hardware abilities, the diaphragms were meshed by
11.25 cm x 13.5 cm elements as shown in Figure 3, so by using finer elements in
meshing of the diaphragms, the analytical displacement responses of the
diaphragms may be closer to the experimental ones. Also concrete is not a
homogeneous material and has rather complicated behavior, so modeling the
concrete by simplified material models may result in inaccurate results in the
nonlinear analysis of concrete elements.
The results analysis show that if two individual diaphragms are designed under
gravity load with the same conditions, the diaphragm with joists perpendicular to
the lateral load, exhibits a better performance under lateral loads, so it is
recommended that in a building with low plan aspect ratio, composite floor
systems are so constructed that the direction of the joists in the vicinity of braced
frames or shear walls, is perpendicular to the direction that the main lateral load
resisting elements act, or the joists are set in a staggered manner all over the plan.
If a building has a high plan aspect ratio, directing the joists in the long direction
would lead to better performance of the composite diaphragm, however in some
cases directing the joists to be perpendicular to the lateral load would be with some
penalties, because if the joists are in the long direction of the diaphragm, they are
less efficient under gravity load and it would be more costly.
4. CONCLUSIONS
In this paper the behavior of composite diaphragms was studied in two parts, in the
first part the diaphragms were subjected to the lateral seismic load specified in the
seismic code and distribution of the lateral load among the resistant elements was
studied using FEM analysis with rigid diaphragm and flexible diaphragm
hypothesizes and verified with the results of the tests on the half scale specimens.
The results show that under the seismic load specified in Iran's seismic code [2],
the criterion of diaphragm rigidity ( Δ d / Δ s ) is too low and the diaphragms can be
assumed rigid. Also the forces of bracings calculated from the methods have errors
less than 17%, which indicates that using the rigid floor diaphragm model provides
adequate results for the stresses of the laterally resisting vertical structural elements
and the story drift. The models considered in the first part after increasing the
stiffness of the side braced frames, were subjected to the quasi-static reverse cyclic
lateral load up to failure. The results show that the second diaphragm (where the
joists direction was perpendicular to the lateral load direction) has higher lateral inplane stiffness and there were no significant stiffness degradation until 85% of the
ultimate load, but the first diaphragm (where the joists direction was parallel to the
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lateral load direction) had lower stiffness and the stiffness degradation started at a
load of 48% of the ultimate load. The ultimate strength of the second diaphragm
was considerable showing an increment about 50~60 percent compared to the
ultimate strength of the first diaphragm, also for both of the single story structures
the ultimate strength of the diaphragms was very high and was about 20 and 33
times of the seismic load specified in Iran's seismic code, respectively. The
comparisons between the numerical and experimental results previously obtained
by the authors showed that FEM overestimates the diaphragm response in terms of
stiffness and deformability; however FEM conservatively estimates the diaphragms
strength. Generally it seems that one of the most important parameters in the
diaphragm behavior of the composite floor systems is the direction of the joists
relative to the lateral load and it is recommended that the composite floor systems
are so constructed that the joists direction is perpendicular to the direction toward
which the main lateral load resisting elements act.
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INFLUENCE OF CENTRAL VERTICAL BAR ON THE
BEHAVIOUR OF HIGH STRENGTH CONCRETE
TRANSFER BEAM-COLUMN JOINTS
Motamed, Jubin & al-Hussaini, Abbas
School of Architecture and the Built Environment
University of Westminster, London, UK

ABSTRACT
Beam column joint (BCJ) specimens tested under monotonic loading were
compared with joint shear failure predicted according to EC8-NA [1] and ACI352
[2].
Inadequacy of these design codes for accurate estimations of the shear stresses at
BCJ are identified. A design rule for the prediction of BCJ failure for high strength
concrete (HSC) is given. The proposed method offer better accuracy when the
results are compared with design rules from the above codes and research results.
Finite element numerical models for BCJ specimens were compared with the
experimental ones. Furthermore parametric investigations of the influence of
Central Vertical Bar, CVB, on the shear capacity of HSC- BCJ were conducted.
Strut and tie model for BCJ with CVB was developed to guide the designers
towards using the proposed design rule to calculate the amount of shear CVB and
stirrups required in order to resist the excessive joint shear.
Keywords: high strength concrete, transfer beam column joint, central vertical bar
1. INTRODUCTION
The shear design of beam-column joint (BCJ) is normally assessed in seismic
countries where ACI [2], AIJ [3&4], IKU [5], AETL [6] and EEFIT [7] reports
following earthquakes have identified BCJ as critical part of the reinforced
concrete frame structure. The joint shear design for BCJ has been the subject of
numerous research projects in the past three decades. This paper investigates the
shear behaviour of external beam column joints of HSC column and transfer beam
(see Figure 1) exposed to monotonic loading.
Many tall reinforced concrete frames are built with transfer beams to provide clear
spaces in their entrance halls. With the advantages of HSC, such buildings usually
have HSC columns. The external BCJ (see Figure 1) made of transfer beam and
HSC column has unique shear behaviour, which has not been investigated fully by
other researchers.
The authors' investigations on 12 beams [8,9], Figure 2, indicated that:
- When the shear span to depth ratio a/d = 3 then HSC beams shear resistance
may be less than that of NSC beams (Figure 3a).
- When adding CHB in the beams then shear resistance of HSC beams
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significantly improves and become greater than that of NSC.

External beam
Column joint
(BCJ) of HSC
column and
transfer beam
Figure 2. A multi storey RC frame with transfer beams of 3≥ hb /hc≥2.5
A

A

HSC

NSC

SectionA-A
Figure 2. Tweleve HSC and NSC beams tested by the authors

The reasons for such behaviour are due to (i) the stabilising arching affect in the
beam as the result on the presence of CHB (Figure 3b) (ii) the double-strut action
produced by the presence of central bar in addition to the main reinforcement
(Figure 3c).
The ratio of beam depth to column depth is defined as the aspect ratio (hb/hc) has
significant influence of BCJ behaviour (Figure 3a). Taylor's [10] demonstrated
that shear behaviour of short beam is analogous to the behaviour of BCJ when
aspect ratio ≤ 2. Similarly Motamed [8&9] has shown that the shear resistance in
HSC beams with CHB produces stabilising arching affect, due to the dowel action
as well as double strut action, is comparable to short beams shear behaviour, hence
HSC beam with CHB will behave similar to BCJ with central vertical bar (CVB).
Therefore, since the short beam behaviour is analogues to the behaviour of BCJ
thus, it can be assumed that hb/hc≈a/b (Figure 3a). Similarly, BCJ shear resistance
with vertical central bars in the column with aspect ratio 3≥ hb /hc≥2 is analogous to
HSC beam, 3≥ a /d≥2 with CHB (Figure 3b).
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a) Crack formation
in beams and BCJ
and relation of
BCJ aspect ratio
hb/hc to beam shear
span to depth a/b

d

tension

compression

Following review of the EC8-NA [1] and ACI352 [2] design methods and the past
experimental research on BCJ, an empirical design equation for the joint shear is
introduced which is proportional to the joint concrete strength, the shear resisting
contribution of the dowel action from the vertical central bars and the confinement
stirrups.
The proposed design rule for joint shear allows for prediction of quantity of the
vertical central bar in the column as shear reinforcement in high strength concrete
BCJ with large aspect ratio.

tension

hb
a

compression

hc

b) Formation of
cracks when central
bar is present
a

c) Double strut
action due to
central bar in
beam and in BCJ
a

hb a
≅
hc d

Figure 3. Cracks formation and strut and tie action in short beams and BCJ

2. CALCULATION OF JOINT SHEAR FORCE
A brief review is that Vu,joint=Tn-Vcol (Figure 4) , where Vu,joint is the joint shear, Vcol
is the horizontal shear force across the column and Tn is tension force in the tension
reinforcement of the beam which is given by Tn =Mn/z, where Mn is the beam
moment at the column face and z is the flexural lever arm. The theoretical joint
shear force is dependent on the assumptions used to calculate Mn and z. Mn is
taken as Mn= P (L + d ') as shown in Figure 4, where L is the distance from the load
P to the face of the column and d' is the distance from the face of the column to the
centroid of the of column reinforcement as shown in the Figure.
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Vcol

Tn
L + d’

Column's
assumed
points of
inflection

Vcol

P

(b) Top half of exterior joint

Mn

H

U Detail
d’

(a) Exterior beam-column joint

Vcol

Figure 4. Forces acting on external beam column joints
N
Vcol
L+

bc

b

P

L
H

Optional prop

Position of effective
Stirrup

d

h
Beam compression chord

hc

Section A-A

A

A
d

’

Vcol

Figure 5: Typical elevation of external beam-column joint specimens used in the tests
listed in Table 1

The tensile force in the beam reinforcement is calculated by section analysis
assuming that plane section remains plane. The rectangular-parabolic stress block
defined in EC2 [11] is used for the concrete.
The stress is assumed to reach a maximum value of 0.8fcu at a compressive strain of
0.002. The width of the compressive stress block is taken as the beam width in the
analysis of the beam-column joints. An elasto-plastic stress-strain response is
assumed for the reinforcement with an elastic modulus of 200 GPa. No material
factors of safety are applied.
2. ANALYSIS OF THE AVAILABLE TEST DATA
There is a general lack of agreement among researchers over the influence of
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variables such as concrete strength, column loading, joint aspect ratio, joint
stirrups, beam thrust, beam reinforcement and column vertical bars on the joint
shear behaviour of the external BCJ. Furthermore numerous tests on BCJ under
cyclic loading simulating earthquakes behaviour have been performed; however,
these researches have a number of shortcomings such as lack of detail investigation
of the influence of shear stress at BCJ due to incremental strain development in the
reinforcement.
In order to investigate these factors, available data from tested BCJ specimens were
statically used to develop the parametrical values for the proposed equation of
concrete contribution to joint shear at BCJ.
A finite element model, Figure 8, has been developed for typical specimens and
loaded with incremental monotonic loading condition. FE model was used to study
the above influences as well as to compared its results with those of the test results
and with the predications of the proposed design equation.
Research on monotonically-loaded, external beam-column joints were carried out
in the UK, by Ortiz [12], Taylor [14], Scott [15], Scott Hamill [16], Parker &
Bullman [17], Wilson [20] and Vollum [19]; similarly in Germany by Kordina
[13]. Test data from these experiments are shown in Table 1.
The relationship between shear index and stirrups index, Figure 6, show that there
is a linear increase of shear in the joint as the amount of stirrups increases.
However this occurs after all the concrete contribution to resist the joint shear has
been taken into account. Neither of the above two equations make provision for
this behaviour even though both design methods specify minimum stirrup
requirements. Furthermore neither of the two equations predicts the degree of
dependency of joint shear strength on joint aspect ratio, Figure 7.
A shear analysis is carried out to develop a relationship between concrete strength
and the joint shear strength for the specimens shown in table 2. These analyses
show that the joint shear strength has a closer relationship to (fc')2/3 of EC8-NA
rather than (fc')1/2 of ACI/ ASCE Committee 352. This is because the variance of
shear index of specimens without stirrups is 0.29 (0.54-0.25=0.29) for EC8 and
0.43 (0.94-0.51=0.43) for ACI, Figure 6.
All the experiments to ACI 352

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Shear index

Shear index

All the experiments to EC8

0.0

0.1

0.2

0.3

Stirrup index

0.4

0.5

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

Stirrup index

Figure 6. Relationships between Joint Shear index and Stirrup index
according to EC8-NA and ACI 352

0.8
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Table 1: Specimens geometry and beam reinforcement for beam-column joints; HSC
joints are shown bold in shade
Researcher

Ortiz[12]

Kordia[13]

Taylor [14]

Scott [15]

Scott&
Hamil [16]

Parker &
Bullman
[17]
Sarsam[18]
Vollum [19]
Wilson[20]

Identity
BCJ1
BCJ2
BCJ3
BCJ4
BCJ5
BCJ6
BCJ7
RE2
RE3
RE4
RE6
RE7
RE8
RE9
RE10
P1/41/24
P2/41/24
P2/41/24A
A3/41/24
D3/41/24
B3/41/24
C3/41/24BY
C3/41/13Y
C3/41/24Y
CIAL
C4
C4A
C4AL
C7
C3L
C6
C6L
C9
C4ALN0
C4ALN1
C4ALN3
C4ALN5
C4ALH0
C6LN0
C6LN1
C6LN3
C6LN5
C6LH0
C6LH1
C6LH3
4b
4c
4d
4e
4f
5b
5f
EX2
EBCJ6
EBCJ8
J1

Hc
mm
2000
2000
2000
2000
2000
2000
2000
3000
3000
3000
3000
3000
3000
3000
3000
1290
1290
1290
1290
1290
1290
1290
1290
1290
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
2000
2000
2000
2000
2000
2000
2000
1536
2000
2000
3000

L
mm
1050
1100
1100
1100
1100
1100
1100
1000
1000
1000
1000
975
975
975
975
470
470
470
470
470
470
470
470
470
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
850
850
850
850
850
850
850
1422
450
450
850

hc
mm
300
300
300
300
300
300
300
200
200
200
200
230
230
230
230
140
140
140
140
140
140
140
140
140
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
300
300
300
300
300
300
300
204
200
200
300

dc
mm
267
267
267
267
267
267
267
167
167
167
167
217
217
217
217
110
110
110
110
110
110
110
110
110
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117
245
245
245
245
245
245
245
172
167
167
269

bc
mm
200
200
200
200
200
200
200
200
200
200
200
230
230
230
230
140
140
140
140
140
140
140
140
140
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
300
300
300
300
300
300
300
157
200
200
154

hb
mm
400
400
400
400
400
400
400
400
400
400
400
350
350
350
350
200
200
200
200
200
200
200
200
200
210
210
210
210
300
210
210
210
300
210
210
210
210
210
210
210
210
210
210
210
210
500
500
500
500
500
500
500
305
300
300
300

db
mm
367
367
367
367
367
367
367
365
265
265
265
315
315
315
355
170
170
170
170
170
170
170
173
170
179
177
177
177
267
177
177
177
267
177
177
177
177
177
177
177
177
177
177
177
177
445
445
445
445
445
445
445
272
257
257
257

bb
mm
200
200
200
200
200
200
200
200
200
200
200
230
230
230
230
100
100
100
100
100
100
100
100
100
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
250
250
250
250
250
250
250
152
200
200
154

ρb
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.009
0.018
0.012
0.012
0.013
0.013
0.013
0.012
0.024
0.024
0.024
0.024
0.024
0.024
0.024
0.024
0.024
0.011
0.021
0.021
0.021
0.014
0.021
0.021
0.021
0.014
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.021
0.009
0.009
0.009
0.009
0.009
0.009
0.014
0.010
0.008
0.012
0.017
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Table 2: Table for Shear indices: Vj/bchcfc2/3 (average value=0.525) and Vj/bchc√fc and
Stirrup indices: Asjefy/bchcfc2/3 and Asjefy/bchc√fc. Shaded and bold specimens are in HSC
Researcher

Ortiz

Kordia

Taylor

Scott

Scott&
Hamill

Parker &
Bullman

Sarsam
Vollum
Wilson

Identity

Bar
Detail

Fc
MPa

(MPa)

P
(kN)

BCJ1
BCJ2
BCJ3
BCJ4
BCJ5
BCJ6
BCJ7
RE2
RE3
RE4
RE6
RE7
RE8
RE9
RE10
P1/41/24
P2/41/24
P2/41/24
A3/41/2
D3/41/2
B3/41/2
C3/41/2
C3/41/1
C3/41/2
CIAL
C4
C4A
C4AL
C7
C3L
C6
C6L
C9
C4ALN
C4ALN
C4ALN
C4ALN
C4ALH
C6LN0
C6LN1
C6LN3
C6LN5
C6LH0
C6LH1
C6LH3
4b
4c
4d
4e
4f
5b
5f
EX2
EBCJ6
EBCJ8
J1

L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
U Bar
U Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
U Bar
U Bar
U Bar
L Bar
L Bar
L Bar
L Bar
L Bar
U Bar
U Bar
U Bar
U Bar
L Bar
L Bar
L Bar
L Bar
L Bar
U Bar
U Bar
U Bar
U Bar
U Bar
U Bar
U Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
L Bar
U Bar
U Bar
L Bar

34
38
33
34
38
35
35
25
40
32
32
26
28
28
24
33
29
47
27
53
22
32
28
60
33
41
44
36
35
35
40
46
36
42
46
42
50
104
51
51
49
37
101
102
97
39
37
39
40
38
43
43
52
26
33
32

720
720
720
720
720
720
720
420
420
420
463
448
464
454
459
500
500
500
500
500
500
500
500
500
540
540
540
540
540
540
540
540
540
522
522
522
522
522
522
522
522
522
522
522
522
570
570
570
570
570
485
515
500
540
540
520

118
125
118
130
115
115
170
67
80
51
66
117
105
110
100
35
35
47
35
50
30
29
27
45
22
30
32
28
32
22
22
26
28
27
34
35
40
43
24
25
29
34
36
37
41
138
170
150
160
183
236
322
37
100
120
76

fyb

Asjefy/
bchc√fc

Vj/bchc√fc
√MPa

Asjefy/
bchcfc2/3

Vj/bchcfc2/3

0
0.16
0
0.33
0
0
0.74
0
0.26
0.19
0.38
0.43
0.42
0.41
0.45
0.3
0.33
0.26
0.34
0.24
0.75
0.31
0.33
0.23
0.23
0.2
0.2
0.22
0.22
0.22
0.21
0.19
0.22
0
0.2
0.43
0.63
0
0
0.19
0.39
0.74
0
0.14
0.28
0
0
0
0
0
0.39
0.58
0
0.22
0.2
0

0.92
0.97
0.99
1.07
0.89
0.93
1.33
0.94
1.23
0.91
1.19
1.31
1.15
1.2
1.04
1.11
1.21
1.23
1.26
1.22
1.24
0.94
0.88
1.02
0.87
1.09
1.13
1.14
0.78
0.82
0.81
0.9
0.67
0.96
1.17
1.3
1.26
0.89
0.78
0.89
0.96
1.34
0.81
0.82
0.94
0.46
0.59
0.51
0.53
0.63
0.67
1.07
0.72
0.99
0.98
0.97

0.0
0.1
0.0
0.2
0.0
0.0
0.4
0.0
0.1
0.1
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.1
0.2
0.1
0.4
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.2
0.3
0.0
0.0
0.1
0.2
0.4
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.2
0.3
0.0
0.1
0.1
0.0

0.51
0.52
0.55
0.59
0.48
0.51
0.73
0.54
0.66
0.50
0.66
0.75
0.65
0.68
0.61
0.61
0.68
0.64
0.72
0.62
0.73
0.52
0.50
0.51
0.48
0.58
0.59
0.62
0.43
0.45
0.43
0.47
0.36
0.51
0.61
0.69
0.65
0.40
0.40
0.46
0.50
0.73
0.37
0.37
0.43
0.25
0.32
0.27
0.28
0.34
0.35
0.56
0.37
0.57
0.54
0.54

√MPa

MPa2/3

MPa2/3
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The dotted lines in the graphs represent the empirical values 0.525 and 1.058 of
equations (1) and (2) respectively. The results of the specimens below the dotted
lines indicate over estimation of the joint shear.
Ignoring the minimum
reinforcement requirements; the numbers of joint failures which are within the safe
prediction of EC8-NA [1] are 28 out of 56 tests i.e. 50% of total specimens.
Whereas for ACI 352, the numbers of safe prediction of joint failures are 23 out of
56 test i.e. 41%. (These are shown above the horizontal dotted line, Figure 6).
A linear relationship between shear index and stirrup index can be plotted when the
shear indices are above 0.35 and 0.7 for EC8-NA and ACI 352 respectively. From
the graph, Figure 6, it can be noted that the upper limit of stirrup index for EC8 ≤
0.4 and for ACI ≤ 0.75
From table 2 it can be concluded that for EC8-NA [1], the mean values for shear
index in BCJ for L-reinforcement, Figure 5, is 0.54 and for U-reinforcement,
Figure 4, is 0.49.
3. PROPOSED DESIGN EQUATION FOR EXTERNAL BEAM COLUMN
Both design codes ACI 352[2] and EC8-NA [1] specify minimum shear stirrup
requirements, however, they do not give provision for the joint strength to be
increased by the stirrups.
The design recommendations of these codes fail to predict the observed
dependence of joint shear strength on the joint aspect ratio, as well as the influence
of HSC and detailing of the anchorage on the behaviour of BCJ. Also they do not
provide any recommendation if the amount of stirrups is not adequate in order to
provide sufficient shear strength at BCJ when the shear forces are high.
As noted above the HSC beams may be weaker in shear than NSC beams when
span depth ratio is 3, it can also be deduced that HSC-BCJ will be weaker than
NSC-BCJ when the joint aspect ratio exceed 2.5.
Past research work by Motamed [7] on 12 beams demonstrated that for the design
of HSC beams with a/d=3, CHB produced superior shear capacity due to the
development of dowel action which in turn enhanced the stabilising arching affect
in the beams.
Using Baumann's [21] dowel cracking expression, the dowel force causing
cracking is:
Vdu =Dcr = 1.64 hcdb fcu1/3(n)1/4 (for n number of bar in the beam)

(3)

Vdu =Dcr = 1.95 hcdb fcu1/3 (for n = 2 i.e. bar at mid-depth, BCJ with CVB) (4)
Where db= diameter of the dowel bars and n is number of bars,
Vdu = dowel force, fcu= cube crushing strength of concrete of 150 mm cubes in
N/mm2.
The stabilising arching effect in the beam with a/d = 3 makes the beam perform
like a short beam 2≤a/d≤3 and is analogous to BCJ shear (Figure 3a ).
BCJ with central vertical bar in column, the dowel shear resistance is
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Vjd = Vc + 1.95 hc db fcu1/3

(5)

Vc= γ(fc)2/3 be.hc is joint shear resistance due to concrete

(6)

Vjd = γ(fc)2/3 be.hc+1.95 hc db fcu1/3

(7)

Where γ = 0.54 or 0.49 for L-type, or U-type detail connections shown in Figures 4
and 5.
Proposed design rule is based on refining EC8-NA [1] design rule by using γ factor
for beam detailing and including the dowel action from the central bar within the
depth of the column.
The proposed method for designing shear stirrups in BCJ adopted from Fip
Recommendation [22] for short beams is:
⎛ 2 × 5 × hb / hc − 1 ⎞
8
⎟ . K . Fn
Fnw ≈ ⎜
⎜ 3 − N n / Fn ⎟
⎝
⎠

(8)

where K= 2/3 for all perimeter BCJ or K = 1 for corner BCJ, described in para 2 of
page 5, Fnw is the yield force in the beam reinforcement or Fnw = ∑Ast fy, Ast is total
area and fy is the yield stress of stirrups, Fn is the shear force Vu,joint at BCJ (Figure
4), Nn is the axial force acting on the column, if any. The value 5/8 is portion of
depth of beam where the stirrups are effective.
As the angles Ө1 and Ө2 between the struts and ties decrease, Figure 7, the aspect
ratio increases, it is therefore desirable to introduce vertical central bar when
fcu≥60MPa and Ө1≤tan-10.5.
Looking at equation (8), when hb/hc≤1.25 no joint stirrups would be required, this is
checked with Wilson's experimental results which has hb/hc=1, table 2. Without
stirrups the shear index is 0.54, which is the same as the predicted Figure to design
proposal rule of equation (7) when no central vertical reinforcement, dowel bars,
are used because Ө1≤tan-10.5.

Ө1

Ө2

Figure 7. Strut and tie model for BCJ with central vertical reinforcement
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Figure 8. FEM parametric model of Ortiz BCJ4 with central vertical bar

The reason (fc)2/3 be.hc was taken for concrete contribution in the proposed rule is
the result of the comparison with (fc)1/2 be.hc. The accuracy of EC8-NA for
predictions compared to experiments was 50% as compared to ACI352 [2] which
was 41%, Figure 6.
VC joint shear from the concrete compression strut action is Vc=0.54fc2/3behc for L
detailing shown in Figure 5, and Vc = 0.49 fc2/3behc for U detailing shown in Figure 4.
4. CONCLUSION
1. A design method has been developed, based on statistical data of published 56
test results of BCJ, to calculate the shear resistance in HSC and NSC beamcolumn joint.
2. The proposed equation is a function of aspect ratio and the magnitude of shear
force in BCJ and lower-bound theorem of plasticity maintained.
3. The results given by the proposed design equation are 79% of the total actual
experimental data while the results produced from EC8 provided only 21% of
the actual experimental results (assuming the experimental results is equal 1).
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Figure 9. Design rule for all specimens without shear reinforcement
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Figure 10. Design rule for all specimens with minimum shear reinforcement

REFERENCES
1. Eurocode 8: Design provisions for earthquake resistance of structures, London,
British Standard Institution, 1995.
2. ACI-ASCE Committee 352, 'Recommendations for Design of Beam-Column
Joints in Monolithic Reinforced Concrete Structures'. ACI Journal
Proceedings: Part 3, Detroit, American Concrete Institute 1998.
3. Reports on the damage investigation of the 1985 Mexico Earthquake (1988),
Architectural Institute of Japan.
4. Reports on the damage investigation of the 1990 Mexico Philippine
Earthquake (1992), Architectural Institute of Japan.
5. Hirosawa, M AND Ishibashi, K, "Investigation on Structural Damage of the
Public Multiple Dwelling Houses", Annual Report of the Institute of Kogakuin
University, Vol.1, 1995.
6. Reports on the damage investigation of the 1995 Hyogo-Ken Nambu
Earthquake, Araigumi Engineering and Technical Laboratory, 1995.
7. Motamed. J, ‘The Bam earthquake of 26 December 2003, Iran’, Published
report on Institution of Structural Engineer www.istructe.org/eefit/files/bam
.pdf. April 2004.
8. Motamed. J, ‘Shear in normal strength and high strength reinforced concrete
beams with stirrups and horizontal web bars’. University of Westminster, MSc
Dissertation, 1997.
9. Al-Hussaini A, Motamed J. ‘HSC beams with combination of links and
horizontal web steel as alternative shear reinforcement’. 6th International
Symposium on Utilization of High Strength/High Performance Concrete,
Leipzig, June 2002, p 611-629.
10. Taylor, H.P.J. ‘The Behaviour of In Situ Concrete Beam column Joints’, Cement
and Concrete Association, May 1974, Technical Report no. 42492, 33p.
11. Eurocode 2: Design of concrete structures, Part 1-1, General rules and rules for
buildings, BS EN 1992-1-1:2004, British Standards Institution, London, Dec 2004.
12. Reys de Ortiz. I. ‘Strut-and-tie modeling of reinforced concrete short beams

496 / Influence of Central Vertical Bar on The…

––––––––––––––––––––––

and beam column joints’. PhD thesis, 1993, University of Westminster.
13. Kordina K. Bewehrungsfuhrung in Ecken und Rahmenendknoten, Deutscher
Ausschuss fu¨r Stahlbeton, Heft 354, 1984.
14. Taylor, H.P.J. ‘The Behaviour of In Situ Concrete Beam column Joints’, Cement
and Concrete Association, May 1974, Technical Report no. 42492, 33p.
15. Scott RH. The effects of detailing on RC beam column connection behaviour.
The Structural Engineer 1992; 70(18):318-24.
16. Scott RH, Hamill SJ. Connection zone strain in reinforced concrete beam
column connections, In: Proceedings of the 11th International Conference on
Experimental Mechanics, Oxford, UK, 1998. pp. 65-69.
17. Parker DE, Bullman PJM. Shear strength within reinforced concrete beam
column joints. The Structural Engineer 1997;75(4):53-70.
18. Sarsam KF, Phillips ME. The shear design of insitu reinforced beam-column
joints subjected to monotonic loading. Magazine of Concrete Research 1985;
37(130):16-28.
19. Vollum, R.L, Newman, J. B. 'The design of external, reinforced concrete
beam-column joints'. The Structural Engineer, Volume 77/Nos 23 & 24, 7
December 1999.
20. Wilson, I. D.: 'SIFCON joints in precast concrete structures', 8th BCA Annual
Conf. on Higher Education and the Concrete Industry, Southampton, July
1998, p 227.
21. Baumann. T., Rusch.H, 'Versuche zum Studium derVerdubelungswirkung der
Biegezugbewehrung eines Stahlbetonbalkens, Heft 210, Berlin, Deutscher
Ausschuss fur Stahlbeton, 1970.
22. FIP Recommendations, Practical Design of Structural Concrete, Fip
Commission 3, Practical design, September 1996, Publ. SETO, London,
September 1999, (distributed by fib Lausanne)

CD02-027

THE EFFECT OF STEEL MESH RATIO AND AXIAL LOAD ON
THE BEHAVIOR OF STRENGTHENED BRICK WALLS WITH RC
OVERLAY
Tavahhodi, S.M.1, Tasnimi, A.A.2, Yaghoubifar, A.3
Msc student, Dept of civil Engg.Tarbiat Modares Univercity, Tehran, Iran
2
Professor, School of Engg. Tarbiat Modares Univercity, Tehran, Iran
3
Phd student, Dept of civil Engg.Tarbiat Modares Univercity, Tehran, Iran

1

ABSTRACT
Concrete is one of the most important materials used in many types of construction.
This material is widely used in seismic rehabilitation of buildings, particularly in
strengthening of masonry buildings. The latter covers a wide range of historical to
conventional brick buildings which are the most vulnerable in the earthquake prone
areas. One of the most available, economical and simple conventional techniques
used in strengthening of brick buildings is 3 to 5 mm thick concrete overlay
(shotcrete) with steel mesh on the brick wall surfaces. This method of
strengthening improves the seismic behavior and lateral and in-plane strength of
brick walls which depends on the thickness, strength of concrete and the amount of
reinforcement. In this paper, the effect of shotcrete on strength and stiffness of
brick walls has been investigated utilizing micro-modeling through ABAQUS
software based on discrete elements method. Results of numerical and an
experimental analysis of the in-plane shear behavior of strengthened brick walls are
compared and discussed. The main variables considered in this investigation are
the compressive axial load applied on the wall as well as the reinforcement ratio.
Keywords: RC overlay, strengthening, brick walls, discrete element
1. INTRODUCTION
Shotcrete has grown into an important and widely used construction technique,
especially in strengthening of masonry structures. The masonry brick wall is a
composite material which has no similar directional properties due to its mortar
joints as a plane of weakness. In many researches carried out, two different
approaches based on macro and micro models have been used. Its numerical
representation shall be based on micro-modeling for its individual components
(brick and mortar) or macro-modeling for a masonry element (composite unit).
In such a case if the material is regarded as an anisotropic homogeneous
continuum, then the interaction between the components can be ignored in
modeling and analysis. Depending on the desired level of accuracy and the
simplicity, the detailed micro-modeling or simplified micro-modeling may be used.
In detailed micro-modeling the units and mortar in the joints are represented by
continuum elements whereas the unit-mortar interface is represented by
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discontinuous elements. In this approach the material properties like modulus of
elasticity, Poisson’s ratio, inelastic properties of the bricks and mortar are taken
into account. In micro-model approach it is possible to characterize separately
mortar, blocks and their interfaces, adopting suitable constitutive laws for each
component, which take into account their different mechanical behavior. The micro
model is probably the best tool available to analyze and understand the real
behavior of masonry, particularly concerning its local response but requires an
intensive computational effort. The macro-models constitute an effective method to
analysis the global response of masonry structures. In such an approach, masonry is
regarded as an equivalent material, where mortar and blocks are jointed together,
and appropriate relations are established between averaged masonry strains and
averaged masonry stresses. Lourenco (1996) has proposed a non- linear
constitutive model for in-plane loaded walls based on the plasticity theory.
Therefore macro-modeling can be used to reduce time consuming and establishing
a relation between average masonry strains and average masonry stresses. Finally
either use of micro-modeling or macro-modeling of masonry brick buildings or
components requires a description of the material obtained experimentally. In the
present study, the micro-model is used to obtain the actual behavior of walls by
assuming that brick, mortars and their interface as three separate elements.
2. EXPERIMENTAL WORKS
A series of experiments have been studied by second and third authors on six walls
in two groups in order to study the effects of reinforced concrete overlay on the
behavior with the following specifications:
Group-1: Samples tested in this group, used for studying the rocking mode of
failure, had 1800 mm length, 1200 mm height and 200mm thick, under 39.22 KN
gravity force. Lateral load was applied in cyclic manner on the wall. The walls are
named as bellow:
No Shotcrete Brick Wall 1-"NSW1"
Single side Shotcrete Brick Wall 1- "SSW1"
Double side Shotcrete Brick Wall 1-"DSW1"
Group-2: Samples tested in this group, used for studying the shear sliding mode of
failure, had 1800 mm length, 800 mm height and 200mm thick, under 39.22 KN
gravity force. Lateral load was also applied in cyclic manner on the wall. The walls
are named as bellow:
No Shotcrete Brick Wall 2-"NSW2"
Single side Shotcrete Brick Wall 2- "SSW2"
Double side Shotcrete Brick Wall 2-"DSW2"
With these descriptions and considering the experimental results, numerical
modeling was carried out utilizing the software ABAQUS.
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(a) None strengthened

(b) Single side strengthened (c) Double side strengthened

Figure 1. Samples of Tested brick walls

3. NUMERICAL MODELING OF MASONRY SAMPLES
Defining a reliable interface element is a primary step for the simplified micromodeling approach. For the interface element two kinds of stiffness as normal
stiffness and tangent stiffness are considered, which are given respectively by
equation 1.
(1)
Where
is the actual thickness of the joint,
and
are the modulus of
and
are the shear modulus, for brick and mortar respectively. It is
elasticity,
assumed that the mortar shear behavior in two horizontal directions is
approximately the same. These directions are defined as n and s directions. Shear
strength is depended on cohesive parameters, internal frictional angle and applied
normal stress. For high vertical stress, shear failure occurs through brick crushing.
The elastic domain is bounded by a composite yield surface that includes tension,
shear and compression failure. Nonlinear behavior of the masonry units in
compression involves parabolic hardening and then parabolic-exponential
softening in both directions with different fracture energies. Compressive strength
is obtained from brick and mortar prism experiment. It has been recommended to
use concrete propositional values for fracture energy in compression [1]. The micro
modeling utilized in this research considers the brick, mortar and interface
elements and analysis was carried out through ABAQUS computer program. For
modeling of masonry units, nonlinear tension behavior of them, involves an
exponential softening curve distinctively for both directions, with mode of fracture
energies
and
. Based on descriptions in reference [3], an average value of
the bond mode I fracture energy equal to 0.012 Nmm/mm2 was adopted. In
simplified micro-modeling, it is important how to define the interface element.
According to the reference [2] the approximate amount of mode II fracture energy
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is suggested equal to 0.1c. Cohesive type elements, used for interface elements, and
they are composed of two faces separated by a thickness. The relative motion of
the bottom and top faces measured along the thickness direction represents opening
or closing of the interface. Stretching and shearing of the mid-surface of the
element are associated with membrane strains in the cohesive element [4]. The
available traction-separation model in ABAQUS assumes initially linear elastic
behavior followed by the initiation and evolution of damage. When surfaces are in
contact they usually transmit shear as well as normal forces across their interface.
There is generally a relationship between these two force components. The
relationship, known as the friction between the contacting bodies, is usually
expressed in terms of the stresses at the interface of the bodies. The friction model
applied here is the classical isotropic Coulomb friction model. The model defines
the critical shear stress,
, at which sliding of the surfaces starts as a fraction of
the contact pressure, p, between the surfaces (
).
is known as the
coefficient of friction. In the default model the coefficient of friction is defined as a
function of the equivalent slip rate and contact pressure [4].
4. NUMERICAL MODELING OF TESTED BRICK WALLS
A non-strengthened (NSW1), a single side strengthened (SSW1), and double side
strengthened (DSW1) brick wall samples were selected from a group of
experimentally tested specimens [5]. All samples have 1800 mm length, 1200 mm
height and a thickness of 200mm. Mortar average thickness was 1 cm. These walls
were subjected to a 4 ton distributed gravity load and a cyclic lateral load at their
upper level.
a)Wall NSW1
This wall is a non-strengthened brick wall. For the numerical analysis of this wall
the fracture energies for mode I, II and III were selected from reference [4]. The
upper and lower beams are assumed to be rigid in order to minimize the time of
analysis. The gravity load is applied in a linear increscent procedure within first 5
seconds and remains constant to 20th second. Lateral displacement of the wall
increases linearly from 5th second to 20th second. The wall analysis results for
lateral displacement and Von-Mises average stresses are given in Figure1. Good
agreement is obtained in comparison with numerical results. The predominant
failure mode for this wall was rocking.
b) Wall SSW1
Standard tests on concrete overlay and rebar steel mesh and material properties are
necessary for numerical modeling of either single or double side strengthened brick
wall. Compression and tension behavior and damage functions curves (both in
compression and tension) of concrete layer are defined using proper behavior
models. Brick and interface properties are described as above and rebar mesh
specifications are given in Table 2. The reinforced concrete elements in ABAQUS
program was carried out using 3D concrete element and embedding rebar mesh
surface element. The location of rebar element is assumed to be placed at mid
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surface of concrete element and tied to concrete element via a contact element.
Also complete compatibility is assumed for reinforced concrete overlay and brick
wall connection. The analysis of the model is carried out for 4 ton gravity load and
the relevant results are compared with that of experimental work. Figure 3 show
deformations for two loading states A and B for wall SSW1 corresponding to its
concrete and brick faces. For both analytical and experimental results the failure
rocking mode is observed. It is evident that the specimen SSW1 was twisted due to
unbalanced distribution of stiffness in its section. In order to study the accuracy of
the numerical modeling, experimental and numerical shear-displacement curves for
this wall is compared and illustrated in Figure 3-e, which indicate good correlation.
Table 1: Engineering Properties of Non-strengthened Brick Wall NSW1
Cohesive
Contact Element
Brick
Element
-9
-9
Density (
2.10x10
2.36x10
Elastic
ν=0.15
Damage
Tangential Contact
Normal Contact

a) Deformed shape at failure
state [5]

Shear-Displacement
Relationship

Hard Contact

b) Stress distribution under lateral displacement and
gravity load

c) Horizontal displacement under Lateral
displacement and gravity load

Figure 2. Comparison of Experimental and Analytical Results for Wall NSW1
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Table 2: Engineering properties of reinforced concrete overlay
Damage Plasticity
Density (ton/mm3) Elastic Properties
E=2600 N/mm2
Dilation Angle=25
Concrete
ν=0.20
Eccentricity=0.1
-9
overlay
ρ=2.4x10
fb0/fbc=1.16
properties
K=0.67
Viscosity Parameter=0
E=210000 N/mm2
Rebar
Yield Stress=640
ρ=7.85x10-9
properties
ν=0.20
Plastic Strain=0

a) Concrete overlay and brick
wall contact surface

b) Lateral displacement under axial
and lateral loading at brick side (state
A)

e) Shear-Displacement Relationship

c) Lateral displacement under axial
and lateral loading at concrete side
(state B)

d) Deformed shape at failure state [5]

Figure 3. Comparison of Experimental and Analytical Results for Wall SSW1

c) Wall DSW1
The modeling of double side strengthened wall (DSW1) in ABAQUS is almost
similar to that of SSW1. The material properties are also the same. Numerical
modeling is represented in Figure 4-a. In order to study the accuracy of the
numerical modeling, experimental and numerical shear-displacement curves are
prepared and compared in Figure 4-b. From this figure it is evident that stiffness of
both result are the same in elastic state and good agreement is obtained for plastic
state. Due to numerical instability the maximum deformation of 6mm was imposed
during the numerical analysis.
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a) Concrete overlay and brick wall contact surfaces

b) Shear-Displacement Relationship

Figure 4. Comparison of Experimental and Analytical Results for Wall DSW1

5. PARAMETRIC STUDYING
The verification and calibration of the modeling of strengthened wall specimens,
yields the non-linear numerical analysis as a tool to obtain the effect of some
design parameters, such as amount of shear reinforcement and magnitude of axial
compression load on the capacity of such specimens. So in this section these effects
are discussed and concluded.
6. EFFECT OF REINFORCEMENT
In this study the amount of reinforcement throughout the wall surface is considered
as a variable. For this purpose two cases were considered. In the first case, for
single fixed spacing the wall is modeled with different rebar size. In the second
case, for a specific rebar size, the effect of various spacing is studied. It is found
that an increase in the quantity of reinforcement (through amount of rebar or
change of spacing) has a direct influence on load carrying capacity. This is clearly
illustrated in the numerical modeling results shown in Figures 5. From this figure
we can conclude that the maximum shear strength increases with the increase of
reinforcement rebar or reducing the spacing. The interesting point is that the initial
stiffness does not much vary for both cases.
7. EFFECT OF AXIAL COMPRESSION STRESSES
The influence of axial compression stress on masonry shear strength is illustrated
in Figure 6. These figures show the Load-Displacement envelops of the two
masonry walls (SSW1 and DSW1) that had the same dimensions and
reinforcement details, but were subjected to varying levels of axial compression
stress. This figure shows that for higher rebar diameter the bearing capacity of the
wall increases and for lower diameter, as the higher load applied the lower
capacity results.
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a) Effect of shear reinforcement on the strength of masonry wall (SSW1)

b) Effect of shear reinforcement on the strength of masonry wall (DSW1)

c) Spacing effect of shear reinforcement on the strength of masonry wall (SSW1)

d) Effect of shear reinforcement with various spacing on masonry shear strength of DSW1

Figure 5. Comparison of Experimental and Analytical Results for Wall DSW1
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a) Effect of axial compression load on masonry
shear strength for wall SSW1

b) Effect of axial compression load on masonry
shear strength for wall DSW1

Figure 6. Comparison of Experimental and Analytical Results for Wall DSW1

8. CONCLUSIONS
According to the obtained results from the calibrated non-linear numerical analysis
it is concluded that shear capacity of the strengthened brick walls is due to the
contribution of brick wall, reinforced concrete overlay and steel rebar. Also initial
diagonal cracks did not widen significantly under increasing lateral displacements,
but instead new sets of diagonal cracks formed and gradually spread over the wall
diagonals, accompanied by higher energy dissipation and more ductile behavior.
The applied axial compression load has a significant influence on the in-plane
shear performance of masonry shear walls, mainly because it suppressed the tensile
field in a material inherently weak in tension.
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ABSTRACT
The purpose of this investigation was to conduct a laboratory test program on how
much different curing conditions affect the attainable strength of concrete. To
achieve this purpose, a laboratory test program was conducted. The laboratory
program consisted of casting 150 mm by 150 mm concrete cubes using eight
different mix designs and subjecting them to six different curing conditions. In
order to investigate the influence of curing conditions, on the compressive strength
of concrete cubes, for each mix design three cubes were chosen for every curing
regime. The curing regimes employed were: immersion in drinking water; covering
with wet hessian and polythene sheet; keeping under dry laboratory conditions;
keeping in open air; curing compound and steam curing. Except for steam curing
system, the specimens of which were tested at the age of three days, for all other
curing conditions, the compression tests were performed at the age of 28 days. It
has been found that the curing system greatly influences the concrete strength.
While the highest gain in compressive strength was recorded for cubes covered
with wet Hessian and polythene sheet, the lowest gain in compressive strength was
recorded for the specimens cure using steam curing.
Keywords: concrete, compressive strength, curing systems
1. INTRODUCTION
Concrete is a mix of cementitious (binding) solids [e.g., cement (calcium silicates,
calcium aluminates, and calcium alumino-ferrites) and sometimes fly ash (aluminates
and silica) and micro-silica], aggregate (sand and stones), and water. The
cementitious solids of concrete, upon mixing with water, react in highly exothermic,
temperature-dependent hydration reactions (the higher the temperature, the faster the
hydration reactions) producing a firm, hard mass. There are four major stages in the
hydration reactions: 1) surface reactions produce a ‘‘gel’’ on cementitious particles
and release heat, lasting about 30 min, 2) hydration is slowed for several hours
because diffusion of water into the cement particle is inhibited by the gel, 3) vigorous
hydration and heat development occur for up to 20 h as water reaches un-hydrated
cement inside the gel coating (stiffening of the concrete occurs during this stage), and
4) hydration continues to decline for years [1-3].
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To ensure that hydration continues, especially at the surface, the concrete must be
cured. Curing means water at the surface of the concrete is retained to allow the
concrete to hydrate to a point where it has a strong, durable structure. If curing is
inadequate, the water evaporates and hydration stops, resulting in a low-strength
concrete. If adequate moisture isn’t maintained in the curing environment, the
concrete won’t develop maximum compressive strength, and cracking may occur.
Durability of the concrete may also be reduced due to inadequate hydration of the
cementitious material.
Ambient atmospheric conditions can adversely influence the thermal and moisture
structure of freshly poured concrete. If concrete becomes too warm or temperature
gradients too large during the first several days after the concrete is poured or if
there is insufficient water in the concrete, the concrete may crack or may not
develop its maximum potential strength, reducing its long-term durability [4-7]
.Surface drying may even affect the underlying concrete, as water will be drawn
from the lower levels into the dry surface concrete. Any significant internal drying
also will slow or stop hydration and the structure may not gain adequate strength.
For hydration to continue, the relative humidity inside the concrete has to be
maintained at a minimum of 80%. If the relative humidity of the ambient air is that
high, there will be little movement of water between the concrete and the ambient
air and no active curing is needed to ensure continuation of hydration. Prevention
of the loss of water from the concrete is of importance not only because the loss
adversely affects the development of strength, but also because it leads to plastic
shrinkage, increased permeability and reduced resistance to abrasion.
Continuous curing for a specified time, starting as soon as the surface of the
concrete is no longer liable to damage is desirable. Such conditions can be
achieved by continuous spraying or pounding or by covering the concrete with wet
burlap. Probably the best method for curing concrete, although sometimes the least
practical, is to flood the surface continuously with water for the first week after
placement. But, if concrete dries between soakings, this alternate wetting and
drying may actually damage the concrete. When water curing, the sprinkler should
be going continuously for at least one week. On inclined or vertical surfaces,
soaking hoses can be used. If w/c is low, continuous wet curing is highly desirable.
Another method of curing is called water barrier method. The techniques used
include covering the surface of the concrete with overlapping polyethylene
sheeting. White sheeting is preferable because it has the advantage of reflecting of
solar radiation in hot weather [8].
Method of spraying curing compounds, which form a membrane may be used as
well. It is obvious that the membrane must be continuous and undamaged. The
timing of curing is also critical. The curing spray should be applied after bleeding
has stopped. The most common way to cure new concrete is through a liquid
membrane-forming curing compound also known as "cure and seal". These
materials are usually sprayed or rolled on the surface. When dry, they form a thin
film, which restricts moisture evaporation from the surface.
Timing is most important when using a curing compound. These products must be
applied as soon as final finishing is complete. Otherwise, they could mar the
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concrete's surface. Also, the ready mix concrete supplier should be checked for
recommendations on what to do when cold/freezing temperatures are anticipated.
The next most important thing is the application rate. In this regard the
manufacturer's recommendations should be followed completely.
The optimum time is the instant when the free water on the surface of the concrete
has disappeared so that water shine is no longer visible [9].
Most penetrating sealers are made from derivatives of silicone called silanes or
siloxanes designed to penetrate concrete pores. Once there, they react with the
alkaline materials and moisture present to form silicone, making concrete waterrepellent. While penetrating sealers usually cost more, they should last longer.
Another reason for penetrating sealers popularity is that, when properly applied,
they don't change the concrete's appearance. The major concern is that there can be
no other membrane cure or sealer on the concrete when applying and the concrete
must be at least 28 days old.
Internal concrete temperature is the most important factor affecting early
compressive strength of concrete. Because of this, external heat is usually applied
to produce high early compressive strengths concrete products after 12 to 18 hours
of curing. Temperature is critical to meeting the dual concerns of higher early
strength or reduced curing time. These methods are called accelerated curing
methods. High early concrete strengths are most efficiently produced by increasing
the internal temperature of the concrete while maintaining high moisture content in
the curing environment. Heating reduces the relative humidity of the air
surrounding the concrete. Thus, moisture must be added to the heated air to
maintain the same relative humidity of the air.
Three heating methods are commonly used to accelerate curing: 1) Discharging
steam or hot air directly into the curing environment puts the heating medium
directly in contact with the concrete. 2) Enclosing steam or hot water in pipes heats
the concrete by convection and radiation. 3) Attaching electrical resistance wires to
the forms and covering them with insulation heats the product by heating the forms.
Circulating steam around the products is one of the most widely used accelerated
curing methods, primarily due to the ease of producing and transporting steam to
the concrete member. It’s an efficient method that increases the temperature and
maintains a 100% relative humidity around the concrete products. Steam can be
produced in high or low-pressure boilers, then piped to the casting bed, or
generated by smaller steam packs located close to the products. An advantage of
steam is that it contains relatively large quantities of heat per pound of steam at a
relatively low temperature. This provides both an effective and economical method
of transferring heat from the boilers to the concrete products. Heating air and
discharging it directly into the curing environment can also increase internal
temperature. There are two problems with this type of system. First, exhaust gases
of unvented fossil fuel heaters contain carbon dioxide that combines with calcium
hydroxide, a byproduct of cement hydration, forming weak calcium carbonates
instead of strong calcium silicate hydrates. This produces a white powder on the
concrete’s surface. Second, reduced moisture in the air allows surface drying of the
concrete. If heated air is used to accelerate curing, the products should be covered
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to prevent moisture loss or misted with water to increase the relative humidity of
the surrounding air and prevent premature drying.
The accelerated curing cycle can be divided into three periods of preset, rising
temperature, and maximum temperature. Little or no cement hydration occurs
during preset. Initial set ends the preset period. Heat shouldn’t normally be applied
until after initial set has occurred. Duration of the preset period is affected by
admixture type and dosage, cement type, presence of pozzolans or ground
granulated blast furnace slag, initial concrete temperature, and air temperature in
the curing environment.
Advantages of proper curing includes: a less permeable, more water-tight concrete;
reduced permeability means the concrete will be more resistant to freezing, salt
scaling and attack by chemicals; prevents formation of plastic shrinkage cracks
caused by rapid surface drying; increases abrasion resistance as the surface
concrete will have a higher strength and significant reduction in scaling problems.
Curing should begin immediately after the finishing operation. Minimal delay is
especially important in hot and/or dry weather to avoid rapid evaporation from the
concrete surface. The benefits of curing concrete are significant, as can be the
problems if curing is not performed as detailed above.
In order to investigate the influence of curing conditions, on the compressive strength
of concrete cubes, for each mix design, three cubes were chosen for every curing
regime. The curing regimes employed were: immersion in drinking water; covering
with wet hessian and polythene sheet; keeping under dry laboratory conditions;
keeping in open air; curing compound and steam curing. Except for steam curing
system, the specimens of which were tested at the age of three days, for all other curing
conditions, the compression tests were performed at the age of 28 days.
2. EXPERIMENTATION
2.1. Materials and Specimens
Concrete used in during these experiments, was made from ordinary Portland
cement (binder), natural zone 2 sand (fine aggregate), basalt aggregate with
maximum size of 20mm (coarse aggregate) mixed with sufficient drinking water
and required additives where necessary. The mix proportions of eight different
mixes used in this investigation are listed in Table 1.
Table 1: Mix designs.
No.

Cement
(Kg/m3)

Water
(Kg/m3)

1
2
3
4
5
6
7
8

250
360
435
512
603
574
556
513

205
205
205
205
205
195
130
130

Fine
aggregate
(Kg/m3)
1227
1050
962
895
820
651
685
685

Coarse
aggregate
(Kg/m3)
661
730
740
730
715
937
937
1080

Super
Plasticizer
(Kg/m3)
0
0
0
0
0
0
7.85
7.85

Silica
Fume
(Kg/m3)
0
0
0
0
0
0
0
43
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In order to see the effect of different curing regimes on the compressive strengths
of concrete, 150 mm cubes were prepared using mix designs shown in Tables 1.
All of the cubes were covered with damp hessian and left to cure in the moulds for
24 hours. They were then removed from the moulds and labeled. Depending on the
curing method chosen, the cubes were kept in water tank, covered with wet hessian
and polythene sheet, covered with chemical curing agent, left under dry laboratory
conditions, left in open air, or moved to accelerated steam curing chamber.
Except for the cubes cured under steam which were tested at the age of three days,
the compressive strength of the specimens cured under other curing regimes were
measured at the age of 28 days in accordance with BS1881: Part 116 [10].The
steam curing systems was performed as specified in ASTM C 267 and 579. The
temperature cycle used in this system of curing is shown in Figure 1.

Figure 1. Duration and the temperature employed for the accelerated curing.

3. RESULTS AND DISCUSSION
The results of measured compressive strengths of cubes made using eight different
concrete mixes and cured by immersion in water tank are shown in Figure 2.
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Figure 2. Compressive strengths of eight different mixtures cured by immersion
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As it can be seen from this figure, the compressive strengths recorded for eight
different concrete mixes range from 10 to about 75 MPa.
As is shown in Figure 3, the compressive strengths of the cubes made out of eight
different concrete mixes, cured by wet hessian and polythene sheet coverage, are
shown in Figure 3. This figure shows that, under this system of curing the cubes
compressive strengths are seen to be between about 12 to 80 MPa. If these values
are compared with their relative values recorded for the water immersion curing
systems, it can be seen that covering the concrete cubes with wet hessian and
polythene sheet tend to increase the cubes compressive strengths. It should be
noted that although this increase is not very significant but it reflects the
importance of the covering systems and their influence on the strength attained.
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Figure 3. Compressive strengths of eight different mixtures, cured under wet hessian
and polythene sheet

The results of the cubes compressive strengths cured using curing compound are
shown in Figure 4. It can be seen from this figure that the measured compressive
strengths of the cubes cured under this system of curing, has gained strengths from
about 10 to about 64 MPa. Comparison of these results with those obtained for the
other two curing regimes tends to show that the use of curing compound as curing
agent produces lowest compressive strengths among the three curing systems.
Examination of the results shown in figure 5, which belongs to the concrete cubes
cured by steam curing, tends to suggest that this curing method has produced the
lowest compressive strengths among the four curing regimes discussed so far.
Because while the lowest compressive strength recorded for this system appears to
be about 6 MPa, the highest value recorded is about 57 MPa.
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Figure 4. Compressive strengths of eight different concrete mixtures, cured using
curing compound.

It should be noted compared with 28 days used for other curing systems, the age of
testing used for this system of curing was three days. The results of this series of
experiments tends to show that this curing system can be used where early concrete
strength is of paramount importance.
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Figure 5. Compressive strengths of eight different concrete mixtures, cured by live
steam

The compressive strengths of the cubes left under dry laboratory conditions, are
shown in Figure 6. Examination of Figure 6 shows that if the concrete cubes are
left under dry laboratory condition, compared with the other curing systems
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discussed so far, their compressive strengths would tend to decrease. This decrease
appears to be more for weaker concrete mixes.
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Figure 6. Compressive strengths of different concrete mixtures, left under dry
laboratory conditions
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Figure 7. Compressive strengths of eight different concrete mixtures, left in open air

Figure 7 shows the compressive strengths of the cubes kept in open air after their
removal from the mold. Examination of these results tends to indicate that
compared with normal wet curing, leaving the concrete cubes in open air affects
their compressive strengths. The compressive strengths of the cubes kept in open
air for 27 days, appears to rage from about 8 MPa, to about 66 MPa. Comparison
of these values with the respective values of the cubes kept under dry laboratory
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conditions, tends to show an increase for the attainable compressive strengths of
the cubes kept in open air. It should be noted that during the conduction of these
experiments the temperature of the open air never reached below about 10 degree
C. Comparison of the respective results shown in figure 8 tends to suggest that,
among the curing systems employed covering of the concrete cubes with wet
hessian and polythene sheet appears to have the highest positive effect on the
attainable concrete compressive strength. It can also be seen from this figure that,
compared with the results obtained from other curing regimes, steam curing tends
to produce the lowest cube compressive strengths for the employed mix designs.
Figure 8 also shows that compared with wet coverage, the immersion method of
curing, tends to produce lower compressive strength.
The collective results of all the cubes cured, using six different curing regimes are
depicted in Figure 8.
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Figure 8. Compressive strengths of eight different concrete mixtures cured under
different curing systems

4. CONCLUSIONS
From the results presented and discussed in this paper following conclusions can be
made:
1) Different curing systems have different effects on the compressive strength of
concrete.
2) Among the curing systems employed in this research, covering with wet hessian
and polythene sheet produced the highest concrete compressive strength.
3) In comparison with covering with wet hessian and polythene sheet, the
immersion curing system, produced lower compressive strength.
4) Steam curing produced the lowest compressive strength among the curing
systems examined.
5) Compared with wet curing systems, leaving the cubes in open air and dry
laboratory conditions after 24 hours of casting, tends to produce lower
compressive strength.
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AN INVESTIGATION ON THE BEHAVOIR OF ONE-LAYER AND
TWO-LAYER 3D PANELS IN SHEAR AND FLEXTURAL TEST
H. Afshin, E. Sheykh Milani, B. Ferdowsi
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ABSTRACT
The 3D panels are a new system of construction. This system is used as wall and
ceiling in buildings. The structural behavior of 3D panels is dependent on the
strength and rigidity of connector elements. In this article flexural and shear tests
have been conducted on six 3D panels. The results have been compared with
results of finite element software, ANSYS. The details and results of the test
program are described, and the observed behaviour patterns are discussed.
Kewords: 3D panels, shear test, flexural test, sandwich panel
1. INTRODUCTION
Precast concrete sandwich panels (PCSP) have two concrete faces and one
polystyrene layer between concrete faces. The concrete faces are connected to each
other with shear connectors. The arrangment and spacing of shear connectors in
PCSP vary depending on several factors, such as desired composite action, applied
load, span of the panel and type of shear connectors used. There aro no specific
rules for arranging the connectors. The complex behaviour of PCSP due to its
material nonlinearity, the uncertain role of the shear connectors and the interaction
between various components has led researchers to rely on experimental
investigations backed by simple analytical studies. The lack of information on the
behaviour of this important type of concstruction is due to the high cost of full
scale testing and the extreme difficulty of fabrication of small-scale models.

Figure 1. 3D panel

2. EXPERIMENTAL STUDIES
2.1. Characteristics of Panels
The diameter of longitudinal bars and shear connectors is 3 mm. The dimensions
are shown in Figure 2. Characteristics of panels are given in Table 1.
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Figure 2. 3D panel

No.

Table 1: Characteristics of panels
Compressive strength
Dimension
10×10×10 ( kg
)
(m)
cm

1

0.15×1×3

2

0.15×1×3

3
4

0.15×1×3
0.15×1×3

5

0.15×1×3

6

0.15×1×3

284
305
318
298

Top.
Bot.
Top.
Bot.

227.2
244
254.4
238.4

315
303
313
300

f c′

2

Top.
Bot.
Top.
Bot.
252
242.4

Top.
Bot.
315

250.4
240

Top.
Bot.
244.8

2.2. Flextural Test
The panels were tested using four-point test according to ASTM D3043 [1] and the
data was transferred to the computer. Etch test was carried on until the complete
failure of the panel. Cracking pattern was similar in all panels at this stage. The test
set up for flexural test is shown in Figure 3.

Figure 3. Flexural test set up

Figure 4. Cracking pattern in one layer panel in flexure
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Figure 5. Cracking pattern in two layer panel in flexure

2.3. Shear Test
The shear test set up is shown in Figure 6. The load is near one of the supports in
order to simulate pure shear conditions.

Figure 6. Shear test set up

Cracking pattern for two-layer panels is shown in Figure 7.

Figure 7. Cracking pattern for two-layer panel in shear test

3. RESULTS AND DISCUSSIONS
3.1. Flextural Test Results
Flexural test results are shown in the following Figure. The load bearing capacity
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of one-layer panel is more than two-layer panel but the ductility of two-layer panel
is more.

Figure 8. Load-Defection curve for panels in flexure

3.2. Shear Test Results
In shear test, one-layer 3D panels fail at 14 ton and have brittle behavior but twolayer panels have a ductile behavior although their load bearing capacity is about 5
tons. Figure 9 shows the behavior of one-layer and two-layer 3D panels in Shear
test.

Figure 9. Load-Defection curve for panels in shear

4. THEORETICAL STUDIES
4.1. Finite Element Modelling
Solid 65 and link8 elements are used to model concrete and bars in ANSYS
respectively. Translations at Z direction are restrained at both supports but at X
direction only one support is restrained. The following Figures show the finite
element model.
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Figure 10. Model for one-layer panel in
flexure

X

Figure 11. Model for two-layer panel in
flexure

5. COMPARISON OF THEORITICAL AND EXPERIMENTAL STUDIES
Experimental and theoretical results have been compared in Figure 12 and 13 for
one-layer and two-layer panels.

Figure 12. One-layer panels in shear

Figure 13. Two-layer panels in shear
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6. CONCLUSION
a) The rigidity of one-layer panels is more than that of two-layer panels.
b) In flexure there is no difference in the load capacity of one-layer and two-layer
panels although two-layer 3D panels have no concrete in the middle layer.
c) By eliminating concrete from the middle layer and substituting it with bars the
ductility of the panel increases.
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ABSTRACT
Considering the widespread use of jack arch roofs and the need for seismic
retrofitting of this system of flooring in Iran the behaviour of the retrofitted form of
these slabs is unknown. The Iranian building codes also do not deal sufficiently
with this type of roofing and as a result little control is applied on their method of
construction. The retrofitting method of adding a concrete layer (CL) is a method
which was first introduced in Romania after the earthquake of 1990. This paper
reports on an experimental investigation of this method and comparison with other
retrofitting methods. For this purpose, a number of slabs with different methods of
retrofitting such as the Romanian method, the method recommended by the Iranian
Standard 2800, the two way method and a slab without retrofitting were
constructed. Then, the slabs were loaded step by step in out of plane direction and
the load-displacement pushover curves for the slabs were obtained. Using these
curves, the seismic strength parameters of different slabs are determined and
compared.
Keywords: jack arch slabs, retrofitting, concrete layer, masonry, pushover test
1. INTRODUCTION
Jack arch slabs have been extensively used to floor and roof urban and rural
buildings in Iran. The jack-arch flooring system is stable under normal static
conditions. The brick arches transfer the gravity loads, mainly in compression, to
the supporting steel beams. The load is then transferred via the steel beams in
flexure and shear to the load-bearing walls. However, reports of slab damage and
collapse in recent earthquakes in Eastern Europe and Iran by Razani and Lee
(1973) [1]; Maheri (1990) [2]; Maheri (1998) [3] and Maheri (2003) [4], reflect the
weakness of the unanchored slab under dynamic loading. To overcome this
problem, Moinfar (1968) [5] suggested that the slab beams be joined together at
their ends by either transverse beams or by steel tie bars. This form of anchored
jack-arch slab has a better seismic response because the relative movements of the
slab beams are somewhat prevented. The Iranian seismic code; Standard 2800 [6],
has adopted these suggestions and many slabs have recently been constructed using
these anchoring methods.
It should be noted that the contemporary jack-arch slab construction in Iran is still
considered a non-engineered slab in the Iranian seismic code, and there are no
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particular design procedures for their engineered design. Simple methods of
increasing the seismic performance of the slab in the form of inter-span transverse
beams have been proposed and their effectiveness investigated both experimentally
and numerically (Maheri and Imanipour [7]). Finally, procedures for engineered
design and construction were introduced (Maheri and Rahmani [8] and Maheri [9]).
Following the Romanian earthquake of 1990, a number of damaged jack arch slabs
were retrofitted by adding a reinforced concrete layer on top of the floor,
effectively making the slab to act as a composite slab.
In this paper, a jack arch slab retrofitted with a concrete layer (Romanian method),
is experimentally investigated and compared with slabs retrofitted with other
methods. For this purpose, four full-scale jack arch slabs were constructed using
the conventional material and workmanship. One slab was tested without any
retrofitting and the other three slabs were first retrofitted by one of the; concrete
layer, two-way slab and the Standard 2800 anchoring methods and then each slab
was subjected to out-of-plane pushover loading and the load-displacement curves
have been obtained for each slab.
Method for Retrofitting of Jack Arch Slabs
The above different methods of retrofitting jack arch slabs are here further
discussed.
2. CONCRETE LAYER (ROMANIAN) METHOD:
In this method, the flooring on the slab is first removed. Then a mesh of
reinforcement with maximum bar spacing equal to 100cm, is welded on the slabs
beams. Finally, the slab is covered with a layer of concrete having an average
thickness of around 5 cm (Figure 1).

Figure 1. Concrete layer method for retrofitting jack arch slabs

3. TWO WAY METHOD (MAHERI)
In 1995, Maheri presented a new method for retrofitting of jack arch slabs [10]. In
this method a series of secondary beams are placed between the primary beams of
the slab (Figure 2). By this method the one way jack arch slab is changed to a two
way slab. Also, because the masonry arches of the slab are divided in the locations
of the secondary beams, these discontinuities reduce the contribution of the
masonry arch in resisting the load of the slab and effectively reduce their role to
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infills. Maheri has introduced this method of construction as an engineered version
of the jack arch system and has proposed procedures for its engineered design and
construction.

Figure 2. Two way method retrofitting jack arch slabs

4. IRANIAN BUILDING CODE METHOD
This method is recommended by standard 2800. In this method a cross belt is
welded on the slab beams (Figure 3).

Figure 3. Standard 2800 method for construction jack arch slabs

Test Specimens and Load Setup
All the specimens are made with the same size and materials. Only their retrofitting
method is different. The slabs are 3.2 m×4 m in size each having 5 primary beams.
The beams are IPE 12 with spacing equal to 80 cm. Traditional clay bricks are used
for making the masonry arches. The rise of arch is 5 cm. In turn, out of plane
pushover load was applied to each slab. The out of plane load was applied on a line
in the middle of the slab to distribute the load in one direction using two hydraulic
jacks (Figure 4). In each step a total 5.72kN load is applied to the specimens. The
out of plane displacements of the slabs were recorded by 6 mechanical gages in
each load step (Figure 5).
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Figure 4. Loading setup

Figure 5. Gage positions

Figure 6. Crack pattern in the traditional jack arch slab
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5. TRADITIONAL JACK ARCH SLAB
This specimen is made with the mentioned properties without any retrofitting. The
results of the test on this slab can be used as a benchmark. The test was carried out
on the slab 28 days after casting of the concrete layer. During the loading of the
slab, the first crack occurred diagonally at one corner of the slab at the load of
22.88 kN. Further diagonal cracks developed at other corners and parallel to the
corner cracks as shown in Figure 6. The ultimate load which could be sustained by
the slab was 62.92 kN. However, the slab retained its integrity and no brittle failure
was observed in the brick arches. The load-displacement curve for this slab, using
the central gage (gage 2) is presented in Figure 7.

Figure 7. Load-displacement curve for traditional jack arch slab

6. SLAB RETROFITTED BY CONCRETE LAYER:
After making the jack arch slab, the slab was retrofitted as follows:
a) The flooring was first removed and the beams top flanges and masonry arches
were cleaned.
b) Slab reinforcement: If the beams of the slab are IPE 16 or more, considering
the brick width (10 cm), the top flange of the beams and a minimum 6 cm of
the beams web would be in contact with concrete. Therefore, using bars
Φ12@50 cm in a direction perpendicular to the beams appeared to be
sufficient. However, in many slabs, beams of IPE 14 or less are used and the
contact between concrete and beams would not be sufficient. For this reason a
connecting method, similar to that used in composite slabs was adopted. In
this method, shear keys are used for increasing the concrete-beams contact. 5
cm long, 5×5×5cm angles were welded at 30cm spacing for shear keys. A
mesh with bars Φ8@30 cm, corresponding to the minimum steel ratio of
ρmin=0.002 was then welded on to the shear keys. The concrete having f’c=30
MPa was used to an average depth of 5cm to cover the reinforcement mesh.
After 28 days, the test was carried out in a similar manner to the first slab.
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The first cracks occurred at the corners of the slab in a diagonal pattern similar to
the non-retrofitted slab, at the load of 143kN (Figure 8). A small number of further
diagonal cracks occurred at higher loads (Figure 8). The loading continued until the
ultimate strength of the slab (194.5kN). Similar to the first slab, the behavior of this
slab was also ductile and no brittle failure or collapse happened in the brick arches.
The load-displacement curve is presented in

Figure 8. Crack pattern in the Concrete Layer method

Figure 9. Load-displacement curve for Concrete Layer method

7. SLAB RETROFITTED BY THE TWO WAY METHOD
After construction of the jack arch slab, this method of retrofitting was applied to
it. In this method IPE 12 were used for secondary beams and were placed in two
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rows at 1.33 m distance apart. The test was carried out in a similar way to the other
slabs.
The first crack occurred at an outer brick arch at 51.48kN. After this initial crack,
the diagonal cracks occurred at the corners at 85.8kN (Figure 10). The test
continued until the ultimate strength of the slab (102.96kN). Similar ductile
response was noted for this slab, where no spalling or collapse of brick arches
happened. The load-displacement curve for this retrofitted slab is presented in
Figure 11.

Figure 10. Crack pattern in the two way method

Figure 11. Load-displacement curve for two way method

8. SLAB RETROFITTED BY THE STANDARD 2800 RECOMMENDATIONS
Reinforcing bars Φ14 were used for retrofitting this slab. The cross diagonal bars
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were welded to top of the flanges of the main beams. After 28 days, the test was
carried out in a similar manner to the other slabs.
The first crack occurred at 51.48kN at one corner. At higher loads, his crack
followed by some cracks parallel to the primary beams (Figure 12). The test
continued until the ultimate strength of the slab at 74.36 kN. Similar to the other
slabs, no brittle failure was noted in the brick arches. The load-displacement curve
for this retrofitted slab is presented in Figure 13.

Figure 12. Crack pattern in the standard 2800 method

Figure 13. Load-displacement curve for standard 2800 method
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9. COMPARSION OF RESULTS
For comparison of the test results, the strength and performance parameters,
derived from the load-displacement curves of gage 2 for the four slabs, are
presented in Table 1.
Table 1: Comparison of the strength and performance parameters of the slabs
Traditional (non- Concrete
Standard
Parameters
Two way
retrofitted)
layer
2800
Ultimate Strength
63
194
102
36
(kN)
Ultimate
22
45
29
25
displacement (mm)
Toughness (kN.mm)

6690

69000

14000

7900

Ductility

1.7

2.84

2.21

1.46

Ultimate Strength
The concrete layer method increased the ultimate strength of the slab by up to 3
times. This method has the highest effect on increasing the ultimate out of plane
strength of the jack arch compared to the other retrofitting methods (Figure 14).
Ultimate displacement
The Ultimate displacement in the slab retrofitted by the concrete layer method was
198% more than the traditional slab (Figure 15).
Ductility ratio
Ductility ratio in the slab retrofitted by concrete layer was 167% more than the
traditional slab (Figure .16).
Toughness
The concrete layer increased the toughness of the slab 10 folds compared to the
traditional jack arch. This method has the highest effect on the toughness with
respect to the other retrofitting methods (Figure17).
Weight of slabs
The increase in the weight of the slab due to retrofitting is not suitable, because it
increases the gravity and seismic loads and puts further demands on other elements
of the buildings. Adding a concrete layer increased the weight of the slab by 25%.
This is a considerable amount of weight increase compared to other retrofitting
methods (Figure 18).
Construction cost
In the concrete layer method, the retrofitting costs are divided in two parts. First,
cost for retrofitting the slab, which is around 2.6 times the cost of construction of a
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traditional slab. Second, the costs for retrofitting other element, due to weight
increase. This part is a function of the type of structural system and is unique for
each building (Figure 19). It seems that the concrete layer method, though effective
in considerably increasing the strength and performance parameters of the slab,
compared to other methods, it suffers from being more time consuming, technically
more difficult to perform and particularly far more costly.
In following Figures, 1, 2, 3 and 4 respectively stand for traditional, standard 2800,
two way and Concrete Layer.

Figure 14. Ultimate strength

Figure 15. Ultimate displacement

Figure 16. Ductility ratio

Figure 17. Toughness

Figure 18. Weight of slabs

Figure 19. Construction costs
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10. CONCLUSIONS
Based on the results of the tests presented in this paper the following conclusions
can be drawn regarding the effectiveness of the concrete layer (Romanian)
retrofitting method;
1. The method is very effective in increasing the strength and ductility of the jack
arch slab and enhancing its seismic performance. However, it is time
consuming and particularly suffers from the excess cost, both in terms of
retrofitting the slab itself and the secondary costs of strengthening other
elements of the building due to the increased weight.
2. To reduce the secondary costs of the method, it is recommended that after the
positioning of the concrete layer, the brick arches be removed, in effect,
converting the jack arch slab into a composite steel-concrete slab. However, by
doing so, the primary costs of the retrofitting will be increased due to the
removal of the brick arches and construction of the necessary false ceiling.
3. Considering the cost-ineffectiveness of the method, it is recommended that it
be used to retrofit special buildings or buildings in which due to the
overstrength of its members, the secondary cost of retrofitting are minimal.
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ﺗﻐﻴﻴﺮﺷﻜﻞﻫﺎ و آﺳﻴﺐﻫﺎي ﺑﻮﺟﻮد آﻣﺪه در ﺑﺮجﻫﺎي ﺧﻨﻚﻛﻨﻨﺪه ﺑﺘﻨﻲ در اﺛﺮ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ
در ﺣﺎﻟﺖ ﻏﻴﺮﺧﻄﻲ
2

ﺳﻌﻴﺪ ﺻﺒﻮري ،1ﻣﺮﻳﻢ ﺗﺮاﺑﻲ
 .1داﻧﺸﻴﺎر داﻧﺸﻜﺪة ﻋﻤﺮان داﻧﺸﮕﺎه ﺻﻨﻌﺘﻲ ﺧﻮاﺟﻪ ﻧﺼﻴﺮاﻟﺪﻳﻦ ﻃﻮﺳﻲ ،ﺗﻬﺮان
 .2ﻛﺎرﺷﻨﺎس ارﺷﺪ ﺳﺎزه ﻫﻴﺪروﻟﻴﻜﻲ ،داﻧﺸﮕﺎه ﺻﻨﻌﺘﻲﺧﻮاﺟﻪ ﻧﺼﻴﺮاﻟﺪﻳﻦ ﻃﻮﺳﻲ ،ﺗﻬﺮان

ﭼﻜﻴﺪه
ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ در ﺳﺎزهﻫﺎي ﺑﺰرگ ،از اﻫﻤﻴﺖ زﻳﺎدي ﺑﺮﺧﻮردار اﺳﺖ .اﻳﻦ ﻣﻮﺿﻮع در ﺑﺮجﻫـﺎي ﺧﻨـﻚﻛﻨﻨـﺪه،
ﺑﻪدﻟﻴﻞ ﺑﺰرﮔﻲ اﺑﻌﺎد ﺳﺎزه در ﻫﺮ دو ﺟﻬﺖ ﻗﻄﺮ و ارﺗﻔﺎع ،اﻫﻤﻴﺖ ﺑﻴﺸﺘﺮي ﻣﻲﻳﺎﺑﺪ و ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﻣﺤﺘﻤﻞﺗـﺮ
ﻣﻲﺑﺎﺷﺪ؛ ﭼﺮا ﻛﻪ ﺑﻪ دﻟﻴﻞ ﻃﻮل زﻳﺎد ﭘﻲ ،اﻣﻜﺎن ﺗﻔﺎوت ﺟﻨﺲ ﺧﺎك زﻳﺮ ﭘﻲ ﺑﻴﺸﺘﺮ اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﺑﻪدﻟﻴﻞ ارﺗﻔﺎع ﻗﺎﺑﻞ
ﻣﻼﺣﻈﻪ اﻳﻦ ﻧﻮع ﺳﺎزهﻫﺎ ،ﻧﻴﺮوي ﺑﺎد ﺑﻪ ﻋﻨﻮان ﻳﻚ ﺑﺎرﮔﺬاري ﻋﻤﺪه ﻣﺤﺴﻮب ﺷﺪه ﻛﻪ ﺑﺎﻋﺚ ﺑﻪوﺟﻮد آﻣﺪن ﻧﻴﺮوﻫـﺎي
ﻣﺘﻔﺎوت در ﺳﺘﻮنﻫﺎ و در ﻧﺘﻴﺠﻪ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ﻣﻲﺷﻮد.
در اﻳﻦ ﺗﺤﻘﻴﻖ ،ﺑﺮج ﺧﻨﻚﻛﻨﻨﺪه ﺷﺎزﻧﺪ اراك ﺗﻮﺳﻂ ﻧﺮماﻓﺰار  ABAQUSﻣﺪل ﺷﺪه اﺳﺖ .در ﭘﻲ و ﭘﻮﺳﺘﻪ ،از ﻣـﺪل
ﭘﻼﺳﺘﻴﺴﻴﺘﻪ آﺳﻴﺐدﻳﺪه ﺑﺘﻦ و در ﺳﺘﻮنﻫﺎ ،از ﻣﺪل ﺗﺮك ﮔﺴﺘﺮده اﺳﺘﻔﺎده ﺷـﺪه اﺳـﺖ .ﻧﺸـﺴﺖ ﻏﻴـﺮ ﻳﻜﻨﻮاﺧـﺖ ﺑـﻪ
ﺻﻮرت ﻣﺪل رﻳﺎﺿﻲ ﻛﺴﻴﻨﻮﺳﻲ ﺑﻪ ﭘﻲ اﻋﻤﺎل ﺷﺪه و داﻣﻨﻪ آن ﺑﺮاﺑﺮ ﻧﺼﻒ ﻧﺸﺴﺖ ﻳﻜﻨﻮاﺧـﺖ ﺗﺤـﺖ وزن ﻣـﻲﺑﺎﺷـﺪ.
آﻧﺎﻟﻴﺰﻫﺎ ﺑﺎ درﻧﻈﺮ ﮔﺮﻓﺘﻦ اﺛﺮات ﻏﻴﺮﺧﻄﻲ ﻣﺼﺎﻟﺢ و ﻫﻨﺪﺳﻪ ﺻﻮرت ﮔﺮﻓﺘﻪ اﺳﺖ .ﻧﺘﺎﻳﺞ ﻧﺸﺎن ﻣﻲدﻫﺪ ﭘـﻲ ﺗﻐﻴﻴﺮﺷـﻜﻞ
اﻓﻘﻲ ﭘﻴﺪا ﻣﻲﻛﻨﺪ و آﺳﻴﺐ ﻛﺸﺸﻲ زﻳﺎدي ﻣﻲﺑﻴﻨﺪ .ﻫﻤﭽﻨﻴﻦ ﺳﺘﻮنﻫﺎ و ﭘﻮﺳﺘﻪ ﺗﻐﻴﻴﺮﻣﻜﺎن ﺟـﺎﻧﺒﻲ ﻗﺎﺑـﻞ ﻣﻼﺣﻈـﻪاي
ﻧﺴﺒﺖ ﺑﻪ وزن ﭘﻴﺪا ﻣﻲﻛﻨﻨﺪ ،ﺑﻪﮔﻮﻧﻪاي ﻛﻪ ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮﻣﻜﺎن ﻧﺴﺒﻲ ﺳﺘﻮنﻫﺎ  0/13درﺻﺪ ﻣـﻲﺑﺎﺷـﺪ و ﻣـﺎﻛﺰﻳﻤﻢ
ﺗﻐﻴﻴﺮﻣﻜﺎن ﻧﺴﺒﻲ ﭘﻮﺳﺘﻪ 0/062 ،درﺻﺪ ﻣﻲﺑﺎﺷﺪ ﻛﻪ در  0/44ارﺗﻔﺎع آن رخ داده اﺳﺖ.
ﻛﻠﻴﺪواژهﻫﺎ :ﺑﺮجﻫﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ﺑﺘﻨﻲ ،ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ،ﻣﺪل ﭘﻼﺳﺘﻴﺴﻴﺘﻪ آﺳﻴﺐ دﻳﺪه ﺑﺘﻦ
 -1ﻣﻘﺪﻣﻪ
ﺑﺮﺟﻬﺎي ﺧﻨﻚﻛﻨﻨﺪه ،ﺳﺎزهﻫﺎي ﻋﻈﻴﻤﻲﻫﺴﺘﻨﺪ ﻛﻪ از ﭘﻮﺳﺘﻪ ،ﺳﺘﻮنﻫﺎ و ﭘﻲ ﺗﺸﻜﻴﻞ ﺷﺪهاﻧﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑـﻪ ﻃـﻮل زﻳـﺎد
ﭘﻲ ،اﻣﻜﺎن ﺗﻔﺎوت ﺟﻨﺲ ﺧﺎك و در ﻧﺘﻴﺠﻪ وﻗﻮع ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ،ﺑﻴﺸﺘﺮ اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﺑﻪ دﻟﻴـﻞ ارﺗﻔـﺎع زﻳـﺎد
اﻳﻦ ﻧﻮع ﺳﺎزهﻫﺎ ،ﺑﺎد ﺑﻪ ﻋﻨﻮان ﻳﻚ ﺑﺎرﮔﺬاري ﻋﻤﺪه ،ﺑﺎﻋﺚ اﻳﺠﺎد ﻧﻴﺮوﻫﺎي ﻣﺘﻔﺎوت در ﺳﺘﻮنﻫﺎ و در ﻧﺘﻴﺠـﻪ ﻧﺸـﺴﺖ
ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ﻣﻲﺷﻮد .ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ در ﺳﺎزهﻫﺎ ﺑﻪ ﺧﺼﻮص ﺳﺎزهﻫﺎي ﻋﻈﻴﻢ ،ﺑﺎﻋﺚ اﻳﺠﺎد ﻧﻴﺮوﻫـﺎي اﺿـﺎﻓﻲ
ﺷﺪه و ﺑﻪ ﻋﻨﻮان ﻳﻚ ﻓﺎﻛﺘﻮر ﺑﺎرﮔﺬاري ﻋﻤﺪه ﺑﺎﻳﺪ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﻮد.
اوﻟﻴﻦ ﺗﺤﻘﻴﻖ در ﻣﻮرد ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ،ﺗﻮﺳﻂ »ﮔﻮﻟﺪ« در ﺳـﺎل  1972ﺻـﻮرت ﮔﺮﻓـﺖ
] .[1وي ﻓﺮض ﻛﺮد ﻛﻪ ﻳﻜﻲ از ﺳﺘﻮﻧﻬﺎ ﺑﻪ اﻧﺪازه  δ Rﻧﺴﺒﺖ ﺑﻪ ﺳﺘﻮﻧﻬﺎي ﻣﺠﺎور ﺧﻮد ﺟﺎﺑﺠﺎﻳﻲ ﻧﺴﺒﻲ داﺷـﺘﻪ ﺑﺎﺷـﺪ و
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ﻣﻴﺰان اﻳﻦ ﺟﺎﺑﺠﺎﻳﻲ ﺑﻪ اﻧﺪازهاي ﺑﺎﺷﺪ ﻛﻪ ﻧﻴﺮوي ﻣﺤﻮري ﺳﺘﻮن ﻧﺎﺷﻲ از ﺑﺎر ﻣﺮده در اﺛﺮ اﻳﻦ ﺟﺎﺑﺠـﺎﻳﻲ ،ﺑﺮاﺑـﺮ ﺻـﻔﺮ
ﮔﺮدد .وي ﻫﻤﭽﻨﻴﻦ ﻓﺮض ﻣﻲﻛﻨﺪ اﻳﻦ ﻧﺸﺴﺖ ،ﺻﺮﻓﺎً ﻣﻮﺟﺐ ﺗﻐﻴﻴﺮ در ﻧﻴﺮوي ﭘﻨﺞ ﺳﺘﻮن ﻣﺠﺎور ﮔﺮدد.
ﺑﻌﺪ از »ﮔﻮﻟﺪ«» ،وﻧﺪا« ﺑﻪ ﻣﻄﺎﻟﻌﻪ و ﺑﺮرﺳﻲ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﭘﺮداﺧﺖ] .[2وي در آﻧﺎﻟﻴﺰ ﺧﻮد از ﻣـﺪل و ﻓﺮﺿـﻴﻪ
»ﮔﻮﻟﺪ« اﺳﺘﻔﺎده ﻧﻤﻮد ﻳﻌﻨﻲ ﻓﺮض ﻧﻤﻮد ﻓﻘﻂ ﻳﻚ ﺳﺘﻮن ﺑﻪ ﻣﻴﺰاﻧﻲ ﻧﺸﺴﺖ داﺷﺘﻪ ﺑﺎﺷﺪ ﻛﻪ ﻧﻴﺮوي ﻓـﺸﺎري ﻧﺎﺷـﻲ از
ﺑﺎر ﻣﺮده آن ﺑﻪ ﺻﻔﺮ ﺗﻘﻠﻴﻞ ﻳﺎﺑﺪ .ﻫﻤﭽﻨﻴﻦ اﻳﻦ ﻧﺸﺴﺖ ،ﻓﻘﻂ ﻣﻮﺟﺐ ﺗﻐﻴﻴﺮ در ﻧﻴﺮوي ﭘﻨﺞ ﺳﺘﻮن ﻣﺠﺎور ﮔﺮدد» .وﻧﺪا«
ﺑﺮ ﺧﻼف »ﮔﻮﻟﺪ« ،ﭘﻮﺳﺘﻪ را ﺑﺎ اﺳﺘﻔﺎده از روش اﻟﻤﺎن ﻣﺤﺪود و ﺗﻮﺳﻂ ﻛﺎﻣﭙﻴﻮﺗﺮ آﻧﺎﻟﻴﺰ ﻧﻤـﻮد و ﻣـﺸﺎﻫﺪه ﻛـﺮد ﺑـﺎ دور
ﺷﺪن از ﻣﺤﻞ ﺳﺘﻮن ﻧﺸﺴﺖ ﻛﺮده ،اﺛﺮ ﻧﺸﺴﺖ در ﺳﺘﻮنﻫﺎ ﻛﻤﺘﺮ اﺳﺖ.
ﺳﭙﺲ »ﻛﺮﻳﺸﻨﺎ« 1در ﺳﺎل  1992ﺑﻪ ﺑﺮرﺳﻲ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ در ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ﭘﺮداﺧﺖ] .[3او درآﻧـﺎﻟﻴﺰ
ﺧﻮد از ﻣﻨﻄﻖ »ﮔﻮﻟﺪ« ﺑﻬﺮه ﺟﺴﺖ و اﺛﺮ ﻧﺸﺴﺖ ﻳﻚ ﺳﺘﻮن را ﺑﺮرﺳﻲ ﻛﺮد ،ﻳﻌﻨﻲ ﻣﻘﺪار ﻧﺸﺴﺘﻲ را ﺑﻪ ﻳﻜﻲ از ﺳﺘﻮﻧﻬﺎ
اﻋﻤﺎل ﻛﺮد ﻛﻪ در اﺛﺮ آن ،ﻧﻴﺮوي ﻣﺤﻮري ﺳﺘﻮن در اﺛﺮ ﺑﺎر ﻣﺮده ﺻﻔﺮ ﮔﺮدد .وي ﺑﺎ اﺳﺘﻔﺎده از ﻧﺮم اﻓﺰار ،ﺑﺮﺟﻲ ﻣﺸﺎﺑﻪ
ﺑﺮج »وﻧﺪا« آﻧﺎﻟﻴﺰ ﻧﻤﻮد و ﻣﺸﺎﻫﺪه ﻛﺮد ﻛﻪ ﻧﻴﺮوﻫﺎي ﺳﺘﻮنﻫﺎ ﺑﻪ ﻣﺮاﺗﺐ ﻛﻤﺘﺮ از ﻧﺘﺎﻳﺞ ﺑﻪدﺳﺖ آﻣـﺪه ﺗﻮﺳـﻂ »وﻧـﺪا«
ﻣﻲﺑﺎﺷﺪ .ﻋﻠﺖ آن اﻳﻦ اﺳﺖ ﻛﻪ »وﻧﺪا« در ﻣﺤﺎﺳﺒﻪ ﻧﻴﺮوي ﺳﺘﻮنﻫﺎ ،ﺻﺮﻓﺎً ﭘﻨﺞ ﺳﺘﻮن را وارد ﻣﺤﺎﺳﺒﺎت ﻧﻤـﻮده ﺑـﻮد،
وﻟﻲ »ﻛﺮﻳﺸﻨﺎ« ﺳﺘﻮنﻫﺎ را ﺗﻮﺳﻂ ﺑﺮﻧﺎﻣﻪ آﻧﺎﻟﻴﺰ ﻧﻤﻮد و ﺑﻪ دﻟﻴﻞ ﺷﻜﻞ ﭘﺬﻳﺮي ﺳﺘﻮنﻫﺎ ،ﻗﺴﻤﺘﻲ از ﻧﺸﺴﺖ ﺑـﻪ ﭘﻮﺳـﺘﻪ
ﻣﻨﺘﻘﻞ ﻣﻲﺷﻮد ،ﺑﻨﺎﺑﺮاﻳﻦ ﺗﻨﺶﻫﺎي ﺑﻪوﺟﻮد آﻣﺪه ،ﻛﻤﺘﺮ اﺳﺖ.
ﺳﭙﺲ »ﺻﺒﻮري« در ﺳﺎل  ،2000ﺑﻪ ﺑﺮرﺳﻲ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ﭘﺮداﺧﺖ .وي ﺑﺮج ﻧﻴﺮوﮔﺎه اﺻﻔﻬﺎن را ﺗﺤﺖ ﻣـﺪل
رﻳﺎﺿﻲ ﻛﺴﻴﻨﻮﺳﻲ در ﻣﺤﺪوده اﻻﺳﺘﻴﻚ آﻧﺎﻟﻴﺰ ﻧﻤﻮد و ﺑﻪ اﻳﻦ ﻧﺘﻴﺠﻪ رﺳﻴﺪ ﻛﻪ ﺑﻴﺸﺘﺮﻳﻦ ﺗﻐﻴﻴـﺮات ﻧﻴﺮوﻫـﺎ در ﻗـﺴﻤﺖ
ﭘﺎﻳﻴﻨﻲ ﭘﻮﺳﺘﻪ و در رﻳﻨﮓ ﺗﺤﺘﺎﻧﻲ ﻣﻲﺑﺎﺷﺪ و ﺑﺎ اﻓﺰاﻳﺶ ارﺗﻔﺎع ،ﻣﻘﺪار ﻧﻴﺮوﻫﺎ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.
در ﺳﺎل » 2004اﺧﺘﺮي« ﺑﻪ ﻣﻄﺎﻟﻌﻪ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ﭘﺮداﺧﺖ .وي ﻧﻴﺰ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ را ﺑﻪ ﺻﻮرت ﻣـﺪل
رﻳﺎﺿﻲ ﻛﺴﻴﻨﻮﺳﻲ در ﻧﻈﺮ ﮔﺮﻓﺖ؛ و ﺑﺎ اﺳﺘﻔﺎده از ﻧﺮم اﻓﺰار  ،ANSYS5.4ﺑﺮج را آﻧﺎﻟﻴﺰ ﻏﻴﺮ ﺧﻄـﻲ ﻧﻤـﻮد و ﺑـﻪ اﻳـﻦ
ﻧﺘﻴﺠﻪ رﺳﻴﺪ ﻛﻪ ﺗﻨﺶﻫﺎ در ﻛﻠﻴﻪ ﻗﺴﻤﺖﻫﺎ ﺑﻪ ﻣﻘﺪار زﻳﺎدي ﻧﺴﺒﺖ ﺑﻪ ﺣﺎﻟﺖ ﺧﻄﻲ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﻨﺪ وﻟﻲ ﻣﻘـﺪار ﺗﻐﻴﻴـﺮ
ﺷﻜﻞ ﺑﺮج اﻓﺰاﻳﺶ ﭘﻴﺪا ﻣﻲﻛﻨﺪ ].[9
ﻣﺪل رﻳﺎﺿﻲ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ
در ﺳﺎل »،1977ﭼﺴﻴﻠﺴﻜﻲ« 2ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﻳﻚ اﻟﮕﻮي ﻣﻨﺎﺳﺐ ﻧﺸـﺴﺖ ،ﻧﺸـﺴﺖ ﻏﻴـﺮ ﻳﻜﻨﻮاﺧـﺖ  4ﺑـﺮج را در
ﻣﺪت  6ﺳﺎل اﻧﺪازه ﮔﻴﺮي ﻛﺮد ] .[4و ﺑﺮاي ﻫﺮ ﺑﺮج ،در ﺳﺎﻟﻬﺎي ﻣﺨﺘﻠﻒ ﻧﺸﺴﺖﻫﺎي ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﺑﺪﺳﺖ آﻣﺪه را ﺑﺎ
ﺳﺮﻳﻬﺎي رﻳﺎﺿﻲ ﺗﻘﺮﻳﺐ زد و ﺑﻪ ﻣﺪل رﻳﺎﺿﻲ زﻳﺮرﺳﻴﺪ:
ω = Α0 + Α1 cosβ + β1 sinβ + Α2 cos2β + β2 sin 2β + Α3 cos3β

)(1

+ β3 sin3β + Α4 cos4β + β4 sin 4β
ﻛﻪ در راﺑﻄﻪ ﻓﻮق ω ،ﻧﺸﺴﺖ ﺑﺮ ﺣﺴﺐ ﻣﺘﺮ β ،زاوﻳﻪ ﻣﺮﻛﺰي و  Α 0ﺗﺎ  Α 4و ﻫﻤﭽﻨﻴﻦ  B1ﺗﺎ  B4اﻋـﺪاد ﺛﺎﺑـﺖ
ﻣﻲﺑﺎﺷﻨﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ در راﺑﻄﻪ ) (1ﺟﻤﻠﻪ اول ﺻﺮﻓﺎً ﻧﺸﺴﺖ ﻳﻜﻨﻮاﺧﺖ ﻛﻠﻴﻪ ﺳﺘﻮﻧﻬﺎ را ﺑﺪﺳﺖ ﻣﻲدﻫـﺪ و ﺟﻤﻠـﻪ
١-Krishna
٢- Ciesielski
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دوم و ﺳﻮم ﻧﺸﺎن دﻫﻨﺪه اﻧﺤﺮاف ﺗﻤﺎم ﺑﺮج ﺑﻪ ﺻﻮرت ﻳﻚ ﺟﺴﻢ ﺻﻠﺐ ﻣﻲﺑﺎﺷﺪ و ﺑﻄﺒﻊ اﻳﻦ ﻧـﻮع ﻧﺸـﺴﺖﻫـﺎ ﺑﺎﻋـﺚ
ﺑﻮﺟﻮد آﻣﺪن ﺗﻨﺶ در ﺑﺮج ﻧﻤﻲﺷﻮﻧﺪ ،ﻟﺬا ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﻮع ﺧﺎك و ﻣـﺎﻛﺰﻳﻤﻢ اﺧـﺘﻼف ﻧﺸـﺴﺖ ﻛـﻪ ﻣﻤﻜـﻦ اﺳـﺖ در
ﺑﺮﺟﻬﺎي ﻣﺬﻛﻮر ﺑﻮﺟﻮد آﻳﺪ ،راﺑﻄﻪ ﺳﺎده زﻳﺮ ﻛﻪ ﺟﻤﻠﻪ ﭼﻬﺎرم در راﺑﻄﻪ ) (1ﻣـﻲﺑﺎﺷـﺪ ،ﺑـﺮاي ﻣﺤﺎﺳـﺒﻪ ﻧﺸـﺴﺖ ﻏﻴـﺮ
ﻳﻜﻨﻮاﺧﺖ اراﺋﻪ ﺷﺪ:
)(2
ω = 0.03 cos 2β
او ﺑﺮج را ﺑﺮ اﺳﺎس ﻣﺪل اراﺋﻪ ﺷﺪه ﺗﻮﺳﻂ راﺑﻄﻪ ) (1آﻧﺎﻟﻴﺰﻛﺮد و ﭼﻨﻴﻦ ﻧﺘﻴﺠﻪ ﮔﺮﻓﺖ ﻛﻪ در ﺻﻮرﺗﻲ ﻛﻪ ﻧﺸـﺴﺖ ﻏﻴـﺮ
ﻳﻜﻨﻮاﺧﺖ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ در ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ﺑﻪوﺟﻮد آﻳﺪ ،ﻧﻴﺮوﻫﺎي داﺧﻠﻲ اﻳﺠﺎد ﺷـﺪه در ﺳـﺎزه اﻳـﻦ ﺑﺮﺟﻬـﺎ ،ﺗـﺎ
ﺣﺪي زﻳﺎد اﺳﺖ ﻛﻪ ﻣﻤﻜﻦ اﺳﺖ ﺑﺎﻋﺚ ﺧﺮاﺑﻲ آﻧﻬﺎ ﺷﻮد.
اﻧﺪازه ﮔﻴﺮﻳﻬﺎي واﻗﻌﻲ اﻧﺠﺎم ﺷﺪه ﺗﻮﺳﻂ »ﭼﺴﻴﻠﺴﻜﻲ« ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﻓﺮض ﻧﺸﺴﺖ ﺻـﺮﻓﺎً ﻳﻜـﻲ از ﺳـﺘﻮﻧﻬﺎ در
ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ﺑﻪ ﻋﻨﻮان ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ،ﻧﻤﻲﺗﻮاﻧﺪ ﮔﻮﻳﺎي ﻫﻤﻪ واﻗﻌﻴﺖ ﺑﺎﺷﺪ ،ﻟﺬا ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﺑﺮاي
ﺗﻌﻴﻴﻦ ﻳﻚ ﻣﺪل ﻣﻨﺎﺳﺐ ﺑﻪ ﻃﻮري ﻛﻪ ﺑﺘﻮاﻧﺪ ﭘﺎﺳﺨﮕﻮي ﻫﺮ ﮔﻮﻧﻪ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ اﺣﺘﻤﺎﻟﻲ ﺑﺎﺷﺪ ،ﻧﻴﺎز ﺑﻪ راﺑﻄـﻪ
ﺟﺎﻣﻌﺘﺮي اﺳﺖ.
4
»ﻛﺎﻟﻮزا« 3و »ﻣﺎﺗﮋا«  ،ﻣﺪل رﻳﺎﺿﻲ ﺑﻬﺘﺮي را ﺑﺮاي ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ﺑﻪ ﺻﻮرت زﻳﺮ اراﺋـﻪ
ﻧﻤﻮدﻧﺪ ]:[5
)(3
)ω = ΔU cos( nθ
ﻛﻪ در آن  ΔUﺑﺮاﺑﺮ ﻧﺼﻒ ﺣﺪاﻛﺜﺮ اﺧﺘﻼف ﻧﺸﺴﺖ اﻋﻤﺎل ﺷﺪه ﭘﻲ θ ،زاوﻳـﻪ ﻣﺮﻛـﺰي و  nﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﺗﻌـﺪاد
ﺳﺘﻮﻧﻬﺎي ﺑﺮج ﺧﻨﻚ ﻛﻨﻨﺪه از  2ﺗﺎ ﻧﺼﻒ ﺗﻌﺪاد ﺳﺘﻮﻧﻬﺎي ﺑﺮج ﻣﻲﺗﻮاﻧﺪ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﻮد .آﻧﻬﺎ ﺑﺎ اﻋﻤـﺎل راﺑﻄـﻪ )(3
ﺑﺮاي دو ﻣﻘﺪار n =2و  n =4ﺑﺮ روي ﺗﻌﺪادي از ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه ﻛـﻪ در ﻣﻘﻴـﺎس  1/100ﺳـﺎﺧﺘﻪ ﺷـﺪه ﺑﻮدﻧـﺪ،
ﻧﻴﺮوﻫﺎي داﺧﻠﻲ و ﻫﻤﭽﻨﻴﻦ ﺗﻐﻴﻴﺮﺷﻜﻠﻬﺎي ﺳﺎزه ﺑﺮج ﻣﺬﻛﻮر را اﻧﺪازهﮔﻴﺮي ﻛﺮدﻧﺪ و ﻣﺸﺎﻫﺪه ﻧﻤﻮدﻧﺪ اﻓﺰاﻳﺶ ﻧﻴﺮوﻫﺎي
ﻏﺸﺎﻳﻲ ﻣﺤﻴﻄﻲ در ﻧﻮاﺣﻲ رﻳﻨﮕﻬﺎي ﺳﺨﺖ ﻛﻨﻨﺪه ﺗﺤﺘﺎﻧﻲ و ﻓﻮﻗﺎﻧﻲ ﻗﺎﺑﻞ ﺗﻮﺟﻪ اﺳﺖ.
از ﻃﺮف دﻳﮕﺮ »ﻛﺎﺗﻮ« و ﻫﻤﻜﺎراﻧﺶ ،ﻧﺸﺴﺖ ﺑﺮج ﺧﻨﻚ ﻛﻨﻨﺪه را از دﻳﺪﮔﺎه آﻣﺎر ﺑﺮرﺳـﻲ ﻧﻤﻮدﻧـﺪ ] .[6اﻳـﺸﺎن ﻣـﺪل
n
رﻳﺎﺿﻲ ) ∑ U i . cos(iθ − θ i

U =U0 +

را ﺑﺮاي ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﻗﺎﺋﻢ ﺑﺮﺟﻬﺎي ﺧﻨﻚ ﻛﻨﻨﺪه در ﻧﻈﺮ ﮔﺮﻓﺘﻨﺪ ﻛﻪ

i =1

 U 0ﻣﻘﺪار ﻧﺸﺴﺖ ﻳﻜﻨﻮاﺧﺖ ﻣﻲﺑﺎﺷﺪ و  U iو  θ iﺑﻪ ﺗﺮﺗﻴﺐ ﻋﺒﺎرﺗﻨﺪ از ﺿﺮﻳﺐ ﻓﻮرﻳﻪ و اﺧﺘﻼف ﻓﺎز ﺑﺮايﻫﺎرﻣﻮﻧﻴـﻚ
 iام .در اﻳﻦ ﻣﺪل اﺧﺘﻼف ﻓﺎز  θ iﺑﻪ ﺻﻮرت ﺗﺼﺎدﻓﻲ ﺗﻐﻴﻴﺮ ﻣﻲﻛﻨﺪ ،ﺑﻨﺎﺑﺮاﻳﻦ ﻧﻴﺎزي ﺑﻪ ﻣﺤﺎﺳﺒﻪ ﻧﺪارد .ﻣﻘـﺪار ﻣﺘﻮﺳـﻂ
ﻧﺸﺴﺖ  U 0ﺗﻮﺳﻂ آﻧﺎﻟﻴﺰ ﻛﺎﻣﭙﻴﻮﺗﺮي و ﺑﺎ ﻣﺪل ﻛﺮدن ﺧﺎك زﻳﺮ ﺑﺮج ﺗﻮﺳﻂ ﻓﻨﺮﻫﺎﻳﻲ ﺑﺪﺳﺖ ﻣـﻲآﻳـﺪ ،ﺑﻨـﺎﺑﺮاﻳﻦ ﺗﻨﻬـﺎ
ﻛﺎﻓﻴﺴﺖ ﺿﺮﻳﺐ ﻓﻮرﻳﻪ  U iﺗﻌﻴﻴﻦ ﺷﻮد ﻛﻪ ﺑﺎ روﺷﻬﺎي ﻣﺨﺘﻠﻔﻲ ﻗﺎﺑﻞ ﺣﺼﻮل ﻣﻲﺑﺎﺷﺪ .ﻳﻚ روش اﻳﻦ اﺳـﺖ ﻛـﻪ ﺑـﺎ
داﺷﺘﻦ ﺷﻨﺎﺧﺖ ﻛﺎﻓﻲ از ﺧﺎك ﻣﻨﻄﻘﻪ و اﻧﺪازه ﮔﻴﺮﻳﻬﺎﻳﻲ ﻛﻪ روي ﺳﺎزه ﻣﻲﺷﻮد ،ﺿﺮاﻳﺐ ﺑﺪﺳﺖ آﻳﻨﺪ؛ ﻧﻈﻴﺮ ﻛﺎري ﻛـﻪ
»ﭼﺴﻴﻠﺴﻜﻲ« اﻧﺠﺎم داد .در روش دﻳﮕﺮ ،ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻃﻼﻋﺎت ﻣﻮﺟﻮد در زﻣﻴﻨـﻪ ﺳـﺎزه و ﺧـﺎك زﻳـﺮ آن ،ﺑـﻪ ﺗﻌﻴـﻴﻦ
اﻧﺤﺮاف ﻣﻌﻴﺎر و ﻣﻴﺎﻧﮕﻴﻦ ﻧﺸﺴﺖ اﻗﺪام ﻧﻤﻮده و ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳـﻦ دو ﻣﺘﻐﻴـﺮ ،ﻧﺸـﺴﺖ ﻣـﺎﻛﺰﻳﻤﻢ و ﻧﺸـﺴﺖ ﻣﻴﻨـﻴﻤﻢ را
ﺑﺪﺳﺖ آورده و در ﻧﺘﻴﺠﻪ اﺧﺘﻼف ﻧﺸﺴﺖ ﺣﺎﺻﻞ ﻣﻲﺷﻮد.

١- Kaluza
٢- Mateja
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ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﻧﻮع ﺧﺎك ﻣﻲﺗﻮاﻧﺪ ﻧﻘﺶ ﺗﻌﻴﻴﻦ ﻛﻨﻨﺪهاي در راﺑﻄﻪ ﺑﺎ ﺣـﺪاﻛﺜﺮ اﺧـﺘﻼف ﻧﺸـﺴﺖ داﺷـﺘﻪ ﺑﺎﺷـﺪ ،ﻟـﺬا
»ﺻﺒﻮري« در ﺳﺎل ،2000ﺑﺎ اﺳﺘﻔﺎده از ﻣﻄﺎﻟﻌﺎت »ﻛﺎﺗﻮ« و ﻣﻨﻈﻮر ﻧﻤﻮدن ﻧﻮع ﺧﺎك زﻳﺮ ﭘـﻲ ،راﺑﻄـﻪ ) (3را ﺗﻜﻤﻴـﻞ
ﻧﻤﻮده و ﻣﺪل رﻳﺎﺿﻲ زﻳﺮ را اراﺋﻪ ﻧﻤﻮد ]8و: [7
k
=ω
)U 0 cos( nθ
)(4
) (2 − k
ﻛﻪ  nﺗﻌﺪاد ﺳﺘﻮﻧﻬﺎي ﺑﺮج ﺧﻨﻚ ﻛﻨﻨﺪه از  2ﺗﺎ ﻧﺼﻒ ﺗﻌﺪاد ﺳﺘﻮﻧﻬﺎي ﺑﺮج ﻣﻲﺗﻮاﻧﺪ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﻮد U o .ﻣﻴﺎﻧﮕﻴﻦ
ﻧﺸﺴﺖ ﺑﺮج ﺗﺤﺖ اﺛﺮ وزن ﺧﻮد و ﺑﺎ ﻓﺮض ﭘﺎﻳﻪ اﻻﺳﺘﻴﻚ ﻣﻲﺑﺎﺷﺪ و )  ، KU o (2 − Kﻧﺼﻒ اﺧﺘﻼف ﻧﺸﺴﺖ ﺣـﺪاﻛﺜﺮ
ﺑﻴﻦ ﺳﺘﻮنﻫﺎ ﻣﻲﺑﺎﺷﺪ و ﺿﺮﻳﺐ  kﻧﻴﺰ ﻣﻘﺪار ﺛﺎﺑﺘﻲ اﺳﺖ ﻛﻪ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺟﻨﺲ ﺧـﺎك ﻣـﻲﺗـﻮان آن را از ﻣﻨﺤﻨـﻲﻫـﺎ
اﺳﺘﺨﺮاج ﻧﻤﻮد .ﺣﺪاﻗﻞ ﻣﻘﺪار  kرا ﻣﻲﺗﻮان ﺑﺮاﺑﺮ ﺑﺎ  0/3ﺑـﺮاي ﺧـﺎك رﺳـﻲ ،و ﺣـﺪاﻛﺜﺮ آن را ﺑﺮاﺑـﺮ ﺑـﺎ  0/66ﺑـﺮاي
ﺧﺎﻛﻬﺎي ﻣﺎﺳﻪ اي ﻣﻨﻈﻮر ﻧﻤﻮد] .[7زﻳﺮا ﺧﺎﻛﻬﺎ ﺑﺎ ﻣﺸﺨﺼﺎت ﻣﺨﺘﻠﻒ ،ﻋﻤﻠﻜﺮدﻫﺎي ﻣﺨﺘﻠﻔﻲ در ﻣﺴﺌﻠﻪ ﻧﺸﺴﺖ دارﻧـﺪ؛
ﺑﺎ ﻣﺸﺎﻫﺪه ﺟﺪول ) (1ﻣﺸﺨﺺ ﻣﻲﺷﻮد ﻛﻪ ﻣﻘﺪار ﻧﺸﺴﺖ ﻛﻞ در ﺧﺎﻛﻬﺎي ﻣﺎﺳﻪ اي ﻛﻤﺘﺮ از ﺧﺎﻛﻬﺎي رﺳﻲ ﻣﻲﺑﺎﺷـﺪ
اﻣﺎ اﺧﺘﻼف ﻧﺸﺴﺖ در ﺧﺎﻛﻬﺎي ﻣﺎﺳﻪ اي ﺗﻘﺮﻳﺒﺎً ﺑﺮاﺑﺮ ﺑﺎ ﻧﺸﺴﺖ ﺣﺪاﻛﺜﺮ اﺳﺖ وﻟﻲ در ﺧﺎﻛﻬﺎي رﺳـﻲ ،اﻳـﻦ اﺧـﺘﻼف
ﻧﺸﺴﺖ ﺑﺴﻴﺎر ﻛﻮﭼﻜﺘﺮ از ﻧﺸﺴﺖ ﺣﺪاﻛﺜﺮ ﻣﻲﺑﺎﺷﺪ ] .[8ﺑﻨﺎﺑﺮاﻳﻦ ﻣﻲﺗﻮان ﭼﻨﻴﻦ ﻧﺘﻴﺠﻪﮔﻴﺮي ﻛﺮد ﻛﻪ اﺛﺮ ﻧﺸـﺴﺖ ﻏﻴـﺮ
ﻳﻜﻨﻮاﺧﺖ ﺑﺮ ﺳﺎزه ،در ﺧﺎﻛﻬﺎي ﻣﺎﺳﻪاي ﺑﻴﺸﺘﺮ از ﺧﺎﻛﻬﺎي رﺳﻲ اﺳﺖ.
ﺟﺪول  :1ﻣﻘﺎﻳﺴﺔ ﻧﺸﺴﺖ در ﺧﺎكﻫﺎي رﺳﻲ و ﻣﺎﺳﻪ اي
رس )ﺑﻪ ﻃﻮر ﻣﻌﻤﻮل ﺗﺤﻜﻴﻢ
ﻳﺎﻓﺘﻪ و ﻳﺎ ﻛﻤﻲﺑﻴﺶ از ﺣﺪ

ﻣﺎﺳﻪ

ﻣﻮرد

ﺗﺤﻜﻴﻢ ﻳﺎﻓﺘﻪ(
 Δρوρmax
ﺑﺰرگ
آﻫﺴﺘﻪ
ﺑﻪ ﺷﻜﻞ ﺑﺸﻘﺎﺑﻲ
 Δρmaxﻣﻌﻤﻮﻻً ﺧﻴﻠﻲ ﻛﻤﺘﺮ از
ρmax
ﻧﺴﺒﺘﺎً ﻛﻮﭼﻚ زﻳﺮا  ρﺑﺎ ﻗﺎﺋﺪه ﺑﻮده و
آﻫﺴﺘﻪ اﺗﻔﺎق ﻣﻲاﻓﺘﺪ

 ،ﺑﻪ ﺧﺼﻮص ﺗﺤﺖ اﺛﺮ ﺑﺎرﻫﺎي Δρ
دوره اي و ﻳﺎ دﻳﻨﺎﻣﻴﻜﻲ
ﻛﻮﭼﻚ
ﺳﺮﻳﻊ
ﺑﺰرگ در ﻟﺒﻪﻫﺎي ﭘﻲρﺑﻲ ﻗﺎﺋﺪه،

ﻋﺎﻣﻞ ﻛﻨﺘﺮل ﻛﻨﻨﺪه ﻃﺮاﺣﻲ ﭘﻲ
ﻣﻴﺰان ﻧﺸﺴﺖ
آﻫﻨﮓ ﻧﺸﺴﺖ
اﻟﮕﻮي ﻧﺸﺴﺖ

 Δρmaxاﻏﻠﺐ ﻧﺰدﻳﻚ ﺑﻪ ρmax

راﺑﻄﻪ ﺑﻴﻦ  Δρmaxو ρmax

ﻧﺴﺒﺘﺎً ﺑﺰرگ زﻳﺮا  ρﺑﻲ ﻗﺎﺋﺪه ﺑﻮده و
ﺳﺮﻳﻊ اﺗﻔﺎق ﻣﻲاﻓﺘﺪ

اﺛﺮ  Δρﻣﻔﺮوض ﺑﺮ روي ﺳﺎزه

ﻣﺪﻟﺴﺎزي ﺑﺪﻧﻪ ﺑﺮج
در اﻳﻦ ﺗﺤﻘﻴﻖ ،ﺑﺮج ﺷﺎزﻧﺪ اراك ﺑﻪ ارﺗﻔﺎع  130ﻣﺘﺮ و ﺷﻌﺎع ﻣﺘﻮﺳﻂ ﭘﻲ 53 /183ﻣﺘﺮ ﻣﺪل ﺷﺪه اﺳﺖ .ﭘﻲ ،ﺳﺘﻮﻧﻬﺎ و
ﭘﻮﺳﺘﻪ ،ﺑﻪ ﺗﺮﺗﻴﺐ ﺑﺎ اﻟﻤﺎنﻫﺎي ﺣﺠﻤﻲ) ،(C3D8 , solidﺗﻴﺮ ) (B31, beamو ﭘﻮﺳـﺘﻪاي ) (S4, S3R, shellﻣـﺪل
ﺷﺪهاﻧﺪ .ﻣﺪل اﻟﻤﺎن ﺑﻨﺪي ﺷﺪه ﺑﺮج در ﺷﻜﻞ ) (1ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .اﻟﻤﺎﻧﻬﺎي ﺣﺠﻤﻲدر ﻫﺮ ﮔﺮه 3 ،درﺟـﻪ آزادي
اﻧﺘﻘﺎﻟﻲ دارﻧﺪ .اﻟﻤﺎﻧﻬﺎي ﺗﻴﺮ و ﭘﻮﺳﺘﻪاي ،درﻫﺮ ﮔﺮه 3 ،درﺟﻪ آزادي اﻧﺘﻘﺎﻟﻲ و  3درﺟﻪ آزادي دوراﻧﻲ دارﻧﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑـﻪ

––––––––––––––––––––––– ﺗﻐﻴﻴﺮﺷﻜﻞﻫﺎ و آﺳﻴﺐﻫﺎي ﺑﻮﺟﻮد آﻣﺪه در ﺑﺮجﻫﺎي ﺧﻨﻚﻛﻨﻨﺪه15 /....

اﻳﻨﻜﻪ ﺿﺨﺎﻣﺖ اﻟﻤﺎنﻫﺎي ﭘﻲ ﻧﺴﺒﺖ ﺑﻪ دو ﺑﻌﺪ دﻳﮕﺮش ﻗﺎﺑﻞ ﻣﻼﺣﻈﻪ اﺳﺖ ،ﻟﺬا اﺳﺘﻔﺎده از اﻟﻤﺎﻧﻬـﺎي ﭘﻮﺳـﺘﻪاي در
ﭘﻲ ،ﺑﺎﻋﺚ اﻳﺠﺎد ﺧﻄﺎﻫﺎي ﻋﺪدي ﻣﻲﺷﻮد؛ ﻫﻤﭽﻨﻴﻦ ﺑﻪ دﻟﻴﻞ ﺳﻄﺢ ﻣﻘﻄﻊ ﺑﺰرگ اﻟﻤﺎنﻫﺎي ﭘﻲ ﻧﺴﺒﺖ ﺑﻪ ﻃﻮﻟـﺸﺎن و
ﻧﻴﺰ ﺑﻪ دﻟﻴﻞ ﻋﺪم وﺟﻮد دﻗﺖ ﻛﺎﻓﻲ در ﻣﺪل ﻛﺮدن ﺳﺨﺘﻲ ﭘﻴﭽﺸﻲ ﺧﺎك ،اﺳﺘﻔﺎده از اﻟﻤﺎﻧﻬـﺎي ﺗﻴـﺮ در ﭘـﻲ ،ﻣﻨﻄﻘـﻲ
ﻧﺒﻮده .اﺳﺘﻔﺎده از اﻟﻤﺎنﻫﺎي ﺣﺠﻤﻲدرﺳﺘﻮﻧﻬﺎ ،ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﻛﻪ ﻧﺘﺎﻳﺞ ﻓﻘﻂ ﺑﺮاﺳﺎس ﺗﻨﺶ -ﻛﺮﻧﺶ ﺣﺎﺻﻞ ﺷﻮﻧﺪ ،ﻛﻪ
اﻳﻦ ﻛﺎر از ﻧﻈﺮ ﻣﻬﻨﺪﺳﻲ ﻗﺎﺑﻞ ﻗﺒﻮل ﻧﻤﻲﺑﺎﺷﺪ و ﺑﻬﺘﺮ اﺳﺖ ﺧﺮوﺟﻲﻫﺎي ﻧﻴﺮو و ﻟﻨﮕﺮ را ﻧﻴﺰ داﺷﺘﻪ ﺑﺎﺷﻴﻢ ﻟـﺬا اﻟﻤـﺎن-
ﻫﺎي ﺗﻴﺮ اﻧﺘﺨﺎب ﮔﺮدﻳﺪﻧﺪ .ﺟﻬﺖ ﺑﻪدﺳﺖ آوردن ﻧﺘﺎﻳﺞ دﻗﻴﻖ ،در ﻧﺰدﻳﻜﻲ ﻣﺤﻞ اﺗﺼﺎل ﭘﻮﺳﺘﻪ ﺑﻪ ﺳـﺘﻮﻧﻬﺎ ،ﺗـﺎ ارﺗﻔـﺎع
 22ﻣﺘﺮ ،از ﻣﺶ ﺑﻨﺪي رﻳﺰﺗﺮي در ﭘﻮﺳﺘﻪ اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.

ﺷﻜﻞ  -1ﻣﺪل اﻟﻤﺎن ﺑﻨﺪي ﺷﺪه ﺑﺮج ﺷﺎزﻧﺪ اراك

ﺑﺮﺧﻲ از آرﻣﺎﺗﻮرﻫﺎي ﭘﻲ ﺑﻪ ﺻﻮرت آرﻣﺎﺗﻮرﻫﺎي ﻣﻨﻔﺮد و ﺑﺮﺧﻲ دﻳﮕﺮ ،ﺑﻪ ﺻﻮرت ﻻﻳﻪاي ﻓﻮﻻدي ﺑﺎ ﺿﺨﺎﻣﺖ ﻣﻌﺎدل،
ﻣﺪل ﺷﺪه اﺳﺖ .آرﻣﺎﺗﻮرﻫﺎي ﺳﺘﻮنﻫﺎ ،ﺑﻪ ﺻﻮرت ﻣﻨﻔﺮد و آرﻣﺎﺗﻮرﻫﺎي ﭘﻮﺳﺘﻪ ﺑﻪ ﺻﻮرت ﻻﻳﻪاي ﻓﻮﻻدي ﺑﺎ ﺿﺨﺎﻣﺖ
ﻣﻌﺎدل ،ﻣﺪل ﺷﺪهاﻧﺪ.
رﻓﺘﺎر ﻓﻮﻻد ﺑﺮاي ﻣﺪﻟﺴﺎزي آرﻣﺎﺗﻮرﻫﺎ ﺑﻪ ﺻﻮرت دو ﺧﻄﻲ ﺑﺎ ﺳﺨﺖ ﺷﻮﻧﺪﮔﻲ ﺳﻴﻨﻤﺎﺗﻴﻜﻲ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷـﺪه اﺳـﺖ.
درﺟﺪول ) (2ﻣﺸﺨﺼﺎت ﻓﻮﻻد ﻣﻮرد اﺳﺘﻔﺎده درآرﻣﺎﺗﻮرﻫﺎ آﻣﺪه اﺳﺖ.
ﺟﺪول  :2ﻣﺸﺨﺼﺎت ﻓﻮﻻد ﺑﻪ ﻛﺎر رﻓﺘﻪ در آرﻣﺎﺗﻮرﻫﺎ

)

ρ
m3

(kg

7850

fy

) (MPa

E
) (MPa

) (MPa

2/1E3

2/1E5

400

Es

ﺑﺮاي ﻣﺪل ﻛﺮدن ﺑﺘﻦ ،در ﭘﻲ و ﭘﻮﺳﺘﻪ ،از ﻣﺪل ﭘﻼﺳﺘﻴﺴﻴﺘﻪ آﺳﻴﺐ دﻳﺪه ﺑﺘﻦ؛ و درﺳـﺘﻮﻧﻬﺎ از ﻣـﺪل ﺗـﺮك ﭘﻮﺷـﺸﻲ،
اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .ﻣﺪل ﭘﻼﺳﺘﻴﺴﻴﺘﻪ آﺳﻴﺐ دﻳﺪه ﺑﺘﻦ ،ﺑﺎ ﻧﺘـﺎﻳﺞ آزﻣﺎﻳـﺸﮕﺎﻫﻲ ﻣﻄﺎﺑﻘـﺖ ﺑﻬﺘـﺮي دارد ،زﻳـﺮا ﺑﺎزﻳـﺎﺑﻲ
ﺳﺨﺘﻲ ﺑﻪ ﻫﻨﮕﺎم وارد ﺷﺪن از ﻛﺸﺶ ﺑﻪ ﻓﺸﺎر را در ﻧﻈﺮ ﻣﻲﮔﻴﺮد .ﻫﻤﭽﻨﻴﻦ در اﻳﻦ ﻣﺪل ،ﻛﺎﻫﺶ ﺳﺨﺘﻲ ﺑـﻪ ﻫﻨﮕـﺎم
ﺑﺎرﺑﺮداريﻫﺎ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد ﻛﻪ اﻳﻦ ﻛﺎﻫﺶ ﺑﺎ اﻓﺰاﻳﺶ ﻛﺮﻧﺶ ﭘﻼﺳﺘﻴﻚ ،اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ .ﻣﺸﺨﺼﺎت ﺑﺘﻦ ﺑـﻪ
ﻛﺎر رﻓﺘﻪ در ﺟﺪول ) (3آﻣﺪه اﺳﺖ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﺸﺨﺼﺎت زﻳﺮ ،ﻣﻨﺤﻨﻲﻫﺎي ﺗﻨﺶ -ﻛﺮﻧﺶ ﻓﺸﺎري و ﻛﺸﺸﻲ ﺑـﺮآورد
ﺷﺪهاﻧﺪ ].[9
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ﺟﺪول  :3ﻣﺸﺨﺼﺎت ﺑﺘﻦ ﺑﻪ ﻛﺎر رﻓﺘﻪ در ﻣﺪل

)

ρ
m3

(kg

2400

f t′

Eo

ES

f c′

υ

) (MPa

) (MPa

) (MPa

) (MPa

0/2

15000

31500

3/5
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ﻣﺪﻟﺴﺎزي ﺧﺎك زﻳﺮ ﺳﺎزه
ﺑﺮاي ﻣﺪل ﻛﺮدن ﺧﺎك ،از ﻓﻨﺮﻫﺎﻳﻲ در  3ﺟﻬﺖ اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .ﺳﺨﺘﻲ ﻓﻨﺮﻫﺎ ﻛﻪ ﺗﺎﺑﻌﻲ از ﺷﻌﺎعﻫﺎي ﭘﻲ و ﻣﺪول
ﺑﺮﺷﻲ ﺧﺎك ﻣﻲﺑﺎﺷﺪ ،از روي ﻧﻤﻮدارﻫﺎي اراﺋﻪ ﺷﺪه ،ﻣﺤﺎﺳﺒﻪ ﺷﺪه اﺳﺖ] .[10ﻣﺪل رﻳﺎﺿﻲ ﻧﺸﺴﺖ ﻏﻴـﺮ ﻳﻜﻨﻮاﺧـﺖ
ﭘﻲ،

k
) U o cos(nθ
2−k

k
Uo
2−k

ﻣﻲﺑﺎﺷﺪ ﻛﻪ

ﻧﺼﻒ ﺣﺪاﻛﺜﺮ اﺧﺘﻼف ﻧﺸﺴﺖ ﭘﻲ ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﺑﺎ ﻣﺎﺳﻪاي ﺑﻮدن

ﺧــﺎك ،ﺣــﺪاﻛﺜﺮ اﺧــﺘﻼف ﻧﺸــﺴﺖ اﻋﻤــﺎل ﺷــﺪه ،ﻫﻤــﺎن ﻧﺸــﺴﺖ ﻣﻴــﺎﻧﮕﻴﻦ ﭘــﻲ ، U o ،ﻣــﻲﺑﺎﺷــﺪ؛ ﻳﻌﻨــﻲ
)  ω = 0.5U o cos(nθﻛﻪ درآن ،n) 2 ≤ n ≤ 18 ،ﺷﻤﺎره ﻣﻮد ﻧﺸﺴﺖ(.
ﺗﻐﻴﻴﺮﺷﻜﻞﻫﺎ و آﺳﻴﺐﻫﺎي ﺑﻮﺟﻮد آﻣﺪه
اﺑﺘﺪا ﺳﺎزه ﺑﺮج ﺗﺤﺖ وزن ﺗﺤﻠﻴﻞ ﺷﺪ ،ﺳﭙﺲ ﻣﻮدﻫﺎي ﻣﺨﺘﻠﻒ ﻧﺸﺴﺖ ﺑﻪ آن اﻋﻤﺎل ﮔﺮدﻳﺪ و آﻧﺎﻟﻴﺰﻫﺎ ﺻﻮرت ﮔﺮﻓـﺖ.
ﻣﻨﻈﻮر از ﻣﻮد ﻧﺸﺴﺖ ﺻﻔﺮ ،آﻧﺎﻟﻴﺰ ﺗﺤﺖ وزن ﻣﻲﺑﺎﺷﺪ .ﻧﺘﺎﻳﺞ ﺗﺤﻠﻴﻞﻫﺎ در ﻧﻤﻮدارﻫﺎي ﻣﺮﺑﻮﻃﻪ آﻣﺪه اﺳﺖ.
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ﺷﻜﻞ  -3درﺻﺪ آﺳﻴﺐ دﻳﺪﮔﻲ ﻛﺸﺸﻲ ﭘﻲ
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ﺷﻜﻞ  -4ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮﺷﻜﻞ اﻓﻘﻲ ﺑﻮﺟﻮد آﻣﺪه در ﭘﻲ

در اﺛﺮ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ،ﺣﺪاﻛﺜﺮ آﺳﻴﺐ ﻛﺸﺸﻲ ﭘﻲ از ﻣﻘﺪار ﺻﻔﺮ در ﺣﺎﻟﺖ ﺗﺤـﺖ وزن ﺑـﻪ ﻣﻘـﺪار %56در ﻣـﻮد
ﻧﺸﺴﺖ  n=18رﺳﻴﺪه اﺳﺖ.ﻻزم ﺑﻪ ذﻛﺮ اﺳﺖ ﻛﻪ در اﺛﺮ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ،ﭘﻲ ﻫﻴﭻ ﮔﻮﻧﻪ آﺳﻴﺐ ﻓﺸﺎري ﻧﺪﻳﺪه
اﺳﺖ و ﻣﻘﺪار آن در ﺗﻤﺎﻣﻲﻣﻮدﻫﺎ ﺻﻔﺮ ﻣﻲﺑﺎﺷﺪ.
در ﻣﻮد ﻧﺸﺴﺖ  n=2و  n=3و  ،n=4ﭘﻲ ﻣﺎﻧﻨﺪ ﺣﺎﻟﺖ ﺗﺤﺖ وزن ،اﺻﻼً آﺳﻴﺐ ﻛﺸﺸﻲ ﻧﺪﻳﺪه اﺳﺖ .و ﺑﻌـﺪ از آن ﺑـﺎ
اﻓﺰاﻳﺶ ﺷﻤﺎره ﻣﻮد ﻧﺸﺴﺖ ،درﺻﺪ آﺳﻴﺐ دﻳﺪﮔﻲ ﻛﺸﺸﻲ اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ اﺳﺖ .ﺑﻪ ﻃـﻮري ﻛـﻪ ﻣـﺎﻛﺰﻳﻤﻢ آن در ﻣـﻮد
ﻧﺸﺴﺖ  n=18رخ داده اﺳﺖ .ﻳﻌﻨﻲ در اﺛﺮ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ %87 ،ﭘﻲ آﺳﻴﺐ ﻛﺸﺸﻲ دﻳﺪه اﺳﺖ.
ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ ﺑﺎﻋﺚ ﺷﺪه اﺳﺖ ﻛﻪ در ﭘﻲ ،ﺗﻐﻴﻴﺮ ﺷﻜﻞ اﻓﻘﻲ ﺑﻮﺟﻮد آﻳﺪ .ﺑﻪ ﻃﻮري ﻛﻪ در ﺑﺤﺮاﻧﻲ ﺗﺮﻳﻦ ﺣﺎﻟﺖ
ﻛﻪ ﻣﻮد ﻧﺸﺴﺖ  n=6ﻣﻲﺑﺎﺷﺪ ،ﻣﻘﺪار ﻣﺎﻛﺰﻳﻤﻢ آن از  2/7 mmدر ﺣﺎﻟﺖ ﺗﺤـﺖ وزن ﺑـﻪ  5/89 mmرﺳـﻴﺪه اﺳـﺖ.
ﻳﻌﻨﻲ ﻣﻘﺪار آن 2/2 ،ﺑﺮاﺑﺮ ﺷﺪه اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﺷﻜﻞ ﻧﺴﺒﻲ ﭘﻲ 0/000053 ،ﻳﻌﻨـﻲ  0/0053درﺻـﺪ
ﻣﻲﺑﺎﺷﺪ) .ﻣﻨﻈﻮر از ﺗﻐﻴﻴﺮﺷﻜﻞ ﻧﺴﺒﻲ ﭘﻲ ،ﻧﺴﺒﺖ ﺗﻐﻴﻴﺮﺷﻜﻞ اﻓﻘﻲ ﺑﻪ ﻗﻄﺮ آن ﻣﻲﺑﺎﺷﺪ(.
ﺷﻜﻞ ) ،(5ﺷﻜﻞ ﺗﻐﻴﻴﺮﻳﺎﻓﺘﻪ ﭘﻲ را در ﻣﻮد ﻧﺸﺴﺖ  n=18ﻧﺸﺎن ﻣﻲدﻫﺪ .ﮔﻔﺘﻨﻲ اﺳﺖ ﻛﻪ ﻓﺮم ﺗﻐﻴﻴﺮﻳﺎﻓﺘﻪ ﭘـﻲ ،ﺑـﺮاي
وﺿﻮح ﺑﻴﺸﺘﺮ ،ﻣﻘﻴﺎس ﺷﺪه اﺳﺖ.
ﻓﺮم اوﻟﻴﻪ ﭘﻲ
ﻓﺮم ﺗﻐﻴﻴﺮ ﻳﺎﻓﺘﻪ ﭘﻲ

ﺷﻜﻞ ﺗﻐﻴﻴﺮﻳﺎﻓﺘﻪ ﭘﻲ ﻧﺴﺒﺖ ﺑﻪ ﺣﺎﻟﺖ وزن
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ﺷﻜﻞ  -5ﻓﺮم ﺗﻐﻴﻴﺮ ﻳﺎﻓﺘﺔ ﭘﻲ در ﻣﻮد ﻧﺸﺴﺖ n =18

ﭼﻨﺎﻧﭽﻪ ﻛﺎﻧﺘﻮر آﺳﻴﺐ ﻛﺸﺸﻲ ﭘﻲ را در ﻣﻮد ﻧﺸﺴﺖ  n= 18را در ﻧﻈﺮ ﺑﮕﻴﺮﻳﻢ ﻛﻪ ﻣﻴﺰان آﺳﻴﺐ ﻛﺸﺸﻲ و ﻧﻴﺰ درﺻـﺪ
آﺳﻴﺐ دﻳﺪﮔﻲ ﻛﺸﺸﻲ ﭘﻲ ،از ﺑﻘﻴﻪ ﻣﻮدﻫﺎ ﺑﻴﺸﺘﺮ اﺳﺖ؛ ﻣﺸﺎﻫﺪه ﻣﻲﮔﺮدد ﻛﻪ ﻧﺎﺣﻴﻪ آﺳﻴﺐ ﻛﺸﺸﻲ ﭘﻲ از ﻟﺒـﻪ ﺧـﺎرﺟﻲ
آن ﻛﻪ در اﻣﺘﺪاد ﺳﺘﻮن ﻣﻲﺑﺎﺷﺪ ،آﻏﺎز ﺷﺪه و ﺑﻪ ﺗﺮﺗﻴﺐ در ﻧﺎﺣﻴﻪ اﻃﺮاف ﺳﺘﻮنﻫﺎ ﮔﺴﺘﺮش ﻳﺎﻓﺘﻪ اﺳﺖ .ﻻزم ﺑـﻪ ذﻛـﺮ
اﺳﺖ ﻛﻪ ﻧﺮخ آﺳـﻴﺐ ﻛﺸـﺸﻲ در اﻃـﺮاف ﺳـﺘﻮنﻫـﺎﻳﻲ ﻛـﻪ ﻧﺸﺴﺘـﺸﺎن ﺑـﺎ در ﻧﻈـﺮ ﮔـﺮﻓﺘﻦ ﻧﺸـﺴﺖ ﺗﺤـﺖ وزن،
 − u o + 0.5u oﻣﻲﺑﺎﺷﺪ ﺑﻪ ﻣﺮاﺗﺐ ﺑﻴﺸﺘﺮ اﺳﺖ از ﺳﺘﻮنﻫﺎﻳﻲ ﻛـﻪ ﻧﺸـﺴﺖ ﻫﻤـﺮاه وزﻧـﺸﺎن − u o − 0.5u o
ﻣﻲﺑﺎﺷﺪ .ﻳﻌﻨﻲ ﭘﻲ اﻃﺮاف ﺳﺘﻮنﻫﺎﻳﻲ ﻛﻪ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ﺑﺎﻋﺚ ﺷﺪه ﺑﻪ ﺳـﻤﺖ ﺑـﺎﻻ ﺟﺎﺑﺠـﺎﻳﻲ داﺷـﺘﻪ ﺑﺎﺷـﻨﺪ،
ﺑﻴﺸﺘﺮ آﺳﻴﺐ ﻛﺸﺸﻲ دﻳﺪهاﻧﺪ .ﻛﺎﻧﺘﻮر آﺳﻴﺐ ﻛﺸﺸﻲ ﭘﻲ در ﻣﻮد ﻧﺸﺴﺖ  n=18در ﺷﻜﻞ ) (6ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.

ﺷﻜﻞ  -6ﻛﺎﻧﺘﻮر آﺳﻴﺐ ﻛﺸﺸﻲ ﭘﻲ در ﻣﻮد ﻧﺸﺴﺖ n=18
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ﺷﻜﻞ  -9ﻣﻴﺰان درﺻﺪ ﺳﺘﻮنﻫﺎي ﺗﺮك ﺧﻮرده
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ﺷﻜﻞ  -10ﻧﻤﻮدار ﻧﺮﻣﺎل ﺷﺪه ﺗﻌﺪاد ﺗﺮكﻫﺎي ﺑﻮﺟﻮد آﻣﺪه در ﺳﺘﻮنﻫﺎ

در اﺛﺮ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ،ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﺟﺎﻧﺒﻲ ﺳﺘﻮنﻫﺎ از  9/56 mmدر ﺣﺎﻟﺖ وزن ،ﺑـﻪ  35/68 mmدر
ﻣﻮد ﻧﺸﺴﺖ  n=3رﺳﻴﺪه اﺳﺖ .ﻳﻌﻨﻲ ﻣﻘﺪار ﻣﺎﻛﺰﻳﻤﻢ آن ﻧـﺴﺒﺖ ﺑـﻪ وزن 3/7 ،ﺑﺮاﺑـﺮ ﺷـﺪه اﺳـﺖ .ﻫﻤﭽﻨـﻴﻦ ﻣﻘـﺪار
ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﻧﺴﺒﻲ آن ﺗﺤﺖ ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ 0/0013 ،ﻳﻌﻨﻲ  0/13درﺻﺪ ﻣﻲﺑﺎﺷـﺪ .ﻣـﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴـﺮ
ﻣﻜﺎن ﺟﺎﻧﺒﻲ و ﻧﺴﺒﻲ ﺳﺘﻮنﻫﺎ ﻛﻪ در ﻣﻮد ﻧﺸﺴﺖ  n=3ﺑﻮﺟﻮد آﻣﺪه اﺳﺖ ،در اﻧﺘﻬﺎي ﺳﺘﻮن ﻳﻌﻨﻲ ﻣﺤﻞ اﺗﺼﺎل ﺳﺘﻮن
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ﺑﻪ ﭘﻮﺳﺘﻪ رخ داده اﺳﺖ.
ﺗﺤﺖ وزن و ﻣﻮد ﻧﺸﺴﺖ  n=2و  n=3و  ،n=4ﻫﻴﭻ ﻳﻚ از ﺳﺘﻮنﻫﺎ ﺗﺮك ﻧﺨﻮرده اﺳﺖ .اﻣﺎ در ﻣﻮد ﻧﺸـﺴﺖ ،n=18
 %50ﺗﻌﺪاد ﺳﺘﻮنﻫﺎ ﺗﺮك ﺧﻮرده اﺳﺖ .ﭼﻨﺎﻧﭽﻪ در ﻫﺮ ﻣﻮد ﻧﺸﺴﺖ ،ﺗﻌﺪاد ﺗﺮكﻫﺎﻳﻲ را ﻛﻪ در ﻛﻞ ﺳـﺘﻮنﻫـﺎ ﺑﻮﺟـﻮد
ﻣﻲآﻳﺪ را ﻧﺴﺒﺖ ﺑﻪ ﻣﻘﺪار ﻣﺎﻛﺰﻳﻤﻢ ﺗﻌﺪاد ﺗﺮكﻫﺎ ،ﻧﺮﻣﺎل ﻛﻨﻴﻢ ﺑﻪ ﻧﻤﻮدار ) (10ﻣﻲرﺳﻴﻢ ﻛﻪ ﻧﺸﺎن ﻣﻲدﻫـﺪ ﺑﻴـﺸﺘﺮﻳﻦ
ﺗﻌﺪاد ﺗﺮكﻫﺎي ﺳﺘﻮنﻫﺎ ،در ﻣﻮد ﻧﺸﺴﺖ  n=18ﺑﻮﺟﻮد آﻣﺪه اﺳﺖ.
 -3ﭘﻮﺳﺘﻪ
از آﻧﺠﺎﻳﻲ ﻛﻪ رﻳﻨﮓ ﺗﺤﺘﺎﻧﻲ ،ﻣﺤﺪوده ﻛﺎﻣﻼً ﻣﺸﺨﺼﻲ ﻧﻴـﺴﺖ ،ﻟـﺬا ﻣﻨﻈـﻮر از رﻳﻨـﮓ ﺗﺤﺘـﺎﻧﻲ ،ﻧﺎﺣﻴـﻪ ﺣـﺪودي آن
ﻣﻲﺑﺎﺷﺪ.
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ﺷﻜﻞ  -12ﻣﺤﻞ ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮﻣﻜﺎن ﺟﺎﻧﺒﻲ ﺑﻮﺟﻮد آﻣﺪه درﭘﻮﺳﺘﻪ

ﺗﺤﺖ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ،ﻣﻘﺪار آﺳﻴﺐ دﻳﺪﮔﻲ ﻛﺸﺸﻲ در ﻛﻞ ﭘﻮﺳﺘﻪ ،در ﺗﻤﺎم ﻣﻮدﻫﺎي ﻧﺸﺴﺖ ﺑـﻪ ﺟـﺰ ﻣﻮدﻫـﺎي
ﻧﺸﺴﺖ  n=4و  ،n=5ﺑﺮاﺑﺮ ﺻﻔﺮ ﺑﺪﺳﺖ آﻣﺪ ﻳﻌﻨﻲ ﭘﻮﺳﺘﻪ ﻫﻴﭻﮔﻮﻧﻪ آﺳﻴﺐ ﻛﺸﺸﻲ ﻧﺪﻳﺪه اﺳﺖ .در ﻣﻮد ﻧﺸـﺴﺖ n=4
و  n=5ﻧﻴﺰ ،آﺳﻴﺐ ﻛﺸﺸﻲ ﻓﻮقاﻟﻌﺎده ﻧﺎﭼﻴﺰ ﺑﺪﺳﺖ آﻣﺪه اﺳﺖ .ﭼﻨﺎﻧﭽﻪ  4ﻣﺘﺮ اﻃـﺮاف رﻳﻨـﮓ ﻓﻮﻗـﺎﻧﻲ را ﺑـﻪ ﻋﻨـﻮان
»ﻧﺎﺣﻴﻪ اﻃﺮاف رﻳﻨﮓ ﻓﻮﻗﺎﻧﻲ« در ﻧﻈﺮ ﺑﮕﻴﺮﻳﻢ ،در ﻣﻮد ﻧﺸﺴﺖ  %15 ،n=4ﻧﺎﺣﻴﻪ اﻃﺮاف رﻳﻨﮓ ﻓﻮﻗﺎﻧﻲ ،دﭼﺎر آﺳـﻴﺐ
دﻳﺪﮔﻲ ﻛﺸﺸﻲ ﺷﺪه اﺳﺖ اﻣﺎ ﻣﻘﺪار آﺳﻴﺐ دﻳﺪﮔﻲ ﻧﺎﭼﻴﺰ ﻣﻲﺑﺎﺷﺪ ﺑﻪ ﮔﻮﻧﻪاي ﻛﻪ ﻣﻘﺪار ﻣـﺎﻛﺰﻳﻤﻢ آن %4 ،ﻣـﻲﺑﺎﺷـﺪ.

––––––––––––––––––––––– ﺗﻐﻴﻴﺮﺷﻜﻞﻫﺎ و آﺳﻴﺐﻫﺎي ﺑﻮﺟﻮد آﻣﺪه در ﺑﺮجﻫﺎي ﺧﻨﻚﻛﻨﻨﺪه21 /....

ﻫﻤﭽﻨﻴﻦ در ﻣﻮد ﻧﺸﺴﺖ  %4/8 ،n=5ﻧﺎﺣﻴﻪ ﺣﺪودي رﻳﻨﮓ ﺗﺤﺘﺎﻧﻲ دﭼﺎر آﺳﻴﺐ دﻳﺪﮔﻲ ﻛﺸﺸﻲ ﺷﺪه اﺳـﺖ و ﻣﻘـﺪار
اﻳﻦ آﺳﻴﺐدﻳﺪﮔﻲ ﻧﻴﺰ ﻓﻮقاﻟﻌﺎده اﻧﺪك اﺳﺖ ﺑﻪ ﮔﻮﻧﻪاي ﻛﻪ ﻣﻘﺪار ﻣﺎﻛﺰﻳﻤﻢ آن %1 ،ﻣﻲﺑﺎﺷﺪ.
ﻻزم ﺑﻪ ذﻛﺮ اﺳﺖ ﻛﻪ در اﺛﺮ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ،ﭘﻮﺳﺘﻪ در ﻫﻴﭻ ﻳﻚ از ﻣﻮدﻫﺎي ﻧﺸـﺴﺖ ،آﺳـﻴﺐ ﻓـﺸﺎري ﻧﺪﻳـﺪه
اﺳﺖ ﺑﻪ ﮔﻮﻧﻪاي ﻛﻪ ﻣﻘﺪار آن در ﺗﻤﺎﻣﻲﻣﻮدﻫﺎ ﺑﺮاﺑﺮ ﺻﻔﺮ ﺑﺪﺳﺖ آﻣﺪه اﺳﺖ.
ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﺟﺎﻧﺒﻲ ﭘﻮﺳﺘﻪ از  2/15mmدر ﺣﺎﻟﺖ ﺗﺤﺖ وزن ،ﺑﻪ  65/9mmدر ﻣـﻮد ﻧﺸـﺴﺖ  n=3رﺳـﻴﺪه
اﺳﺖ .ﻳﻌﻨﻲ ﻣﻘﺪار ﻣﺎﻛﺰﻳﻤﻢ آن ﻧﺴﺒﺖ ﺑﻪ ﺣﺎﻟﺖ وزن 30/7 ،ﺑﺮاﺑﺮ ﺷﺪه اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴـﺮ ﻣﻜـﺎن ﻧـﺴﺒﻲ
آن  0/00062ﻳﻌﻨﻲ  0/062درﺻﺪ ﻣﻲﺑﺎﺷﺪ .ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﺟﺎﻧﺒﻲ ﭘﻮﺳﺘﻪ ﺗﺤﺖ ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧـﺖ ﻛـﻪ در
ﻣﻮد  n=3ﺑﻮﺟﻮد آﻣﺪه اﺳﺖ ،در ارﺗﻔﺎع  47ﻣﺘﺮي ﭘﻮﺳﺘﻪ )ﻳﻌﻨﻲ  0/44ارﺗﻔﺎع ﭘﻮﺳﺘﻪ( رخ داده اﺳـﺖ .ﻫﻤﭽﻨـﻴﻦ ﻗﺎﺑـﻞ
ﻣﺸﺎﻫﺪه اﺳﺖ ﻛﻪ در اﻛﺜﺮ ﻣﻮدﻫﺎي ﻧﺸﺴﺖ ،ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﺟﺎﻧﺒﻲ ﭘﻮﺳـﺘﻪ ،در اﺑﺘـﺪاي ﻧﺎﺣﻴـﻪ ﺣـﺪودي رﻳﻨـﮓ
ﺗﺤﺘﺎﻧﻲ )اﺑﺘﺪاي ﭘﻮﺳﺘﻪ( ﺣﺎﺻﻞ ﺷﺪه اﺳﺖ.
ﺷﻜﻞ ) (13ﻓﺮم ﺗﻐﻴﻴﺮﻳﺎﻓﺘﻪ ﺑﺮج را در ﻣﻮد ﻧﺸﺴﺖ  n=3ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮﻣﻜﺎن ﺟﺎﻧﺒﻲ ﺳﺘﻮن و ﭘﻮﺳﺘﻪ
در آن رخ داده اﺳﺖ .ﮔﻔﺘﻨﻲ اﺳﺖ ﻛﻪ ﺷﻜﻞ ﻣﺬﻛﻮر ﺑﺮاي وﺿﻮح ﺑﻴﺸﺘﺮ ،ﺑﺰرﮔﻨﻤﺎﻳﻲ ﺷﺪه اﺳﺖ.

ﺷﻜﻞ  -13ﻓﺮم ﺗﻐﻴﻴﺮﻳﺎﻓﺘﻪ ﺑﺮج در ﻣﻮد ﻧﺸﺴﺖ n=3

ﻧﺘﻴﺠﻪﮔﻴﺮي
 %87ﭘﻲ آﺳﻴﺐ ﻛﺸﺸﻲ دﻳﺪه اﺳﺖ ﺑﻪ ﮔﻮﻧﻪاي ﻛﻪ ﻣﻘﺪار ﻣـﺎﻛﺰﻳﻤﻢ آﺳـﻴﺐ ﻛﺸـﺸﻲ آن %56 ،ﻣـﻲﺑﺎﺷـﺪ .ﻫﻤﭽﻨـﻴﻦ
اﻃﺮاف ﺳﺘﻮنﻫﺎ ،ﺑﻴﺸﺘﺮ آﺳﻴﺐ ﻛﺸﺸﻲ دﻳﺪه اﺳﺖ .اﻣﺎ ﭘﻲ ﻫﻴﭻﮔﻮﻧﻪ آﺳﻴﺐ ﻓﺸﺎري ﻧﺪﻳﺪه اﺳﺖ .ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮﺷـﻜﻞ
ﻧﺴﺒﻲ ﭘﻲ  0/0053درﺻﺪ ﻣﻲﺑﺎﺷﺪ ﻛﻪ در ﻣﻮد ﻧﺸﺴﺖ  n=6رخ داده اﺳﺖ ﻟﺬا اﻳﻦ ﻣﻮد ﺑﺮاي ﻛﻨﺘﺮل ﺗﻐﻴﻴﺮﺷـﻜﻞ ﭘـﻲ
در ﺑﺎرﮔﺬاري ﻧﺸﺴﺖ ﻏﻴﺮﻳﻜﻨﻮاﺧﺖ ،ﻣﻨﺎﺳﺒﺘﺮ ﻣﻲﺑﺎﺷﺪ .ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﻧﺴﺒﻲ ﺑﻮﺟـﻮد آﻣـﺪه در ﺳـﺘﻮنﻫـﺎ0/13 ،
درﺻﺪ ﻣﻲﺑﺎﺷﺪ .ﻫﻤﭽﻨﻴﻦ %50ﺳﺘﻮنﻫﺎ ﺗﺮك ﺧﻮرده اﺳﺖ .ﺗﻨﻬﺎ در دو ﻣﻮد ﻧﺸﺴﺖ ،ﻧﺎﺣﻴـﻪ اﻃـﺮاف رﻳﻨـﮓ ﻓﻮﻗـﺎﻧﻲ و
ﻧﺎﺣﻴﻪ ﺣﺪودي رﻳﻨﮓ ﺗﺤﺘﺎﻧﻲ آﺳﻴﺐ ﻛﺸﺸﻲ ﻧﺎﭼﻴﺰي دﻳﺪه اﺳﺖ ﺑﻪﮔﻮﻧﻪاي ﻛﻪ ﻣﻘﺪار ﻣﺎﻛﺰﻳﻤﻢ آن  %4ﻣـﻲﺑﺎﺷـﺪ .اﻣـﺎ
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0/44  درﺻﺪ ﻣﻲﺑﺎﺷﺪ ﻛـﻪ در0/062 ، ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮﻣﻜﺎن ﻧﺴﺒﻲ ﭘﻮﺳﺘﻪ.ﭘﻮﺳﺘﻪ ﻫﻴﭻﮔﻮﻧﻪ آﺳﻴﺐ ﻓﺸﺎري ﻧﺪﻳﺪه اﺳﺖ
- ﺳﺘﻮنﻫﺎ و ﭘﻮﺳﺘﻪ ﻣﺎﻛﺰﻳﻤﻢ ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﻧﺴﺒﻲ را داﺷـﺘﻪ، ﻛﻪ در اﺛﺮ آنn=3  ﻣﻮد ﻧﺸﺴﺖ.ارﺗﻔﺎع آن رخ داده اﺳﺖ
 در ﻣﻮد ﻧﺸـﺴﺖ. ﻣﻨﺎﺳﺐﺗﺮ اﺳﺖ، ﺑﺮاي ﻛﻨﺘﺮل ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﺳﺘﻮنﻫﺎ و ﭘﻮﺳﺘﻪ در ﺑﺎرﮔﺬاري ﻧﺸﺴﺖ ﻏﻴﺮ ﻳﻜﻨﻮاﺧﺖ،اﻧﺪ
. ﭘﻲ ﺑﻴﺸﺘﺮﻳﻦ آﺳﻴﺐ ﻛﺸﺸﻲ را دﻳﺪه اﺳﺖ و ﺳﺘﻮنﻫﺎ ﺑﻴﺸﺘﺮﻳﻦ ﺗﺮكﻫﺎ را ﺧﻮردهاﻧﺪ،(n=18) آﺧﺮ
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ﺑﺮرﺳﻲ ﻋﺪدي رﻓﺘﺎر ﺗﻴﺮﻫﺎي ﺧﻤﺸﻲ ﺑﺘﻦ ﻣﺴﻠﺢ ﺗﻘﻮﻳﺖ ﺷﺪه ﺑﺎ  CFRPﺑﻪ دو روش ﭼﺴﺒﺎﻧﺪن و
ﻧﺰدﻳﻚ ﺳﻄﺤﻲ )(NSM
2

ﻣﺤﻤﺪ ﺳﻌﻴﺪ ﻛﺮﻳﻤﻲ ،1ﻣﻬﺮان ﻧﺎﺻﺮي
 .1اﺳﺘﺎدﻳﺎر و ﻋﻀﻮ ﻫﻴﺎت ﻋﻠﻤﻲداﻧﺸﮕﺎه ﺳﻤﻨﺎن
 .2داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ داﻧﺸﮕﺎه ﺳﻤﻨﺎن

ﭼﻜﻴﺪه
ﺗﻘﻮﻳﺖ ﺧﻤﺸﻲ ﺗﻴﺮﻫﺎي ﺑﺘﻦ آرﻣﻪ ﺑﻪ دو روش ﭼـﺴﺒﺎﻧﺪن ورﻗﻬـﺎي  FRPﺑـﻪ ﺳـﻄﻮح ﺧـﺎرﺟﻲ اﻋـﻀﺎء و اﺳـﺘﻔﺎده از
ﻧﻮارﻫﺎي  FRPﺑﻪ روش ) Near -Surface-Mounted (NSMﻣﻲﺗﻮاﻧﺪ اﻧﺠﺎم ﻣﻲﺷﻮد .ﺗﻘﻮﻳﺖ ﺧﻤـﺸﻲ اﻋـﻀﺎء
ﺑﺘﻦ آرﻣﻪ ﺑﻪ روش  NSMﺑﻪ ﻋﻨﻮان ﻳﻜﻲ از ﺗﻜﻨﻮﻟﻮژﻳﻬﺎي ﺟﺪﻳﺪ ﻣﻲﺗﻮاﻧﺪ ﺟﺎﻳﮕﺰﻳﻦ ﺗﻘﻮﻳﺖ ﺧﻤﺸﻲ ﺗﻴﺮﻫﺎ ﺑﺎ ورﻗﻬﺎي
 FRPﻛﻪ در ﺳﻄﻮح ﺧﺎرﺟﻲ ﭼﺴﺒﺎﻧﺪه ﺷﺪه اﻧﺪ ،ﺷﻮد .ﻧﻈﺮ ﺑﻪ اﻳﻨﻜﻪ در ﺗﻘﻮﻳﺖ ﺑﺎ روش  NSMﻧﻮارﻫـﺎي  FRPاز ﺳـﻪ
ﺟﻬﺖ در ﺑﺘﻦ ﻣﺤﺼﻮر ﻣﻲﺷﻮﻧﺪ ،ﻟﺬا ﭘﻴﻮﺳﺘﮕﻲ و ﻣﺴﺎﺋﻞ ﺧﺮاﺑﻲ راﻳـﺞ در ﺳﻴـﺴﺘﻢ ﺗﻘﻮﻳـﺖ ﺑـﺎ ورﻗﻬـﺎي  FRPﻛـﻪ در
ﺳﻄﻮح ﺧﺎرﺟﻲ ﭼﺴﺒﺎﻧﺪه ﺷﺪه اﻧﺪ ،ﻛﺎﻫﺶ ﻳﺎﻓﺘﻪ و ﻳﺎ ﺣﺬف ﻣﻲﺷﻮﻧﺪ .دراﻳﻦ ﻣﻘﺎﻟﻪ ،ﺑـﺎ اﺳـﺘﻔﺎده از روشﻫـﺎي ﻋـﺪدي،
آﻳﻴﻦ ﻧﺎﻣﻪ اي وﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﮕﺎﻫﻲ ،رﻓﺘﺎر ﺗﻴﺮﻫﺎي ﺧﻤﺸﻲ ﺑﺘﻦ ﻣﺴﻠﺢ ﺗﻘﻮﻳﺖ ﺷﺪه ﺑﺎ ورﻗﻬـﺎ و ﻧﻮارﻫـﺎي  FRPﻣـﻮرد
ﺑﺮرﺳﻲ ﻗﺮار ﻣﻲﮔﻴﺮد .در ﻣﺪل ﻋﺪدي از ﻣﺪل آﺳﻴﺐ دﻳﺪﮔﻲ ﭘﻼﺳﺘﻴﻚ ﺑﺘﻦ ﺑﺮاي ﺷﻴﺒﻪ ﺳﺎزي رﻓﺘﺎر ﻏﻴﺮ ﺧﻄﻲ ﺑـﺘﻦ و
ﻧﺮم ﺷﻮﻧﺪﮔﻲ ﻛﺮﻧﺶ اﺳﺘﻔﺎده ﻣﻲﮔﺮدد .ﺑﺪﻳﻦ ﻣﻨﻈﻮر ﺗﻌﺪاد  8ﺗﻴﺮ ﺑﺘﻨﻲ ﻣﺴﻠﺢ ﺗﻘﻮﻳﺖ ﺷﺪه ﻛﻪ ﺑﻪ دو روش ﭼـﺴﺒﺎﻧﺪن
ورﻗﻬﺎي  FRPو  NSMﻗﺒﻼ در آزﻣﺎﻳﺸﮕﺎه ﺳﺎﺧﺘﻪ و آزﻣﺎﻳﺶ ﺷﺪه اﻧﺪ ﺑﻪ ﻛﻤﻚ ﻧﺮم اﻓﺰار اﺟﺰاء ﻣﺤﺪود ABAQUS
ﺗﺤﻠﻴﻞ و ﺳﭙﺲ ﺑﺎ اﺳﺘﻔﺎده از راﻫﻨﻤﺎي ﻃﺮاﺣﻲ  ACI 440-2R-02ﻇﺮﻓﻴﺖ ﻧﻬﺎﻳﻲ ﺗﻴﺮﻫﺎ ﻣﺤﺎﺳﺒﻪ و ﻧﺘﺎﻳﺞ ﺑﺎ ﻳﻜﺪﻳﮕﺮ
ﻣﻘﺎﻳﺴﻪ ﺷﺪه اﺳﺖ .ﻧﺘﺎﻳﺞ ﻧﺸﺎﻧﺪﻫﻨﺪه اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺗﺴﻠﻴﻢ و ﻧﻬﺎﻳﻲ ﻧﻤﻮﻧﻪﻫﺎ و ﭘﻴﺶ ﺑﻴﻨﻲ ﺻﺤﻴﺢ ﻣﺪﻫﺎي ﺷﻜـﺴﺖ
ﺧﻤﺸﻲ و ﻣﻴﺰان ﻣﻘﺎوﻣﺖ اﺳﻤﻲ ،اﺛﺮ اﻧﺘﻘﺎل ﻧﻴﺮو ﺑﻴﻦ  ،CFRPﭼـﺴﺐ و ﺑـﺘﻦ اﻃـﺮاف ﻣـﻲﺑﺎﺷـﺪ .ﻫﻤﭽﻨـﻴﻦ ﻣﻘﺎﻳـﺴﻪ
ﻇﺮﻓﻴﺖ ﻧﻬﺎﻳﻲ ﺗﻴﺮﻫﺎ ﺣﺎﺻﻞ از ﻧﺘﺎﻳﺞ ﻋﺪدي ﺑﺎ رواﺑﻂ ﭘﻴـﺸﻨﻬﺎدي ﻛﻤﻴﺘـﻪ  ACI 440-2R-02ﻧـﺸﺎن ﻣـﻲدﻫـﺪ ﻛـﻪ
ﻇﺮﻓﻴﺖ ﻧﻬﺎﻳﻲ ﻣﻘﺎﻃﻊ ﺗﻘﻮﻳﺖ ﺷﺪه در اﻳﻦ راﻫﻨﻤﺎي ﻃﺮاﺣﻲ ،ﺑﻴﺸﺘﺮ ﺑﺮاي ﻣﻘﺎﻃﻊ ﺑﺎ درﺻـﺪ آرﻣﺎﺗﻮرﻫـﺎﻳﻲ ﻧﺰدﻳـﻚ ﺑـﻪ
آرﻣﺎﺗﻮر ﻣﺎﻛﺰﻳﻤﻢ ﻣﻨﺎﺳﺐ ﻣﻲﺑﺎﺷﻨﺪ.
ﻛﻠﻴﺪواژهﻫﺎ :ﻣﻘﺎومﺳﺎزي ﺧﻤﺸﻲ ،ﺗﻴﺮﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ،ﻣﺪل آﺳﻴﺐ دﻳﺪﮔﻲ ﭘﻼﺳﺘﻴﻚ ﺑﺘﻦFRP ،

ﻣﻘﺪﻣﻪ
در ﺣﺎﻟﺖ ﺳﺮوﻳﺲ اﻋﻀﺎء ﺧﻤﺸﻲ ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﻣﻤﻜﻦ اﺳﺖ ﻧﻴﺎز ﺑﻪ ﺗﻘﻮﻳﺖ ﺑـﻪ ﻋﻠـﺖ ﺧـﻮردﮔﻲ آرﻣﺎﺗﻮرﻫـﺎ و
ﺧﺮاﺑﻲ ﺑﺘﻦ ،اﺷﺘﺒﺎه در ﻣﺤﺎﺳﺒﺎت و ﻳﺎ ﺳﺎﺧﺖ ،اﻓﺰاﻳﺶ ﺑﺎرﻫﺎي ﺑﻬﺮهﺑﺮداري و ﻳﺎ ﺧﺮاﺑﻲﻫﺎي ﭘـﻴﺶ ﺑﻴﻨـﻲ ﻧـﺸﺪه ﺳـﺎزه
داﺷﺘﻪ ﺑﺎﺷﻨﺪ .اﻳﻦ ﺷﺮاﻳﻂ ﻣﺴﺘﻠﺰم ﻣﻘﺎوم ﻛﺮدن ﺳﺎزهﻫﺎ ﺑﺮاي اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺧﻤﺸﻲ آﻧﻬﺎ ﻣﻲﺑﺎﺷﺪ .ﻳﻜﻲ از روﺷﻬﺎي
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ﺷﻨﺎﺧﺘﻪ ﺷﺪه ﺟﻬﺖ ﺗﻘﻮﻳﺖ ﺧﻤﺸﻲ ﺗﻴﺮﻫﺎ ،دﻳﻮارﻫﺎ و داﻟﻬﺎ ،ﭼﺴﺒﺎﻧﺪن ورﻗﻬﺎي  FRPﺑﻪ ﺳﻄﺢ ﺧﺎرﺟﻲ آﻧﻬﺎ ﻣﻲﺑﺎﺷﺪ .از
ﺧﺼﻮﺻﻴﺎت ﻣﺼﺎﻟﺢ  ،FRPﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺎﻻ و وزن ﻛﻢ آﻧﻬﺎ و ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ ﺧﻮردﮔﻲ در ﻣﺤﻴﻄﻬﺎي ﻛﻠﺮﻳـﺪي
ﻣﻲﺑﺎﺷﺪ .ﺷﻜﺴﺖ زود ﻫﻨﮕﺎم در اﻋﻀﺎء ﺧﻤﺸﻲ ﺗﻘﻮﻳﺖ ﺷﺪه ﺑﺎ ﺻﻔﺤﺎت  FRPﺑﻜﺎر ﺑﺮده ﺷﺪه در ﺳﻄﻮح ﺧﺎرﺟﻲ ﺗﻴـﺮ
)ﻗﺒﻞ از اﻳﻨﻜﻪ ﻣﻘﻄﻊ ﺑﻪ ﻇﺮﻓﻴﺖ ﺧﻤﺸﻲ ﻧﻬﺎﻳﻲ ﺧﻮد ﺑﺮﺳﺪ( ﻋﻤﻮﻣﺎً ﺑﻪ ﻋﻠﺖ ﺟﺪاﻳﻲ ﭘﻴﻮﺳﺘﮕﻲ ﻣﻴـﺎن ﺻـﻔﺤﺎت  FRPو
ﺑﺘﻦ ﻳﺎ ﭘﻮﺳﺘﻪ ﺷﺪن ﭘﻮﺷﺶ ﺑﺘﻦ ﻣﻲﺗﻮاﻧﺪ رخ دﻫـﺪ [3] Brena et al (2003) .ﺟﺪاﺷـﺪﮔﻲ ﻣﻴـﺎن ﺻـﻔﺤﺎت ﻃـﻮﻟﻲ
 CFRPو ﺑﺘﻦ را در ﺗﻐﻴﻴﺮ ﺷﻜﻠﻬﺎﻳﻲ ﻛﻤﺘﺮ از ﻧﺼﻒ ﺗﻐﻴﻴﺮ ﺷﻜﻞ ﻇﺮﻓﻴـﺖ ﻧﻤﻮﻧـﻪﻫـﺎي ﻛﻨﺘﺮﻟـﻲ ،ﮔـﺰارش داده اﺳـﺖ.
) [4] Nguyen et at (2001ﻣﺸﺎﻫﺪه ﻧﻤﻮده اﺳﺖ ﻛﻪ ﺑﻪ ﻋﻠﺖ ﻻﻳﻪ ﻻﻳﻪ ﺷﺪﮔﻲ و ﻳﺎ ﭘﺎره ﺷﺪن زود ﻫﻨﮕﺎم ﭘﻮﺷـﺶ
ﺑﺘﻦ ﺗﻨﻬﺎ ﺑﺨﺶ ﻣﺤﺪودي از ﺻﻔﺤﺎت  FRPﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﻇﺮﻓﻴـﺖ ﺧﻤـﺸﻲ ﺗﻴﺮﻫـﺎ ﻣـﻲﺷﻮﻧـــــﺪGrace et at .
) [5] (2002ﺷﻜﺴﺖ ﺗﺮد ﻧﺎﺷﻲ از ﻛﺸﺶﺑﺮﺷـﻲ و ﺟﺪاﺷـﺪﮔﻲ را ﺑـﺮاي ﺗﻴﺮﻫـﺎي ﻣﻘـﺎوم ﺷـﺪه ﺑـﺎ ﺻـﻔﺤﺎت FRP
ﺷﻨﺎﺳﺎﻳﻲ ﻛﺮده اﺳﺖ Shin (2003) .و  [6] Leeﺷﻜﺴﺖ ﺗﻴﺮﻫﺎي ﻣﻘﺎوم ﺷﺪه ﺑﺎ ﺻﻔﺤﺎت  FRPرا ﺗﺤـﺖ ﺑﺎرﻫـﺎي
ﺛﺎﺑﺖ در ﺑﺎري ﻛﻤﺘﺮ از ﻇﺮﻓﻴﺖ ﺧﻤﺸﻲ ﻧﻬﺎﻳﻲ ﻣﻘﻄﻊ ﮔﺰارش دادهاﻧﺪ .ﻋﻼوه ﺑﺮ ﻣﺴﺎﻟﻪ ﺷﻜـﺴﺖ ﻧﺎﺷـﻲ از ﺟﺪاﺷـﺪﮔﻲ
ﺻﻔﺤﺎت  ،FRPزﺧﻤﻲﺷﺪن  ،FRPﺣﺮارت و ﺧﺮاﺑﻲ ﻧﺎﺷﻲ از ﻣﺤﻴﻂ از ﻣﺸﻜﻼت دﻳﮕﺮ ﺗﻘﻮﻳـﺖ ﺑـﻪ روش ﭼـﺴﺒﺎﻧﺪن
ﺻﻔﺤﺎت  FRPدر ﺳﻄﺢ ﺧﺎرﺟﻲ ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ .ﻻزم ﺑﻪ ﻳﺎدآوري اﺳﺖ ﻣﻬـﺎر ﻛـﺮدن  FRPﻣـﻲﺗﻮاﻧـﺪ ﺑﺎﻋـﺚ ﺑﻬﺒـﻮد
اﺳﺘﺤﻜﺎم و ﺟﻠﻮﮔﻴﺮي از ﭘﻮﺳﺘﻪﺷﺪن ﺻﻔﺤﺎت  FRPﭼﺴﺒﺎﻧﺪه ﺷﺪه در ﺳﻄﻮح ﺧﺎرﺟﻲ ﺷﻮد .ﺑﻪ ﻋﻠﺖ زﻳﺎﻧﻬﺎﻳﻲ ﻛـﻪ در
روش ﺗﻘﻮﻳﺖ ورﻗﻬﺎي  FRPﻛﻪ در وﺟﻪ ﭘﺎﻳﻴﻦ ﺗﻴﺮ ﭼﺸﺒﺎﻧﺪه ﺷﺪه اﻧﺪ وﺟـﻮد دارد ،ﭘﻴﺸﻨﻬﺎد ﻣﻲﺷﻮد ﻛﻪ ﻣـﺼﺎﻟﺢ FRP
ﺑﺠﺎي اﺳﺘﻔﺎده در ﺳﻄﻮح ﺧﺎرﺟﻲ ﻣﺤﺎﻓﻈﺖ ﻧﺸﺪه ،در ﻣﺤﻴﻂ داﺧﻠﻲ ﺑﺘﻦ اﺳـﺘﻔﺎده ﺷـﻮد .اﻳـﻦ ﺗﻜﻨﻮﻟـﻮژي ﺑـﻪ NSM
) (Near-surface-mountedاﺷﺎره ﻣﻲﻛﻨﺪ .ﺑﺘﻦ اﻃﺮاف از ﺗﻐﻴﻴﺮ در ﺧﺼﻮﺻﻴﺎت ﻣﻜﺎﻧﻴﻜﻲ  FRPو ﺧﺮاﺑﻲ ﻧﺎﺷـﻲ از
ﮔﺮﻣﺎ ﻣﺤﺎﻓﻈﺖ ﻣﻲﻛﻨﺪ .از ﻣﺰاﻳﺎي دﻳﮕﺮ اﺳﺘﻔﺎده از ﺗﻜﻨﻮﻟﻮژي  ،NSMﺑﻬﺒﻮد ﭘﻴﻮﺳﺘﮕﻲ و اﻧﺘﻘﺎل ﻧﻴﺮو در ﺑﺘﻦ اﻃﺮاف و
ﻗﺎﺑﻠﻴﺖ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﺧﻤﺸﻲ ﻣﻨﻔﻲ در ﭘﻠﻬﺎ و داﻟﻬﺎ ،ﻣﻲﺑﺎﺷﺪ .ﺑﺮرﺳﻲ رﻓﺘﺎر ﺳﺎزه ﻗﺒـﻞ و ﺑﻌـﺪ از ﻣﻘـﺎوم ﺳـﺎزي در
ﻣﻮاردي از ﻗﺒﻴﻞ ﻣﻘﺎوﻣﺖ ،ﺷﻜﻞ ﭘﺬﻳﺮي و ﻧﻮع ﺷﻜﺴﺖ ﺑﺎ رﻓﺘﺎر ﺳﺎزه ﺗﻘﻮﻳﺖ ﻧﺸﺪه ﻣﺘﻘﺎوت اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ آزﻣﺎﻳﺸﻬﺎي
ﺗﺠﺮﺑﻲ و ﻳﺎﻓﺘﻦ روﺷﻬﺎي ﻋﺪدي و ﺗﺤﻠﻴﻠﻲ ﺑﺮاي ﭘﻴﺶ ﺑﻴﻨﻲ رﻓﺘﺎر ﺳﺎزهﻫﺎي ﺗﻘﻮﻳﺖ ﻧﺸﺪه ﺿـﺮوري ﺑﻨﻈـﺮ ﻣـﻲرﺳـﺪ.
ﻣﺪﻟﺴﺎزي ﻋﺪدي ﺑﺮ ﭘﺎﻳﻪ ﺗﺤﻠﻴﻞ اﺟﺰاء ﻣﺤﺪود ) (FEAﺗﻘﺮﻳﺒﺎ ﻣﻲﺗﻮاﻧﺪ رﻓﺘﺎر ﻛﻠﻲ ﺗﻴﺮ ﻣﻘﺎوم ﺷﺪه را ﺑـﻪ ﺧـﻮﺑﻲ ﭘـﻴﺶ
ﺑﻴﻨﻲ ﻛﻨﺪ .ﻫﺮﭼﻨﺪ از ﻣﻌﺎﻳﺐ اﻳﻦ روش ﻧﻴﺎز ﺑﻪ اﻃﻼﻋﺎت ﻣﻄﺎﻟﻌﺎت آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺟﻬﺖ ﻣﺪل ﺳﺎزي ﻣﻲﺑﺎﺷـﺪ .از ﻣﻴـﺎن
روﺷﻬﺎي ﻋﺪدي ﻣﺘﻔﺎوت ﺑﻜﺎر ﮔﺮﻓﺘﻪ ﺷﺪه ﻣﻲﺗﻮان ﺑﻪ روش اﺟﺰاء ﻣﺤﺪود ﻏﻴﺮ ﺧﻄﻲ ﺑﺮاي ﺷﺒﻴﻪ ﺳـﺎزي رﻓﺘـﺎر ﻛﻠـﻲ
ﺗﻴﺮﻫﺎي ﺗﻘﻮﻳﺖ ﺷﺪه ﺑﺎ  CFRPاراﺋﻪ ﺷﺪه ﺗﻮﺳﻂ  [7] Ziraba and Baluchاﺷﺎره ﻧﻤﻮد .اﻳﻦ روش ﻗﺎدر اﺳﺖ رﻓﺘﺎر
اﻋﻀﺎي ﺗﻘﻮﻳﺖ ﺷﺪه داراي ﻫﺮﮔﻮﻧﻪ ﺗﺎرﻳﺨﭽﻪ ﺑﺎرﮔﺬاري ﻗﺒﻞ از ﺗﻘﻮﻳﺖ را ﭘﻴﺶ ﺑﻴﻨﻲ ﻛﻨﺪ Arduini et. al .در ﺳـﺎل
 [8] 1997ﻣﺪل ﻋﺪدي را ﺑﺎ اﺳﺘﻔﺎده از  FEAﻣﻄﺎﺑﻖ ﺑﺎ ﺗﺌﻮري ﺗﺮﻛﻬﺎي ﭘﺨﺸﻲ ) (Smeared crackﻣﻌﺮﻓﻲ ﻛـﺮد.
از اﻟﻤﺎﻧﻬﺎي ﻫﺸﺖ ﮔﺮه اي دو ﺑﻌﺪي ﺑﺮاي ﺑﺘﻦ ﺗﻴﺮﻫﺎي ﻣﻘﺎوم ﺷﺪه ﺑﺎ ﺻﻔﺤﺎت  FRPاﺳﺘﻔﺎده ﺷﺪ .ﻓـﺮض ﭘﻴﻮﺳـﺘﮕﻲ
ﻛﺎﻣﻞ ﻣﻴﺎن ﺻﻔﺤﺎت  FRPو ﺑﺘﻦ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪ .ﻣﺎﻧﻨﺪ ﻣﺪﻟﻬﺎي ﺗﺤﻠﻴﻠﻲ ﻧﺘﺎﻳﺞ ﺑﺪﺳﺖ آﻣﺪه از ﺣﻞ ﻋﺪدي اﻧـﺪﻛﻲ
ﺳﺨﺖ ﺗﺮ از ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺑﻮد .ﺣﻞ ﻋﺪدي ﻧﺘﺎﻳﺞ ﺧﻮﺑﻲ را در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺟﻬﺖ ﺗﻮﺳـﻌﻪ ﺗـﺮك
ﻧﺸﺎن داد .دو روش ﻣﻘﺎوم ﺳﺎزي  NSMو ﭼﺴﺒﺎﻧﺪن ورﻗﻬﺎي  FRPدر ﺷﻜﻞ 1و  2ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.

––––––––––––––––––––––– ﺑﺮرﺳﻲ ﻋﺪدي رﻓﺘﺎر ﺗﻴﺮﻫﺎي ﺧﻤﺸﻲ ﺑﺘﻦ ﻣﺴﻠﺢ ﺗﻘﻮﻳﺖ ﺷﺪه27 /....

ﺷﻜﻞ  -1ﺗﻜﻨﻴﻜﻬﺎي ﻣﻘﺎوم ﺳﺎزي ﺑﺎ - a FRP
ورﻗﻪ  : NSM -bﻣﻴﻠﻪﻫﺎي ﮔﺮد ،ﻣﺮﺑﻊ ﺷﻜﻞ و ﻧﻮار

ﺷﻜﻞ  -2ﻋﻀﻮ ﺑﺘﻨﻲ ﺗﻘﻮﻳﺖ ﺷﺪه ﺑﺎ ﻧﻮار  FRPﺑﻪ روش [1] NSM

 -cﺻﻔﺤﻪ

 -1ﺑﺮرﺳﻲ ﻣﻄﺎﻟﻌﺎت آزﻣﺎﻳﺸﮕﺎﻫﻲ ﻧﻤﻮﻧﻪﻫﺎ
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﻮع ﺗﻘﻮﻳﺖ ﺧﻤﺸﻲ ﺗﻴﺮﻫﺎي ﺑﺘﻦ آرﻣﻪ ،ﺟﻬﺖ ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﻧﺘﺎﻳﺞ ﺗﺤﻠﻴﻠﻲ ،دو ﻣﻄﺎﻟﻌـﻪ آزﻣﺎﻳـﺸﮕﺎﻫﻲ ﻣﺨﺘﻠـﻒ
ﺑﺮاي ﺗﻴﺮﻫﺎﻳﻲ ﻛﻪ ﺑﺎ ورﻗﻬﺎي  FRPﺑﺼﻮرت ﭼﺴﺒﺎﻧﺪن ﺑﻪ ﺳﻄﻮح ﺧـــﺎرﺟﻲ و ﻧﻴﺰ ﺑﺮاي ﺗﻴﺮﻫﺎﻳﻲ ﻛﻪ ﺑﻪ روش ﻧﺰدﻳﻚ
ﺳﻄﺤﻲ ) (NSMﺗﻘﻮﻳﺖ ﺷﺪهاﻧﺪ اﻧﺘﺨﺎب ﮔﺮدﻳﺪ .ﻣﻄﺎﻟﻌﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ اول در داﻧﺸﮕﺎه ﻓﺮدوﺳﻲ ﻣﺸﻬﺪ ] ،[2ﻣﻄﺎﻟﻌـﻪ
آزﻣﺎﻳﺸﮕﺎﻫﻲ دوم ] [1در داﻧﺸﮕﺎه  Villanovaاﻧﺠﺎم ﺷﺪه اﺳﺖ .در ﻣﻄﺎﻟﻌﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ اول ﻧﻤﻮﻧﻪﻫﺎ داراي اﺑﻌﺎدي
ﺑﺎ ﻋﺮض ﻣﻘﻄﻊ  ،150ارﺗﻔﺎع 200و ﻃﻮل  2000ﻣﻴﻠﻴﻤﺘﺮ ﺑﻮده و در ﻣﻄﺎﻟﻌﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ دوم از ﻧﻤﻮﻧـﻪﻫـﺎﻳﻲ ﺑـﺎ ﺳـﻪ
ﻋﺮض ﻣﻘﻄﻊ ﻣﺨﺘﻠﻒ  305 ،229 ،152,4ﺑﺎ ارﺗﻔﺎع  190و ﻃﻮل  2743ﻣﻴﻠﻴﻤﺘﺮ اﺳﺘﻔﺎده ﺷـﺪه اﺳـﺖ .ﺑـﺮاي ﺟﺰﺋﻴـﺎت
ﻣﺸﺨﺼﺎت ﻣﻜﺎﻧﻴﻜﻲ ﺑﺘﻦ و آرﻣﺎﺗﻮر و روﻧﺪ اﻧﺠﺎم آزﻣﺎﻳﺶ ﺑﻪ ﻣﺮاﺟـﻊ ] [1و ] [2رﺟـﻮع ﺷـﻮد .ﺟﺰﺋﻴـﺎت ﻧﻤﻮﻧـﻪﻫـﺎي
آزﻣﺎﻳﺸﮕﺎﻫﻲ در ﺷﻜﻠﻬﺎي 3و 4اراﺋﻪ ﺷﺪه اﺳﺖ .دراﻳﻦ ﻣﻘﺎﻟﻪ ﻧﻤﻮﻧﻪﻫﺎي  B6 ،B3 ،B2و  B7از ﻣﻄﺎﻟـﻪ آزﻣﺎﻳـﺸﮕﺎﻫﻲ
اول و ﻧﻤﻮﻧﻪﻫﺎي  6-1Fa&bو  9-1Fa&bاز ﻣﻄﺎﻟﻌﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ دوم ﺟﻬﺖ ﺑﺮرﺳﻲ درﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ.

ﺷﻜﻞ  -3ﺟﺰﻧﻴﺎت ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺳﺮي اول ][2

ﺷﻜﻞ  -4ﺟﺰﻧﻴﺎت ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺳﺮي دوم ][1

 -2ﻣﺪلﺳﺎزي ﻋﺪدي ﺗﻴﺮﻫﺎي ﺗﻘﻮﻳﺖ ﺷﺪه در ﻧﺮم اﻓﺰار اﺟﺰاء ﻣﺤﺪود ABAQUS

 1-2اﻟﻤﺎﻧﻬﺎي ﺑﻜﺎر ﺑﺮده ﺷﺪه ﺟﻬﺖ ﻣﺼﺎﻟﺢ و ﻣﺶﺑﻨﺪي آﻧﻬﺎ
 1-1-2ﺑﺨﺶ ﺑﺘﻨﻲ
ﺗﻴﺮﻫﺎي ﺑﺘﻨﻲ ﺑﺼﻮرت ﺳﻪ ﺑﻌﺪي ﻣﺪل ﺷﺪه اﻧﺪ ،در ﺣﺎﻟﻲ ﻛﻪ اﻣﻜﺎن ﻣﺪﻟﺴﺎزي آﻧﻬﺎ ﺑﻪ ﺻﻮرت دو ﺑﻌﺪي ﻧﻴﺰ وﺟﻮد دارد.
در آﻧﺎﻟﻴﺰﻫﺎ ﺗﻴﺮﻫﺎ ﺑﺼﻮرت ﻛﺎﻣﻞ ﻣﺪل ﺷﺪه اﻧﺪ ،ﻟـﻴﻜﻦ ﺟﻬـﺖ ﻛـﺎﻫﺶ زﻣـﺎن ﻣﺤﺎﺳـﺒﺎت ﻣـﻲﺗـﻮان از ﺗﻘـﺎرن ﺗﻴﺮﻫـﺎ
ﻧﻴﺰاﺳﺘﻔﺎده ﻧﻤﻮد .ﺟﻬﺖ ﻣﺶ ﺑﻨﺪي ﺗﻴﺮ از اﻟﻤﺎن  C3D8Rاﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
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 2-1-2ﺑﺨﺶ ﻓﻮ ﻻدي
دو روش ﺟﻬـــﺖ اﺧﺘـــﺼﺎص اﻟﻤـــﺎن آرﻣـــﺎﺗﻮر وﺟـــﻮد دارد .در روش اول ،از اﻟﻤـــﺎن ﺗﻴـــﺮ و ﻳـــﺎ ﺧﺮﭘـــﺎ
ﺟﻬﺖ ﻣﻌﺮﻓﻲ آرﻣﺎﺗﻮر اﺳﺘﻔﺎده و در روش دوم آرﻣﺎﺗﻮرﻫﺎ در ﻳﻚ و ﻳـﺎ ﭼﻨـﺪ ﻻﻳـﻪ ﺑـﺼﻮرت ﻣﻴﻠﮕﺮدﻫـﺎﻳﻲ ﺑـﺎ ﻓﺎﺻـﻠﻪ
ﻳﻜﻨﻮاﺧﺖ ﻣﻌﺮﻓﻲ ﻣﻲﺷﻮﻧﺪ .ﻻﻳﻪﻫﺎي آرﻣﺎﺗﻮر ﺑﺼﻮرت ﻻﻳﻪﻫﺎي ﭘﺨﺶ ﺷﺪه در ﺣﺠﻢ اﻟﻤﺎن ﺑﺎ ﺿﺨﺎﻣﺖ ﺛﺎﺑﺘﻲ ﺑﺮاﺑﺮ ﺑـﺎ
ﻣﺴﺎﺣﺖ ﻫﺮ ﻣﻴﻠﻴﮕﺮد ﺗﻘﺴﻴﻢ ﺑﺮ ﻓﺎﺻﻠﻪ ﻣﻴﻠﮕﺮدﻫﺎ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮﻧﺪ.در اﻳﻦ ﻣﻘﺎﻟﻪ از اﻟﻤﺎن ﺧﺮﭘﺎ ﺑﺎ ﻣﺶ ﺑﻨﺪي ﺳﻪ
ﺑﻌﺪي ﺧﻄﻲ  T3D2ﺟﻬﺖ ﻣﻌﺮﻓﻲ آرﻣﺎﺗﻮرﻫﺎ اﺳﺘﻔﺎده اﺳﺖ.
 3-1-2ورﻗﻬﺎي و ﻧﻮارﻫﺎيCFRP
ورﻗﻪﻫﺎي  CFRPﺑﺎ اﻟﻤﺎﻧﻬﺎي  shellاﺳﺘﺎﻧﺪارد و ﺧﻄﻲ ﺑﺎ ﻧﺎم  S4Rﻣﺪل ﺷﺪه اﻧﺪ .اﻳﻦ ﻧﻮع اﻟﻤﺎن ﺗﻮﺳﻂ Hibbitt,

) [9] Karlsson & Sorensen Inc (1997اﺳﺘﻔﺎده ﺷـﺪه و ﻧﺘـﺎﻳﺞ ﻣﻨﺎﺳـﺒﻲ از آن ﮔﺮﻓﺘـﻪ ﺷـﺪه اﺳـﺖ .ﻧﻮارﻫـﺎي
 CFRPﻧﻴﺰ ﺑﺼﻮرت اﻟﻤﺎن ﺧﺮﭘﺎ ﻣﺪل ﺷﺪه اﻧﺪ.
 2-2ﺷﺒﻴﻪ ﺳﺎزي رﻓﺘﺎر ﻣﺼﺎﻟﺢ
 1-2-2ﺑﺘﻦ
از ﻣﺪل آﺳﻴﺐدﻳﺪﮔﻲ ﭘﻼﺳﺘﻴﻚ ﺑﺮاي ﺷﺒﻴﻪ ﺳﺎزي رﻓﺘﺎر آن اﺳـﺘﻔﺎده ﻣـﻲﺷـﻮد.در اﻳـﻦ ﻣـﺪل ﻓـﺮض ﻣـﻲﺷـﻮد ﻛـﻪ
ﺧﺮدﺷﺪﮔﻲ ﻓﺸﺎري ﺑﺘﻦ و ﺗﺮك ﺧﻮردﮔﻲ آن ﻣﻜﺎﻧﻴﺰﻣﻬﺎي اﺻﻠﻲ ﺷﻜﺴﺖ ﻣﻲﺑﺎﺷﻨﺪ .ﻫﺮ دوي اﻳﻦ ﭘﺪﻳـﺪهﻫـﺎ ﻧﺎﺷـﻲ از
ﺷﺮوع و ﮔﺴﺘﺮش ﺗﺮﻛﻬﺎ ﻣﻲﺑﺎﺷﻨﺪ .روش ﺧﺴﺎرت ﭘﻼﺳﺘﻴﺴﻴﺘﻪ ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﺳﺨﺘﻲ اﻻﺳﺘﻴﻚ ﻫﻨﮕﺎﻣﻲﻛﻪ اﻟﻤﺎن وارد
ﻣﺮﺣﻠﻪ ﭘﻼﺳﺘﻴﻚ ﺷﺪه ،ﻣﻲﺷﻮد .از اﻳﻦ رو اﻟﻤﺎن ﻧﻤﻲﺗﻮاﻧﺪ ﺑﻪ ﻣﻘﺎوﻣﺖ اوﻟﻴﻪ اش ﺑﺮﮔـﺮدد ﻛـﻪ اﻳـﻦ اﻣـﺮ ﺑـﻪ وﻳـﮋه در
ﺑﺎرﮔﺬاري ﺳﻴﻜﻠﻲ ﺑﺴﻴﺎر ﻣﻬﻢ اﺳﺖ .ﭘﺎراﻣﺘﺮﻫﺎي اﺻﻠﻲ ﻣﻮرد ﻧﻴﺎز ﺑﺮاي اﺳﺘﻔﺎده از اﻳﻦ ﻣﺪل ﻋﺒﺎرﺗﻨﺪ از:
اﻟﻒ -ﻣﻨﺤﻨﻲ ﻧﺮم ﺷﻮﻧﺪﮔﻲ ﺑﺘﻦ ﻛﻪ در آن رﻓﺘﺎر ﻛﺸﺸﻲ ﺑﺘﻦ ﺑﺎ ﺗﻌﺮﻳﻒ ﻣﻨﺤﻨﻲ ﻧﺮم ﺷﺪﮔﻲ ﻛﺸﺶ -ﺑﺎز ﺷﺪﮔﻲ ﺗـﺮك
ﺗﻮﺿﻴﺢ داده ﻣﻲﺷﻮد )ﺷﻜﻞ  .(5در ﻣﺪل ﺧﺴﺎرت ﭘﻼﺳﺘﻴﺴﻴﺘﻪ ﻣـﻲﺗـﻮان رﻓﺘـﺎر ﭘـﺲ ﮔـﺴﻴﺨﺘﮕﻲ در ﻛـﺸﺶ را ﺑـﺎ
اﺧﺘﺼﺎص ﻛﺮﻧﺶ ،ﺑﺎزﺷﺪﮔﻲ ﺗﺮك )ﺗﻐﻴﻴﺮ ﻣﻜﺎن( و ﺷﻜﺴﺖ اﻧـﺮژي ﺷـﺒﻴﻪ ﺳـﺎزي ﻧﻤـﻮد .در ﺷـﻜﻞ  Fcr،4ﻣﻘﺎوﻣـﺖ
ﻛﺸﺸﻲ ﺑﺘﻦ اﺳﺖ ﻛﻪ ﺷﺮوع و ﮔﺴﺘﺮش ﺗﺮﻛﻬﺎ را ﻛﻨﺘﺮل ﻣﻲﻛﻨﺪ Gf ،ﻛﻞ اﻧﺮژي ﺷﻜﺴﺖ اﺳـﺖ ﻛـﻪ ﺗﻮﺳـﻂ Hiller
) [10] borg(1974ﭘﻴﺸﻨﻬﺎد ﺷﺪه و ﺑﺼﻮرت ﻣﻘﺪار اﻧﺮژي ﻻزم ﺑﺮاي ﺷﺮوع ،ﮔﺴﺘﺮش و ﺷﻜﺴﺖ ﻛﺎﻣﻞ ﻳﻚ ﺗﺮك در
واﺣﺪ ﺳﻄﺢ ﻣﻲﺑﺎﺷﺪ .اﻧﺮژي ﺷﻜﺴﺖ ﻣﻲﺗﻮاﻧﺪ ﺑﺼﻮرت دﻳﺎﮔﺮام ﺗﻨﺶ -ﺗﻐﻴﻴﺮ ﻣﻜﺎن ﻧﺸﺎن داده ﺷﻮد )ﺷﻜﻞ  .(6ﻣﻘـﺪار
اﻧﺮژي ﺷﻜﺴﺖ ﺑﻴﻦ  40 N/mﺑﺮاي ﺑﺘﻦ ﺑﺎ ﻣﻘﺎوﻣﺖ ﭘﺎﻳﻴﻦ ﺗﺎ  210 N/mﺑﺮاي ﺑﺘﻦ ﺑﺎ ﻣﻘﺎوﻣﺖ ﺑﺎﻻ ﻣﺘﻐﻴﺮ ﻣﻲﺑﺎﺷﺪ.
ب -ﻣﻨﺤﻨﻲ ﺗﻨﺶ ﻛﺮﻧﺶ ﺑﺘﻦ ﺗﺤﺖ ﺑﺎرﮔﺬاري ﻓﺸﺎري ﺗﻚ ﻣﺤﻮره ﻛﻪ در ﺷﻜﻞ  7ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻛـﻪ در آن
 F’cﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﺘﻦ و  εﻛﺮﻧﺶ ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ.
 2-2-2ﻓﻮﻻد
از ﻣﺪل اﻻﺳﺘﻴﻚ ﭘﻼﺳﺘﻴﻚ ﻛﺎﻣﻞ ﺑﺮاي ﻣﺪل ﺳﺎزي رﻓﺘﺎر ﻓﻮﻻد اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .در اﻳﻦ روش ﻓﻮﻻد ﺗﺎ رﺳﻴﺪن ﺑﻪ
ﺗﻨﺶ ﺗﺴﻠﻴﻢ ،اﻻﺳﺘﻴﻚ ﻣﻲﺑﺎﺷﺪ .دراﻳﻦ ﻧﻘﻄﻪ ﺗﺤﺖ ﺑﺎر ﺛﺎﺑﺖ ﺟﺎري ﻣﻲﺷﻮد .ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻮرد ﻧﻴﺎز اﻳﻦ ﻣـﺪل ﺿـﺮﻳﺐ
ﻛﺸﺴﺎﻧﻲ ﻓﻮﻻد ،Esﻧﺴﺒﺖ ﭘﻮاﺳﻮن و ﺗﻨﺶ ﺗﺴﻠﻴﻢ ﻓﻮﻻد ﻣﻲﺑﺎﺷﺪ.

––––––––––––––––––––––– ﺑﺮرﺳﻲ ﻋﺪدي رﻓﺘﺎر ﺗﻴﺮﻫﺎي ﺧﻤﺸﻲ ﺑﺘﻦ ﻣﺴﻠﺢ ﺗﻘﻮﻳﺖ ﺷﺪه29 /....

ﺷﻜﻞ  -5ﻣﻨﺤﻨﻲ ﻧﺮم ﺷﻮﻧﺪﮔﻲ ﺑﺘﻦ (a :ﺗﻘﺮﻳﺐ ﺧﻄﻲ  (bﺗﻘﺮﻳﺐ دو

ﺷﻜﻞ  -6اﻧﺮژي ﺷﻜﺴﺖ در ﻧﻤﻮدار ﺗﻨﺶ

ﺧﻄﻲ  (cﺣﺎﻟﺖ ﻛﻠﻲ

ﺗﻐﻴﻴﺮ ﻣﻜﺎن

اﻟﻒ

ب

ﺷﻜﻞ  -7ﻣﻨﺤﻨﻲ ﺗﻨﺶ ﻛﺮﻧﺶ ﺑﺘﻦ در ﻓﺸﺎر ﺗﻚ ﻣﺤﻮره اﻟﻒ -ﻣﺪل ﻣﺮﺟﻊ ] [11ب -ﻣﻨﺤﻨﻲ Hognestad
 3-2-2ورق و ﻧﻮار CFRP

از ﻣﺪل ﺷﻜﺴﺖ ﺗﺮد ﺑﺮاي ﺷﺒﻴﻪ ﺳﺎزي رﻓﺘﺎر ورﻗﻬﺎ و ﻧﻮارﻫﺎي  CFRPاﺳﺘﻔﺎده ﻣﻲﺷﻮد .دراﻳﻦ روش ﻓﺮض ﻣﻲﺷـﻮد
رﻓﺘﺎر ورﻗﻬﺎي  FRPﺗﺎ رﺳﻴﺪن ﺑـﻪ ﻛـﺮﻧﺶ ﻧﻬـﺎﻳﻲ ﺧﻄـﻲ اﺳـﺖ .دراﻳـﻦ ﻧﻘﻄـﻪ ﺗـﺮك ﻛـﺴﺘﺮش ﻣـﻲﻳﺎﺑـﺪ و ﻣـﺎده
ﺗﻤﺎﻣﻲﻇﺮﻓﻴﺖ ﺑﺎرﺑﺮي ﺧﻮد را ﻳﻜﺒﺎره از دﺳﺖ ﻣﻲدﻫﺪ .ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻮرد ﻧﻴﺎز اﻳﻦ ﻣﺪل ،ﺿﺮﻳﺐ ﻛﺸـﺴﺎﻧﻲ ﭘﻠﻴﻤﺮﻫـﺎي
اﻟﻴﺎﻓﻲ) ،(EFRPﺿﺮﻳﺐ ﭘﻮاﺳﻮن ) (νو ﻛﺮﻧﺶ ﻧﻬﺎﻳﻲ ﺷﻜﺴﺖ ) (εuﻣﻲﺑﺎﺷﺪ.
 -3ﺗﺤﻠﻴﻞ ﻋﺪدي
ﺗﺤﻠﻴﻞ ﻋﺪدي دراﻳﻦ ﻣﻄﺎﻟﻌﻪ ﺑﺎ اﺳﺘﻔﺎده از ﻧﺮ اﻓﺰار  ABAQUS 6.8-1اﻧﺠﺎم ﺷﺪه اﺳﺖ.دراﻳﻦ ﺷﺒﻴﻪ ﺳﺎزي از ﺗﻤﺎس
ﻣﻘﻴﺪ ) (Tied Contactﺑﺮاي ﭼﺴﺒﺎﻧﺪن ورﻗﻬﺎي  CFRPﺑﻪ ﺳﻄﺢ ﺗﻴﺮ و  Embeded regionﺑﺮاي ادﻏﺎم ﻧﻮارﻫـﺎي
 CFRPﺑﻪ ﺑﺘﻦ اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .از ﻣﺠﻤﻮع  27ﻧﻤﻮﻧﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ ﻣﺮاﺟﻊ ] [1و ] ،[2ﭼﻬﺎر ﻧﻤﻮﻧـــــــــﻪ B2-
 12D-1L15, B7-16D-1L15, B6-16D-1L10, B3-12D-2L15از ﻣﺮﺟﻊ ] ،[2و ﭼﻬﺎرﻧﻤﻮﻧـﻪ 9-1Fa&b,
 6-1Fa&bاز ﻣﺮﺟﻊ ] ،[1ﺟﻬﺖ ﻣﺪﻟﺴﺎزي ﻋﺪدي اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
 -4ﻣﻘﺎﻳﺴﻪ ﻧﺘﺎﻳﺞ ﻋﺪدي و ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﮕﺎﻫﻲ
ﻧﻤﻮدار ﺑﺎر ﺗﻐﻴﻴﺮ ﻣﻜﺎن وﺳﻂ دﻫﺎﻧﻪ ﻧﻤﻮﻧﻪﻫﺎ ﺑﺮاي ﭼﻬـﺎر ﺗﻴـﺮ ﺳـﺮي اول و ﭼﻬـﺎر ﺗﻴـﺮ ﺳـﺮي دوم ﺑـﻪ ﻫﻤـﺮاه ﻧﺘـﺎﻳﺞ
آزﻣﺎﻳﺸﮕﺎﻫﻲ آن در ﺷﻜﻠﻬﺎي  8و  9آورده ﺷﺪه اﺳﺖ.

 / 30ﺳﻮﻣﻴﻦ ﻛﻨﻔﺮاﻧﺲ ﺑﻴﻦاﻟﻤﻠﻠﻲ ﺑﺘﻦ و ﺗﻮﺳﻌﻪ––––––––––––––––––––––––––––––– 1388 ،

 -5ﻣﻘﺎﻳﺴﻪ ﺑﻴﻦ ﻧﺘﺎﻳﺞ آﻧﺎﻟﻴﺰ اﺟﺰاء ﻣﺤﺪود ﺑﺎ رواﺑﻂ ACI440.2R.02

ﻧﺴﺒﺖ ﺑﺎرﻫﺎي ﻧﻬﺎﻳﻲ ﻛﻪ ﺑﺮاﺳﺎس رواﺑﻂ  [12] ACI440ﻣﺤﺎﺳﺒﻪ ﺷﺪه در ﺟﺪول ﺷﻤﺎره  1ﺑﺮاي ﻧﻤﻮﻧﻪﻫﺎي ﺗﻘﻮﻳﺖ ﺷﺪه
ﺑﺎ ورﻗﻬﺎي  CFRPاراﺋﻪ ﺷﺪه اﺳﺖ .اﻳﻦ ﻧـﺴﺒﺘﻬﺎ ﺑـﺮاي ﻧﻤﻮﻧـﻪﻫـﺎي B2و B3از ﻳـﻚ ﻛﻤﺘـﺮ اﺳـﺖ؛ در ﺣﺎﻟﻴﻜـﻪ ﺑـﺮاي
ﻧﻤﻮﻧﻪﻫﺎي  B6و B7و ﺑﺰرﮔﺘﺮ از ﻳﻚ اﺳﺖ .ﺑﺎر ﻧﻬﺎﻳﻲ ﺗﺤﻠﻴﻠـﻲ ﺗﻴﺮﻫـﺎي ﻣﻘـﺎوم ﺷـﺪه ﺑـﺎ ﻧﻮارﻫـﺎي  CFRPﺑـﻪ روش
NSMﺑﺎ راﺑﻄﻪ اراﺋﻪ ﺷﺪه در ﻣﺮﺟﻊ ] [1ﻣﺤﺎﺳﺒﻪ و ﺑﺎ ﻧﺘﺎﻳﺞ ﻋـﺪدي ﻣﻘﺎﻳـﺴﻪ ﺷـﺪه اﺳـﺖ )ﺟـﺪول  .(2ﻣﻘﺎوﻣـﺖ ﻧﻬـﺎﻳﻲ
ﺗﻴﺮﻫﺎي ﺗﻘﻮﻳﺖ ﻧﺸﺪه ﻧﻴﺰ ﺑﺮاﺳﺎس رواﺑﻂ  [13] ACI 318-05ﻣﺤﺎﺳﺒﻪ و درﺟﺪاول زﻳﺮ ﺑﺎ ﻋﻨﻮان Pconآورده ﺷﺪه اﺳﺖ.

ﺷﻜﻞ -8اﻟﻒ -ﻧﻤﻮدار ﺑﺎر ﺟﺎﺑﺠﺎﻳﻲ وﺳﻂ دﻫﺎﻧﻪ ﺑﺮاي ﺗﻴﺮﻫﺎي ﻣﻘﺎوم ﺷﺪه ﺑﺎ ورﻗﻬﺎي CFRP

ﺷﻜﻞ -8ب -ﻧﻤﻮدار ﺑﺎر ﺟﺎﺑﺠﺎﻳﻲ وﺳﻂ دﻫﺎﻧﻪ ﺑﺮاي ﺗﻴﺮﻫﺎي ﻣﻘﺎوم ﺷﺪه ﺑﺎ ورﻗﻬﺎي CFRP
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ﺷﻜﻞ  -9ﻧﻤﻮدار ﺑﺎر ﺟﺎﺑﺠﺎﻳﻲ وﺳﻂ دﻫﺎﻧﻪ ﺑﺮاي ﺗﻴﺮﻫﺎي ﻣﻘﺎوم ﺷﺪه ﺑﺎ ﻧﻮارﻫﺎي CFRPﺑﻪ روش NSM

ﺟﺪول  :1ﻣﻘﺎﻳﺴﻪ ﺑﻴﻦ ﻧﺘﺎﻳﺞ اﺟﺰاء ﻣﺤﺪود و رواﺑﻂ ﻣﺤﺎﺳﺒﻪ ﺷﺪه ﺗﻮﺳﻂ ACI440.2R.02

PFEA
PACI

PFEA
Pcon

PA CI
Pcon

)(KN

PFEA

PA CI

Pcon

)(KN

)(KN

ρ

ﻧﺎم ﻧﻤﻮﻧﻪ

0.89

1.48

1.67

61.30

68.98

0.78

1.60

2.09

67

86.20

B3-12D-2L15

1.03

1.41

1.37

86.37

83.59

B6-16D-1L10

1.11

1.61

1.45

98.42

88.51

41.25
60.86

0.3ρb
0.6ρb

B2-12D-1L15

B7-16D-1L15

ﺟﺪول  :2ﻣﻘﺎﻳﺴﻪ ﺑﻴﻦ ﻧﺘﺎﻳﺞ اﺟﺰاء ﻣﺤﺪود و رواﺑﻂ ﻣﺤﺎﺳﺒﻪ ﺷﺪه در ﻣﺮﺟﻊ ][1

PFEA
PY ield

PFEA
Pcon

1.29
1.18
1.18
1.11

1.43
1.33
1.46
1.32

PY ield
Pcon

)(KN

)(KN

1.1
1.12
1.22
1.18

27.1
25.29
30.1
27.3

20.9
21.3
25.3
24.5

PFEA

PY ield

Pcon

ρ

ﻧﺎم ﻧﻤﻮﻧﻪ

)(KN

18.9

0.684 ρb

20.6

0.47 ρb

61-Fa
61-Fb
91-Fa
91-Fb

 -6ﻧﺘﻴﺠﻪ ﮔﻴﺮي
در اﻳﻦ ﺗﺤﻘﻴﻖ اﺛﺮ ورﻗﻬﺎ و ﻧﻮارﻫﺎي  FRPدر ﺗﻘﻮﻳﺖ ﺧﻤﺸﻲ ﺗﻴﺮﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﺑﺎ اﺳﺘﻔﺎده از ﺗﺤﻠﻴﻞﻫـﺎي ﻋـﺪدي و
ﻣﺪل آﺳﻴﺐ دﻳﺪﮔﻲ ﭘﻼﺳﺘﻴﻚ ﺑﺘﻦ ﺑﺮرﺳﻲ و ﺑﺮاﺳﺎس ﻣﻘﺎﻳـﺴﻪ ﺑـﻴﻦ ﻣﻘـﺎدﻳﺮ ﺑﺪﺳـﺖ آﻣـﺪه از ﺗﺤﻠﻴـﻞﻫـﺎي ﻋـﺪدي،
آزﻣﺎﻳﺸﮕﺎﻫﻲ و آﻳﻴﻦ ﻧﺎﻣﻪ اي ﻧﺘﺎﻳﺞ زﻳﺮ ﺑﺪﺳﺖ آﻣﺪ:
• ﺗﺤﻠﻴﻞ ﻋﺪدي اﻧﺠﺎم ﺷﺪه ﺑﺎ اﺳﺘﻔﺎده از ﻣﺪل آﺳﻴﺐ دﻳﺪﮔﻲ ﭘﻼﺳﺘﻴﻚ ﺑﺎ اﺳﺘﻔﺎده از ﻧﺮم اﻓـﺰار اﺟـﺰاء ﻣﺤـﺪود
 ABAQUSﻗﺎدر ﺑﻪ ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻨﺤﻨﻲ ﺑﺎر – ﺗﻐﻴﻴﺮ ﻣﻜﺎن ،ﺑﺎر ﺷﻜﺴﺖ و ﺣﺎﻟﺖ ﺷﻜـﺴﺖ ﺗﻴﺮﻫـﺎي ﺗﻘﻮﻳـﺖ
ﺷﺪه ﺑﺎ  FRPﻣﻲﺑﺎﺷﺪ.
• اﻧﺮژي ﺷﻜﺴﺖ ﺑﺘﻦ ﻣﻮﺛﺮﺗﺮﻳﻦ ﭘﺎراﻣﺘﺮ در ﭘﻴﺶ ﺑﻴﻨﻲ ﺷﻜﺴﺖﻫﺎي ﻧﺎﺷـﻲ از ﺟﺪاﺷـﺪﮔﻲ ورﻗﻬـﺎي  CFRPاز
ﺳﻄﺢ ﺗﻴﺮ ﺑﺪﻟﻴﻞ ﺗﺮك ﺧﻮردﮔﻲ ﻛﺸﺸﻲ ﻣﻲﺑﺎﺷﺪ.
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 از، ﻣﻘﺎوﻣﺖ و ﺳﺨﺘﻲ ﺑﻴﺸﺘﺮي ﻧﺴﺒﺖ ﺑﻪ ﻧﺘﺎﻳﺞ ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ،ﻧﺘﺎﻳﺞ ﻋﺪدي ﻧﻤﻮﻧﻪﻫﺎي ﺗﻘﻮﻳﺖ ﺷﺪه
.ﺧﻮد ﻧﺸﺎن ﻣﻲدﻫﻨﺪ
 ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد رواﺑﻂ ﻃﺮاﺣﻲ اﻳـﻦACI440.2 ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﻘﺎﻳﺴﻪ ﻧﺘﺎﻳﺞ ﺑﺪﺳﺖ آﻣﺪه ﺑﺎ رواﺑﻂ آﻳﻴﻦ ﻧﺎﻣﻪ
 در ﻣﻘﺎوﻣﺖ ﺗﻴﺮﻫﺎي ﺧﻤﺸﻲ ﺑﺎ درﺻﺪ آرﻣﺎﺗﻮر ﻛﻢ را دﺳﺖ ﺑـﺎﻻFRP آﻳﻴﻦ ﻧﺎﻣﻪ اﺛﺮ ﺗﻘﻮﻳﺖ ﻛﻨﻨﺪﮔﻲ ورﻗﻬﺎي
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ﺑﺮرﺳﻲ ﺗﺎﺛﻴﺮ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺑﺮ ﻣﻴﺰان ﺟﺬب آب و ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ آن
3

ﻫﺮﻣﺰ ﻓﺎﻣﻴﻠﻲ ،1ﻣﺤﺴﻦ ﺗﺪﻳﻦ ،2ﭘﻮﻳﺎ ﺣﺎﺟﻲ ﺗﻘﻲ ﺗﻬﺮاﻧﻲ
 .1اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻋﻤﺮان داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان
 .2اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه را ه آﻫﻦ داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان
 .3داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎ ﺳﻲ ارﺷﺪ داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان

ﭼﻜﻴﺪه
ﺷﺮاﻳﻂ ﺳﺎﺧﺖ ﺑﺘﻦ ﺗﺎﺛﻴﺮ ﭘﺬﻳﺮي آن را از ﺷﺮاﻳﻂ اﻗﻠﻴﻤﻲﺧﻮد ﺑﻪ ﺧﺼﻮص دﻣﺎ اﺟﺘﻨﺎب ﻧﺎﭘﺬﻳﺮ ﻧﻤﻮده اﺳﺖ و از آﻧﺠﺎ ﻛـﻪ
دﻣﺎ ي ﻣﺤﻴﻂ ﻫﻤﻮاره ﺗﺎﺑﻊ زﻣﺎن و ﻣﻜﺎن ﻣﻲﺑﺎﺷﺪ ،ﻟﺬا ﺑﺮرﺳﻲ آن ﺑﻪ ﻋﻨﻮان ﻳﻚ ﭘﺎراﻣﺘﺮ ﻣﺘﻐﻴﺮ در ﺑﺘﻦ و آﺛﺎر ﺗﻐﻴﻴـﺮات
ان ﺣﺎﺋﺰ اﻫﻤﻴﺖ اﺳﺖ.
در اﻳﻦ ﻣﻘﺎﻟﻪ اﻳﻦ آﺛﺎر ﺑﺮ ﺧﺼﻮﺻﻴﺎت ﺟﺬﺑﻲ ﺑﺘﻦ ﻛﻪ ﻣﻼك ﻣﻬﻤﻲاز دوام ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺘﻪ اﺳﺖ.
در اﻳﻦ راﺳﺘﺎ ﻧﻤﻮﻧﻪﻫﺎﻳﻲ ﺑﺎ دﻣﺎﻫﺎي اوﻟﻴﻪ 30 ،20 ،10و  40درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ﺳﺎﺧﺘﻪ ﺷﺪ و در ﺷﺮاﻳﻂ آزﻣﺎﻳـﺸﮕﺎﻫﻲ و
ﻛﺎرﮔﺎﻫﻲ ﻋﻤﻞ آوري ﮔﺮدﻳﺪ .ﻣﺸﺎﻫﺪه ﮔﺸﺖ ﻛﻪ در ﺳﻦ  28روز ﺑﺘﻦ ﺑﺎ دﻣﺎي اوﻟﻴﻪ  20°cﻛﻤﺘﺮﻳﻦ ﻣﻴﺰان ﺟﺬب اوﻟﻴﻪ
و ﻧﻬﺎﻳﻲ را در ﺑﻴﻦ ﺳﺎﻳﺮ ﻧﻤﻮﻧﻪﻫﺎ دارا ﺑﻮده و ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎ از  20°cﺟﺬب آب ﻧﻤﻮﻧﻪﻫﺎ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑـﺪ ..در ﺟـﺬب
ﻣﻮﻳﻴﻨﻪ ﻧﻴﺰ ﻧﺘﺎﻳﺞ ﻣﺸﺎﺑﻬﻲ اﺣﺮاز ﺷﺪ و ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ از  20°cآﻫﻨـﮓ ﺟـﺬب ﻣﻮﻳﻴﻨـﻪ آن ﻧﻴـﺰ اﻓـﺰاﻳﺶ
ﻳﺎﻓﺖ.
ﻛﻠﻴﺪواژهﻫﺎ :دﻣﺎي اوﻟﻴﻪ ،ﺑﺘﻦ ﺗﺎزه ،ﺟﺬب آب اوﻟﻴﻪ ،ﺟﺬب اب ﻧﻬﺎﻳﻲ ،ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ
 -1ﻣﻘﺪﻣﻪ
ﺑﺘﻦ ﻳﻜﻲ از ﻣﺼﺎﻟﺢ ﺳﺎﺧﺘﻤﺎﻧﻲ ﭘﺮﻣﺼﺮف در ﺳﺎﺧﺖ ﭘﻞﻫﺎ ،ﺳﺎﺧﺘﻤﺎنﻫﺎ ،ﺳﻜﻮﻫﺎ ،ﺟـﺪاول و ﻫﻤﻴﻨﻄـﻮر در ﺳـﺎزهﻫـﺎي
زﻳﺮزﻣﻴﻨﻲ ﻣﺜﻞ ﺗﻮﻧﻞﻫﺎ و ﺧﻄﻮط ﻟﻮﻟﻪﻫﺎي ﺑﺘﻨﻲ ﻣﻲﺑﺎﺷﺪ .در ﺣﺎﻟﺖ ﻛﻠﻲ ،ﺑﺘﻦ ﻳﻜﻲ از ﻣﺼﺎﻟﺢ ﺑﺴﻴﺎر ﺑـﺎدوام ﺑـﻪ ﺷـﻤﺎر
ﻣﻲآﻳﺪ ﻛﻪ ﻣﻲﺗﻮاﻧﺪ در ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ ﺑﺴﻴﺎر ﺳﺨﺖ ﻣﺜﻞ ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ درﻳﺎﻳﻲ ،ﺻﻨﻌﺘﻲ و ﻏﻴﺮه ،ﻣﻘﺎوﻣﺖ ﺧـﻮﺑﻲ را
از ﺧﻮد ﺑﻪ ﻧﻤﺎﻳﺶ ﺑﮕﺬارد.ﺳﻨﮕﺪا ﻧﻪ ،ﺳﻴﻤﺎن ،آب و ﺑﻌﻀﺎ اﻓﺰودﻧﻲﻫﺎي ﻣﺨﺘﻠﻒ ﻫﻤﮕﻲ از ﻣﻮاد ﺗـﺸﻜﻴﻞ دﻫﻨـﺪه ﺑـﺘﻦ
ﻫﺴﺘﻨﺪ ﻛﻪ ﻣﻴﺰان ،ﻧﻮع و ﺷﺮاﻳﻂ آﻧﻬﺎ ﻫﻤﮕﻲ در ﻛﻴﻔﻴﺖ ﺑﺘﻦ ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ وﻟﻲ آﻧﭽﻪ اﻳﻦ ﻣـﺼﺎﻟﺢ اوﻟﻴـﻪ را در ﻛﻨـﺎر
ﻳﻜﺪﻳﮕﺮ ﻫﻤﭽﻮن ﺟﺴﻤﻲﻫﻤﮕﻦ ﻗﺮار ﻣﻲدﻫﺪ واﻛﻨﺶﻫﺎﻳﻲ اﺳﺖ ﻛﻪ ﺑﻪ ﺗﺒﻊ ﺣﻀﻮر ﺳﻴﻤﺎن در ﺑـﺘﻦ ﺻـﻮرت ﮔﺮﻓﺘـﻪ و
ﻣﺤﺼﻮﻻت آن ﺿﻤﻦ اﻳﺠﺎد ﭼﺴﺒﻨﺪﮔﻲ ﻻزم ﺑﻴﻦ ﻣﺼﺎﻟﺢ از ﻣﻘﺎوﻣﺖﻫﺎﻳﻲ ﺑـﺮ ﺧـﻮردار اﺳـﺖ ﻛـﻪ اﻳـﻦ ﻣﻘﺎوﻣـﺖ در
ﺑﺘﻦﻫﺎي ﻣﺘﻌﺎرف ﭼﻪ از ﻧﻈﺮ ﻣﻜﺎﻧﻴﻜﻲ و ﭼﻪ دواﻣﻲﻛﻤﺘﺮ از ﻣﻘﺎوﻣـﺖﻫـﺎي ﺳـﻨﮕﺪاﻧﻪ اﺳـﺖ .ﺑﻨـﺎﺑﺮ اﻳـﻦ ﻣﺤـﺼﻮﻻت
واﻛﻨﺸﻬﺎي ﺳﻴﻤﺎن ،ﺑﻪ ﻋﻨﻮان ﺿﻌﻴﻒ ﺗﺮﻳﻦ ﺑﺨﺶ در ﺑﺘﻦ ﺷﻨﺎﺧﺘﻪ ﻣﻲﺷﻮﻧﺪ و ﻟﺬا اﻳﻦ واﻛﻨـﺸﻬﺎ و ﭘﺎراﻣﺘﺮﻫـﺎي ﺗـﺎﺛﻴﺮ
ﮔﺬار در آﻧﻬﺎ از اﻫﻤﻴﺖ زﻳﺎدي ﺑﺮﺧﻮردار اﺳﺖ ﻛﻪ ﺗﺎﻛﻨﻮن ﻣﻄﺎﻟﻌﺎت ﻓﺮاواﻧﻲ در اﻳﻦ زﻣﻴﻨﻪ اﻧﺠﺎم ﮔﺮﻓﺘﻪ اﺳﺖ.
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ﻳﻜﻲ از اﻳﻦ ﭘﺎراﻣﺘﺮﻫﺎي ﺗﺎﺛﻴﺮ ﮔﺬار دﻣﺎي ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ .از آﻧﺠﺎ ﻛﻪ واﻛﻨﺶ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ﻳﻚ واﻛﻨﺶ ﺷﻴﻤﻴﺎﻳﻲ
ﻧﺴﺒﺘﺎ ﻛﻨﺪ ﻣﻲﺑﺎﺷﺪ درﺟﻪ ﺣﺮارت ﺑﺘﻦ در ﻫﺮ ﻣﺮﺣﻠﻪ ازﻋﻤﺮ آن در روﻧﺪ اﻳﻦ واﻛﻨﺶ ﺗﺎﺛﻴﺮ ﮔﺬار ﺑﻮده و ﺗﺎﺛﻴﺮات ﺧﺎﺻـﻲ
ﺑﺮ وﻳﮋﮔﻴﻬﺎي ﺑﺘﻦ ﻣﻲﮔﺬارد اﻳﻦ ﺗﺎﺛﻴﺮات ﭼﻪ در دوره ﺳﺎﺧﺖ ﺑﺘﻦ ﺗﺎزه ،ﭼﻪ در دوره ﻋﻤـﻞ آوري و ﭼـﻪ در دوره ﺑﻬـﺮه
ﺑﺮداري آن در ﺧﻮاص ﺑﺘﻦ ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ.
ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﺑﻪ دﻟﻴﻞ ﺗﺎﺛﻴﺮات زﻳﺎدي ﻛﻪ دﻣﺎي ﺑﺘﻦ ﺗﺎزه ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ روش ﺳﺎﺧﺖ آن از دﻣﺎي ﻣﺤﻴﻂ ﻣﻲﮔﻴـﺮد و
ﻫﻤﭽﻨﻴﻦ ﺗﻐﻴﻴﺮاﺗﻲ ﻛﻪ در دﻣﺎي ﻣﺤﻴﻂ در ﻃﻲ ﻓﺼﻮل ،ﻣﺎﻫﻬﺎ ،روزﻫﺎ و ﺣﺘﻲ ﺳﺎﻋﺎت روز ﻣﺸﺎﻫﺪه ﻣـﻲﮔـﺮدد ،دﻣـﺎي
اوﻟﻴﻪ ﺑﺘﻦ ﻳﻚ ﭘﺎراﻣﺘﺮ ﺑﺴﻴﺎر ﺗﺎﺛﻴﺮ ﭘﺬﻳﺮ و ﻣﺘﻐﻴﺮ ﻧﺴﺒﺖ ﺑﻪ دﻣﺎي ﻣﺤﻴﻂ اﻃﺮاف آن ﻣﻲﺑﺎﺷﺪ .ﺿﻤﻦ آﻧﻜـﻪ دﻣـﺎ در ﺑـﺘﻦ
ﺗﺎزه ﺑﻪ ﺳﺒﺐ واﻛﻨﺶﻫﺎي ﻫﻴﺪراﺳﻴﻮن ﻧﻴﺰ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ ﻛﻪ اﻳﻦ ﭘﺪﻳﺪه ﺑﻪ ﺧـﺼﻮص در ﻣـﻮرد ﺑـﺘﻦﻫـﺎي ﺣﺠـﻴﻢ
ﻣﻘﺎدﻳﺮ ﻗﺎﺑﻞ ﻣﻼ ﺣﻈﻪ اي ﭘﻴﺪا ﻣﻲﻛﻨﺪ.
ﻟﺬا ﺑﺮرﺳﻲ اﺛﺮات دﻣﺎ در ﺑﺘﻦ ﺗﺎزه ﺑﺮ روي ﺧﺼﻮﺻﻴﺎت ﻣﻘﺎوﻣﺘﻲ و دواﻣﻲآن ﻣﻮﺿـﻮع ﺑـﺎ اﻫﻤﻴﺘـﻲ اﺳـﺖ ﻛـﻪ در اﻳـﻦ
ﺗﺤﻘﻴﻖ ﺳﻌﻲ ﺷﺪه اﺳﺖ اﻳﻦ ﺗﺎﺛﻴﺮات در ﻣﻮردوﻳﮋﮔﻴﻬﺎي ﺟﺬﺑﻲ ﺑﺘﻦ ﻛﻪ ﭘﺎراﻣﺘﺮ ﻣﻬﻤﻲدر دوام آن ﻣﺤـﺴﻮب ﻣـﻲﺷـﻮد
ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﻴﺮد.
 -2ﻛﻠﻴﺎت
در ﺣﻘﻴﻘﺖ ﺑﻪ اﺳﺘﺜﻨﺎي ﺧﺴﺎرت ﻣﻜﺎﻧﻴﻜﻲ ،ﻛﻠﻴﻪ اﺛﺮات ﻧﺎﻣﻄﻠﻮب ﺑﺮ دوام در ﺑﺮﮔﻴﺮﻧﺪه ﺟﺎﺑﺠﺎﻳﻲ ﻣﺎﻳﻌـﺎت از ﻣﻴـﺎن ﺑـﺘﻦ
اﺳﺖ .ﺳﻪ ﻧﻮع ﺳﻴﺎل وﺟﻮد دارﻧﺪ ﻛﻪ ﻋﻤﻮﻣﺎً ﺑﺮ دوام ﺑﺘﻦ اﺛﺮ ﻣﻲﮔﺬارﻧﺪ و ﻣـﻲﺗﻮاﻧﻨـﺪ ﺑـﻪ داﺧـﻞ ﺑـﺘﻦ وارد ﺷـﻮﻧﺪ آب
)ﺧﺎﻟﺺ و ﻳﺎ ﺣﺎوي ﻳﻮﻧﻬﺎي ﻣﻬﺎﺟﻢ( دي اﻛﺴﻴﺪ ﻛﺮﺑﻦ و اﻛﺴﻴﮋن .اﻳﻦ ﻣﻮاد ﻣﻲﺗﻮاﻧﻨﺪ ﺑـﻪ روﺷـﻬﺎي ﻣﺨﺘﻠـﻒ در ﺑـﺘﻦ
ﺟﺎﺑﺠﺎ ﺷﻮﻧﺪ اﻣﺎ ﻛﻠﻴﻪ اﻳﻦ ﺟﺎﺑﺠﺎﻳﻴﻬﺎ ﻋﻤﺪﺗﺎً ﺑﻪ ﺳﺎﺧﺘﺎر ﺧﻤﻴﺮ ﻫﻴﺪراﺗﻪ ﺷﺪه ﺳﻴﻤﺎن ﺑﺴﺘﮕﻲ دارد .دوام ﺑـﺘﻦ ﻋﻤـﺪﺗﺎً ﺑـﻪ
ﺳﺎﺧﺘﺎر ﺧﻤﻴﺮ ﻫﻴﺪراﺗﻪ ﺷﺪه ﺳﻴﻤﺎن و ﺑﻪ ﺳﻬﻮﻟﺘﻲ ﻛﻪ ﻣﺎﻳﻌﺎت و ﺳﻴﺎﻻت ﻣﻲﺗﻮاﻧﻨﺪ از آن ﺑﮕﺬرﻧﺪ ﺑﺴﺘﮕﻲ دارد.
ﺳﺎﺧﺘﺎر ﺑﺘﻦ را ﻣﻲﺗﻮان ﺑﻪ دو دﺳﺘﻪ ﻓﻴﺰﻳﻜﻲ و ﺷﻴﻤﻴﺎﺋﻲ ﺗﻘﺴﻴﻢ ﻧﻤﻮد .ﺳﺎﺧﺘﺎر ﺷﻴﻤﻴﺎﺋﻲ در واﻗﻊ واﻛﻨـﺸﻬﺎي ﺷـﻴﻤﻴﺎﺋﻲ
ﻫﻴﺪراﺳﻴﻮن اﺳﺖ ﻛﻪ ﺑﻴﻦ ﺳﻴﻤﺎن و آب اﻧﺠﺎم ﻣﻲﺷﻮد .ﺳﺎﺧﺘﺎر ﻓﻴﺰﻳﻜﻲ ﻳﺎ ﺑﻪ ﻋﺒﺎرت دﻳﮕﺮ رﻳﺰ ﺳـﺎﺧﺘﺎر ﺷـﺎﻣﻞ ﻣﻨﺎﻓـﺬ
ﻣﻮﺟﻮد در ﺑﺘﻦ اﺳﺖ .ﺑﺘﻦ داراي ﻣﻨﺎﻓﺬ ﮔﻮﻧﺎﮔﻮن در اﻧﺪازهﻫﺎي ﻣﺘﻔﺎوت اﺳﺖ.
ﺑﻪ ﻃﻮر ﻛﻠﻲ ،ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻫﻴﺪراﺗﻪ ﺷﺪه ﺷﺎﻣﻞ ﺳﻪ ﺳﻴﺴﺘﻢ ﻣﻬﻢ اﺳﺖ:
 -1ﺳﻴﺴﺘﻢ ﺟﺎﻣﺪ
 -2ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ
 -3ﺳﻴﺴﺘﻢ ﻣﺤﻠﻮل در ﻣﻨﺎﻓﺬ
ﺳﻴﺴﺘﻢﻫﺎي ﺟﺎﻣﺪ و ﻣﺤﻠﻮل در ﻣﻨﺎﻓﺬ ﻣﺮﺑﻮط ﺑﻪ ﺳﺎﺧﺘﺎر ﺷﻴﻤﻴﺎﻳﻲ و ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﻣﺤﺪود ﺑـﻪ ﺳـﺎﺧﺘﺎر ﻓﻴﺰﻳﻜـﻲ ﺑـﺘﻦ
ﻣﻲﺑﺎﺷﺪ .ﺳﻴﺴﺘﻢ ﺟﺎﻣﺪ در واﻗﻊ ﻣﺤﺼﻮﻻت ﻫﻴﺪراﺳـﻴﻮن اﺳـﺖ ﻛـﻪ ﺷـﺎﻣﻞ ژل H C-S- ،ﻫﻴﺪروﻛـﺴﻴﺪ ﻛﻠـﺴﻴﻢ و
ﻓﺎزﻫﺎي آﻟﻮﻣﻴﻨﺎت و ﻓﺮﻳﺖ اﺳﺖ.
ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﺷﺎﻣﻞ ﻣﻨﺎﻓﺬ ژل اﺳﺖ ﻛﻪ اﻧﺪازه آنﻫﺎ ﺑـﺴﻴﺎر ﻛﻮﭼـﻚ ،در ﺣـﺪود  40 nmو ﻣﻨﺎﻓـﺬ ﻣـﻮﺋﻴﻦ ﻛـﻪ ﻧـﺴﺒﺘﺎً
ﺑﺰرﮔﺘﺮﻧﺪ و اﻧﺪازه آﻧﻬﺎ ﺣﺪود  200 – 500 nmاﺳﺖ .ﺑﻪ ﻋﻼوه ﻣﻨﺎﻓﺬ دﻳﮕﺮي ﻧﻴﺰ وﺟﻮد دارﻧﺪ ﻛﻪ اﻧﺪازه آنﻫﺎ ﺑﺰرﮔﺘـﺮ
از ﻣﻨﺎﻓﺬ ﻣﻮﺋﻴﻦ اﺳﺖ ﻛﻪ در ﻧﺘﻴﺠﻪ ﺗﺮاﻛﻢ ﻧﺎﻗﺺ ﺑﺘﻦ اﻳﺠﺎد ﻣﻲﺷﻮد.
ﺑﺨﺸﻲ ﻳﺎ ﺗﻤﺎم ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﺑﺎ ﻣﺤﻠﻮل ﭘﺮ ﻣﻲﮔﺮدد ،ﻛﻪ اﻳـﻦ ﻣﺤﻠـﻮل ﻋﻤـﺪﺗﺎً ﺷـﺎﻣﻞ ﻫﻴﺪروﻛـﺴﻴﺪ ﺳـﺪﻳﻢ ،NaOH
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ﻫﻴﺪروﻛﺴﻴﺪ ﭘﺘﺎﺳﻴﻢ  ،KOHﻫﻴﺪروﻛﺴﻴﺪ ﻛﻠﺴﻴﻢ  Ca(OH)2اﺳﺖ.
ﻛﻞ ﺣﺠﻢ ﻣﻨﺎﻓﺬ ﻣﻮﺋﻴﻦ ﻣﻮﺳﻮم ﺑﻪ ﺗﺨﻠﺨﻞ اﺳﺖ و ﻣﻌﻤﻮﻻً ﺑـﺮاي ﻣﻘﻴـﺎس ﻛﻴﻔﻴـﺖ ﺑـﺘﻦ از ﻣﻘـﺪار ﺗﺨﻠﺨـﻞ اﺳـﺘﻔﺎده
ﻣﻲﺷﻮد .ارﺗﺒﺎط ﺑﻴﻦ ﻣﻨﺎﻓﺬ ﻣﻮﺋﻴﻦ ﻧﻘﺶ ﺗﻌﻴﻴﻦ ﻛﻨﻨﺪهاي در ﻧﻔﻮذﭘﺬﻳﺮي و دوام دارد .در واﻗﻊ ﻣﻨﺎﻓـﺬي ﻛـﻪ ﻣـﺴﺘﻘﻞ و
ﺑﺪون ارﺗﺒﺎط ﺑﻪ ﻳﻜﺪﻳﮕﺮ ﻫﺴﺘﻨﺪ ،اﺛﺮي در ﻧﻔﻮذ ﭘﺬﻳﺮي ﻧﺪارﻧﺪ و در ﺷﻜﻞ ) (1راﺑﻄﻪ ﺑﻴﻦ ارﺗﺒﺎط ﻣﻨﺎﻓﺬ ﺑـﺮ ﻧﻔﻮذﭘـﺬﻳﺮي
ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.
ﺣﺠﻢ ﻣﻨﺎﻓﺬ ﻣﻮﺋﻴﻦ ﺗﺎﺑﻊ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﻣﻴﺒﺎﺷﺪ .ﺑﻌﺒﺎرت دﻳﮕﺮ ،ﻣﻘﺪارآب اوﻟﻴﻪ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ودرﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺑﺮﺣﺠﻢ
وﺧﺼﻮﺻﻴﺎت ﻣﻨﺎﻓﺬﻣﻮﺋﻴﻦ اﺛﺮﻣﻴﮕﺬارد .ﻫﺮﭼﻪ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﻴﺸﺘﺮﺑﺎﺷﺪﺣﺠﻢ ﻣﻨﺎﻓﺬ ﻣﻮﺋﻴﻦ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ.

ﻣﻮاد ﻣﺘﺨﻠﺨﻞ ﻏﻴﺮ ﻗﺎﺑﻞ ﻧﻔﻮذ

ﺗﺨﻠﺨﻞ زﻳﺎد ﻧﻔﻮذ ﭘﺬﻳﺮي ﻛﻢ

ﻣﻮاد ﻣﺘﺨﻠﺨﻞ ﻧﻔﻮذ ﭘﺬﻳﺮ

ﺗﺨﻠﺨﻞ ﻛﻢ ﻧﻔﻮذ ﭘﺬﻳﺮي زﻳﺎد

ﺷﻜﻞ  -1راﺑﻄﻪ ﺑﻴﻦ ارﺗﺒﺎط ﻣﻨﺎﻓﺬ ﺑﺮ ﻧﻔﻮذ ﭘﺬﻳﺮي.

رﻓﺘﺎر ﻻﻳﻪ ﺳﻄﺤﻲ ﺑﺘﻦ ﻣﻬﻢ ﺗﺮﻳﻦ ﻋﺎﻣﻞ ﺗﻌﻴﻴﻦ ﻛﻨﻨﺪه ﺷﺪت آﺳﻴﺐ ﭘﺬﻳﺮي ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ اﺳﺖ .ﻣﻌﻤﻮﻻً ﻧﻔﻮذ ﭘﺬﻳﺮي
ﺑﺘﻦ ﺑﻪ ﻋﻨﻮان ﻣﻌﻴﺎر ﺳﻨﺠﺶ دوام ﺑﺘﻦ اﺳﺖ .ﻧﻔﻮذ ﭘﺬﻳﺮي ﻛﻢ ،ﻧﺸﺎن دﻫﻨﺪه ﻣﻘﺎوﻣﺖ زﻳﺎد ﺑﺘﻦ در ﻣﻘﺎﺑـﻞ ﺣﺮﻛـﺖ آب
اﺳﺖ .در واﻗﻊ ،ﺑﺴﻴﺎري از ﭘﮋوﻫﺸﮕﺮان ﻫﻨﻮز ﻧﻔﻮذ ﭘﺬﻳﺮي را ﻣﻬﻢ ﺗﺮﻳﻦ ﺧﺎﺻﻴﺖ ﻣﺮﺑﻮط ﺑﻪ دوام ﻣﻲداﻧﻨﺪ .اﻳﻦ ﻓﺮﺿﻴﻪ
در ﻣﻮرد ﺑﺘﻦﻫﺎﻳﻲ ﻛﻪ ﺑﻪ ﻃﻮر داﺋﻢ ﻏﻮﻃﻪ ورﻧﺪ ﺻﺤﺖ دارد .زﻳﺮا در ﭼﻨﻴﻦ ﺷﺮاﻳﻄﻲ ﺑﺘﻦ اﺷﺒﺎع و در ﻣﻌﺮض ﺳﺘﻮن ﻳـﺎ
ارﺗﻔﺎع آب اﺳﺖ .اﻣﺎ در ﻣﻮارد دﻳﮕﺮ ﻛﻪ ﺳﺎزه در ﻣﻌﺮض ﻫﻮا ﻗﺮار دارد )ﻣﺎﻧﻨﺪ ﭘﻞﻫﺎ( ،ﻓﺮآﻳﻨﺪ ﻧﻔﻮذﭘﺬﻳﺮي ﺻﺎدق ﻧﻴﺴﺖ.
در ﭼﻨﻴﻦ ﺷﺮاﻳﻄﻲ ﺳﻄﺢ ﺧﺎرﺟﻲ ﺑﺘﻦ اﺷﺒﺎع ﻧﺒﻮده و ﻏﻴﺮ از ﺑﺨﺸﻲ از ﺳـﺎزه )ﻛـﻪ در ﻣﻌـﺮض ﺟـﺬر و ﻣـﺪ اﺳـﺖ( ،در
ﻣﻌﺮض ﺳﺘﻮن آب ﻧﻤﻲﺑﺎﺷﻨﺪ ،ﺑﻪ ﻋﺒﺎرت دﻳﮕﺮ ﺟﺬب ﻣﻮﺋﻴﻦ ﺑﻪ ﺟﺎي ﻧﻔﻮذ ﭘﺬﻳﺮي ،ﻛﻨﺘﺮل ﻛﻨﻨﺪه ﻋﺒﻮر آب اﺳﺖ.
ﺟﺬب ﻣﻮﺋﻴﻨﻪ ﻋﺒﺎرﺗﺴﺖ از آب ﺟﺬب ﺷﺪة ﺑﺘﻦ ﻛﻪ از ﻃﺮﻳﻖ ﭘﺪﻳﺪة ﻣﻮﺋﻴﻨﮕﻲ اﻧﺠﺎم ﻣﻲﺷﻮد .ﺑـﺎ اﻓـﺰاﻳﺶ ﻣﻘـﺪار ﻣﻨﺎﻓـﺬ
ﻣﻮﺋﻴﻨﻪ ﺑﺘﻦ ،ﺑﻪ ﻣﻘﺪار ﺟﺬب ﻣﻮﺋﻴﻨﻪ اﻓﺰوده ﻣﻲﺷﻮد ،در ﺟﺬب ﻣﻮﺋﻴﻨﻪ ،ﻧﻴﺮوﻳﻲ ﻛﻪ ﺳﺒﺐ ﺣﺮﻛـﺖ آب ﻣـﻲﺷـﻮد ﺣﺎﺻـﻞ
اﺧﺘﻼف ﻓﺸﺎر ﺑﻴﻦ دو ﻃﺮف ﻫﻼﻟﻲ )ﻧﺎﺷﻲ از آب در ﻣﻨﺎﻓﺬ ﺑﺘﻦ( اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ ﻧﻴﺮوﻫﺎي ﻣﻮﺋﻴﻨﻪ ،در ﺑﺘﻦ ﻛﺎﻣﻼً اﺷـﺒﺎع
وﺟﻮد ﻧﺪارﻧﺪ و ﺣﺮﻛﺖ آب ﻣﺘﻮﻗﻒ ﻣﻲﮔﺮدد .اﮔﺮ  rﺷﻌﺎع ﻣﻨﻔﺬ ﻣﻮﺋﻴﻦ ﺑﺎﺷﺪ ﻣﻌﻤﻮﻻً ارﺗﻔﺎع آب ) (Hﻣﻌـﺎدل
دﺳﺖ ﻣﻲآﻳﺪ.
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ﺷﻜﻞ  -2ﻣﻜﺶ ﻣﻮﺋﻴﻦ ﻧﺎﺷﻲ ازاﻧﺮژي ﺳﻄﺤﻲ

اﮔﺮ آب در ﺗﻤﺎس ﺑﺎ ﺑﺘﻦ ﻏﻴﺮ اﺷﺒﺎع ﺑﺎﺷﺪ ،ﺣﺘﻲ در ﻏﻴﺎب ﻧﻴﺮوﻫﺎي ﺧﺎرﺟﻲ ،از ﻃﺮﻳﻖ ﻓﺮآﻳﻨﺪ ﻣﻮﺋﻴﻨﻪ ﺟـﺬب ﻣـﻲﺷـﻮد.
ﺑﺮاﺳﺎس ﻧﻈﺮﻳﻪ ﻣﻚ ﻛﺎرﺗﺮ و ﻫﻤﻜﺎراﻧﺶ ،ﺑﺨﺸﻲ از ﺳﺎزه ﻛﻪ ﺑﺎﻻﺗﺮ از ﺳﻄﺢ زﻣﻴﻦ در ﻣﻌﺮض ﻓﺮآﻳﻨﺪ ﺧـﺸﻚ ﺷـﺪﮔﻲ
ﻧﺎﺷﻲ از ﺗﺎﺑﺶ ﺧﻮرﺷﻴﺪ و ﺑﺎد ﻗﺮار دارد .ﺑﻨﺎﺑﺮاﻳﻦ ﻻﻳﻪ ﺳﻄﺤﻲ ﺑﺘﻦ داراي ﻣﻘﺪاري آب ﻏﻴﺮ ﻳﻜﻨﻮاﺧـﺖ اﺳـﺖ و ﻣﻘـﺪار
رﻃﻮﺑﺖ،ﻛﻤﺘﺮ از ﺣﺪ اﺷﺒﺎع ﻣﻲﺑﺎﺷﺪ و ﮔﺮادﻳﺎن رﻃﻮﺑﺖ در ﻣﺤﺪودة ﭘﻮﺷﺶ ﺑﺘﻨﻲ وﺟﻮد دارد .ﺑﻨﺎﺑﺮاﻳﻦ روﻧﺪ ﺣﺮﻛـﺖ آب
در ﻧﺎﺣﻴﻪ ﭘﻮﺷﺶ از ﻧﻮع ﺟﺮﻳﺎن ﻏﻴﺮ اﺷﺒﺎع اﺳﺖ و ﺷﺎﻣﻞ ﻧﻴﺮوﻫﺎي ﻣﻜﻨﺪه ﻣﻮﺋﻴﻨﻪ اﺳﺖ.
ﺑﺮ ﻫﻤﻴﻦ اﺳﺎس ﺑﺮاي ﺳﺎزهﻫﺎﻳﻲ ﻛﻪ در ﺳﻄﺢ زﻣﻴﻦ ﻗﺮار دارﻧﺪ آزﻣﺎﻳﺶ ﺟﺬب ﻣﻮﺋﻴﻨﻪ ﻣﻄﻠﻮب ﻣﻲﺑﺎﺷﺪ.
ﻧﻔﻮذ ﭘﺬﻳﺮي ﺗﺤﺖ ﺗﺄﺛﻴﺮ ﻋﻮاﻣﻞ ﻣﺘﻌﺪدي ﻗﺮار ﻣﻲﮔﻴﺮد ﻛﻪ از آن ﺟﻤﻠﻪ ﻣـﻲﺗـﻮان ﺑـﻪ ﻧـﺴﺒﺖ اب ﺑـﻪ ﺳـﻴﻤﺎن ،ﻋﻴـﺎر
ﺳﻴﻤﺎن ،ﺳﻨﮕﺪاﻧﻪﻫﺎ ،درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ،رﻃﻮﺑﺖ ﻧﻤﻮﻧﻪ اﺷﺎره ﻛﺮد .ﺑﻪ ﻧﻈـﺮ ﻣـﻲرﺳـﺪ اﻓـﺰاﻳﺶ دﻣـﺎ در دوران
ﻋﻤﻞ اوري ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﻛﻞ ﺗﺨﻠﺨﻞ ﻣﻲﮔﺮدد وﻟﻲ ﻗﻄﺮ ﻣﻨﺎﻓﺬ ﻣﻮﻳﻴﻨﻪ را ﻛﻪ ﻣﺮﺗﺒﻂ ﺑـﺎ ﻧﻔﻮذﭘـﺬﻳﺮي ﺑـﺘﻦ ﻫـﺴﺘﻨﺪ را
اﻓﺰاﻳﺶ ﻣﻴﺪﻫﺪ .ﺑﺮاي ﺑﺮرﺳﻲ ﺗﺎﺛﻴﺮات دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺑﺮ اﻳﻦ ﭘﺪﻳﺪه آزﻣﺎﻳﺸﺎﺗﻲ اﻧﺠﺎم ﮔﺮﻓﺖ ﻛﻪ در اداﻣﻪ ﺑﻪ آن اﺷﺎره
ﻣﻲﮔﺮدد.
 -3ﻓﺮﺿﻴﺎت اوﻟﻴﻪ آزﻣﺎﻳﺶ
در اﻳﻦ ﭘﮋوﻫﺶ از ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻧﻮع  2اﺳﺘﻔﺎده ﺷﺪ .ﻫﻤﭽﻨﻴﻦ از ﻣﺎﺳﻪ ﺷﻜﺴﺘﻪ ﺑﺎ ﺣﺪ اﻛﺜﺮ اﻧـﺪازه  4/75و ﻫﻤﭽﻨـﻴﻦ
ﺷﻦ ﻧﻴﻤﻪ ﺷﻜﺴﺘﻪ ﺑﺎ ﺣﺪ اﻛﺜﺮ اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ اﺳﺘﻔﺎده ﮔﺮدﻳﺪ .آب ﻣﺼﺮﻓﻲ ﻧﻴﺰ آب ﺷﻬﺮ ﺗﻬﺮان ﺑﻮد.
ﻃﺮح اﺧﺘﻼط ﻣﻄﺎﺑﻖ ﺑﺎ ﻃﺮح اﺧﺘﻼط ﻣﻠﻲ اﻳﺮان اﻧﺠﺎم ﮔﺮﻓﺖ .ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﺮاﺑﺮ  0/47و ﻋﻴﺎر ﺳـﻴﻤﺎن ﺑﺮاﺑـﺮ
 400ﻛﻴﻠﻮ ﮔﺮم ﻓﺮض ﺷﺪ.
در اداﻣﻪ ﺳﻌﻲ ﺷﺪ ﺗﺎ دﻣﺎﻫﺎي  30 ،20 ،10و  40درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد در ﻣﺨﻠﻮط ﺑﺘﻦ ﺗﺎزه اﻳﺠﺎد ﮔﺮدد .دﻣﺎي ﻫﻮا در ﺣﻴﻦ
ﺳﺎﺧﺖ ﺑﺘﻦ در ﺣﺪود  32درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ﺑﻮد ﻟﺬا ﺑﺮاي اﻳﺠﺎد دﻣﺎﻫﺎي ﻣﻮرد ﻧﻈﺮ از ﻓﺮﻣﻮل ﭘﻴﺸﻨﻬﺎدي در ACI 306
 Rاﺳﺘﻔﺎده ﮔﺮدﻳﺪ .راﺑﻄﻪ )(1
0 / 22(c T c + G d T G + S d Ts ) + T w W m + T G W G + T s W s

)(1

0 / 22(c + G d + S d ) + W t

=T

–––––––––––––––––––––– ﺑﺮرﺳﻲ ﺗﺎﺛﻴﺮ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺑﺮ ﻣﻴﺰان ﺟﺬب آب و ﺟﺬب آب37 /....

ﻛﻪ در آن  S d , G d , cﺑﻪ ﺗﺮﺗﻴﺐ وزن ﺳﻴﻤﺎن ،ﺷﻦ در ﺣﺎﻟﺖ ﺧﺸﻚ و ﻣﺎﺳﻪ در ﺣﺎﻟـﺖ ﺧـﺸﻚ و ، W m ، W t
 ، W S ، W Gﺑﻪ ﺗﺮﺗﻴﺐ ﻣﻴﺰان آب ﻛﻞ ،آب ﻣﺼﺮﻓﻲ ،رﻃﻮﺑﺖ ﺷﻦ ،رﻃﻮﺑﺖ ﻣﺎﺳﻪ و  T s ، T G ، T cﺑـﻪ ﺗﺮﺗﻴـﺐ
دﻣﺎﻫﺎي ﺳﻴﻤﺎن ،ﺷﻦ و ﻣﺎﺳﻪ اﺳﺖ.
و ﭼﻨﺎﻧﭽﻪ در ﺷﺮاﻳﻂ ﺧﺎص ﺑﺮاي ﺧﻨﻚ ﻛـﺮدن ﺑـﺘﻦ ﺑـﻪ ﺟـﺎي ﺑﺨـﺸﻲ از آب از ﻳـﺦ اﺳـﺘﻔﺎده ﺷـﻮد آﻧﮕـﺎه ﻋﺒـﺎرت
 T w W mﺑﻪ ﻋﺒﺎرت ) ( Wm − Wi )Tw + Wi (0/ 5Ti − 80ﺗﺒﺪﻳﻞ ﻣﻲﺷﻮد .ﻛـﻪ در آن  W mو W i
ﺑﻪ ﺗﺮﺗﻴﺐ آب ﻣﺼﺮﻓﻲ و ﺟﺮم ﻳﺦ و  T Wو  Tiﺑﻪ ﺗﺮﺗﻴﺐ دﻣﺎي آب ﻣﺼﺮﻓﻲ و دﻣﺎي ﻳﺦ ﻣﻲﺑﺎﺷﺪ.
از آﻧﺠﺎ ﻛﻪ ﻇﺮﻓﻴﺖ ﮔﺮﻣﺎﻳﻲ وﻳﮋه آب  5ﺑﺮاﺑﺮ ﻇﺮﻓﻴﺖ ﮔﺮﻣﺎﻳﻲ وﻳﮋه ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ و ﺳـﻴﻤﺎن اﺳـﺖ ﻟـﺬا ﺑﻬﻴﻨـﻪ ﺗـﺮﻳﻦ
روش ﺑﺮاي اﻳﺠﺎد دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ در ﺑﺘﻦ ﺗﺎزه ﺗﻐﻴﺮ دﻣﺎي آب ﻣﻲﺑﺎﺷﺪ .ﺑـﺮاي اﻳـﻦ ﻣﻨﻈـﻮر ﺑـﺎ ﺟﺎﻳﮕـﺬاري دﻣﺎﻫـﺎي
ﻣﻄﻠﻮب در راﺑﻄﻪ ﻓﻮق ﺣﺠﻢ آب و ﻳﺦ ﻻزم ﺑﺪﺳﺖ آﻣﺪ).ﺑﺮاي ﺟﺒﺮان اﺗﻼفﻫـﺎي ﺣﺮارﺗـﻲ ﻧﺎﺷـﻲ از اﺧـﺘﻼف درﺟـﻪ
ﺣﺮارت ﻣﺨﻠﻮط ﺑﺘﻦ و ﻫﻮاي ﻣﺤﻴﻂ در ﺣﻴﻦ ﺳﺎﺧﺖ ،دﻣﺎي ﺗﻌﺎدل در اﻳﻦ راﺑﻄﻪ ﺑﺎﻳﺪ اﻧﺪﻛﻲ ﻛﻤﺘﺮ از دﻣﺎي ﻣﻄﻠﻮب ﻣﺎ
ﻟﺤﺎظ ﮔﺮدد ﺗﺎ ﻧﻬﺎﻳﺘﺎ دﻣﺎي ﻣﻄﻠﻮب در ﺑﺘﻦ اﺣﺮاز ﮔﺮدد (.ﻧﺘﺎﻳﺞ در ﺟﺪول  1دﻳﺪه ﻣﻲﺷﻮد.
ﺟﺪول  :1ﻣﻘﺎدﻳﺮ آب و ﻳﺦ اﺳﺘﻔﺎده ﺷﺪه و دﻣﺎي آﻧﻬﺎ در ﻫﺮ ﻣﺨﻠﻮط
دﻣﺎي ﺷﻦ

دﻣﺎي ﺳﻴﻤﺎن

] [ ºC

] [ ºC

و ﻣﺎﺳﻪ ] [ ºC

] [ ºC

] [ ºC

-10

30

30

T=10

30

30

T=20

30

T=30

30

T=40

ﻛﺪ ﻃﺮح

دﻣﺎي اﺳﻤﻲ

آب ﻣﺼﺮﻓﻲ

اﺧﺘﻼط

در ﻓﺮﻣﻮل ] [ °C

] [ lit

][kg

T=10

T=6

109

130

5

T=20

T=18

203

36

5

-10

T=30

T=29

239

0

28

-

30

T=40

T=40

239

0

40

-

50

ﻳﺦ

دﻣﺎي آب

دﻣﺎي ﻳﺦ

دﻣﺎي ﺑﺘﻦ

 -4آزﻣﺎﻳﺸﺎت اﻧﺠﺎم ﺷﺪه و ﻧﺘﺎﻳﺞ آن
 ﺟﺬب آبﺟﺬب آب ﺑﺘﻦﻫـﺎ ﺑﺎ اﻟﮕﻮﺑﺮداري از دﺳﺘﻮر  BS 1881–Part 122و ﻋﻤﺪﺗﺎً ﺷﺒﻴﻪ ﺑـﻪ  BS 1881ﻗـﺪﻳﻤﻲﺑـﻪ ﺻـﻮرت
درﺻـﺪ وزﻧﻲ ﺑﺎ اﺳﺘﻔﺎده از ﻣﻴﺎﻧﮕﻴﻦﮔﻴﺮي ﻧﺘﺎﻳﺞ  3آزﻣﻮﻧﻪ ﻣﻜﻌﺒﻲ  100ﻣﻴﻠﻲﻣﺘﺮي در ﻣﻮرد ﻧﻤﻮﻧﻪﻫﺎي ازﻣﺎﻳﺸﮕﺎﻫﻲ و
دو ﻋﺪد ﻣﻐﺰه  7/5ﻣﻴﻠﻲ ﻣﺘﺮي از ﻧﻤﻮﻧﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ ﺑﻪ دﺳﺖ آﻣﺪ .ﻧﺤﻮهي آﻣﺎدهﺳـﺎزي آزﻣﻮﻧﻪﻫـﺎ ﺑﺮاي اﻧﺠﺎم اﻳـﻦ
آزﻣﺎﻳﺶ ﺑﻪ اﻳﻦ ﺻﻮرت ﺑﻮد ﻛﻪ ﭘﺲ از ﺧﺎرج ﺷﺪن از ﻗﺎﻟﺐ ،اﺑﺘﺪا ﺑـﻪ ﻣـﺪت  27روز ﺑـﻪ داﺧـﻞ ﺣﻮﺿـﭽﻪ آب ﻣﻨﺘﻘـﻞ
ﺷﺪﻧﺪ ،ﺳﭙﺲ از آن ﺧﺎرج و ﺗﻮزﻳﻦ ﺷﺪﻧﺪ و ﺑﺮاي ﺧﺸﻚ ﺷﺪن ﺑﻪ درون ﮔﺮﻣﺨﺎﻧـﻪ ﺑـﺎ دﻣـﺎي  110درﺟـﻪ ﺳـﺎﻧﺘﻴﮕﺮاد
اﻧﺘﻘﺎل ﻳﺎﻓﺘﻨﺪ .ﭘﺲ از ﮔﺬﺷﺖ ﺣﺪود  3روز و رﺳﻴﺪن آزﻣﻮﻧﻪﻫــﺎ ﺑـﻪ وزن ﺛﺎﺑـﺖ ) ،(m0آزﻣـﺎﻳﺶ ﻣـﺬﻛﻮر ﺑـﺎ ﻏﻮﻃـﻪور
ﻛـــﺮدن آﻧﻬﺎ در آب آﻏﺎز ﮔﺮدﻳﺪ .در اداﻣﻪ ﺑﺎ ﺧﺎرج ﺳﺎﺧﺘﻦ آزﻣﻮﻧﻪﻫﺎي ﻏﻮﻃﻪور ﺷـﺪه از آب در زﻣـﺎنﻫـﺎي  24 ،1و
 72ﺳﺎﻋﺖ ،اﺑﺘﺪا آب اﺿﺎﻓﻲ آﻧﻬﺎ ﺗﻮﺳﻂ ﭘﺎرﭼﻪاي ﮔﺮﻓﺘﻪ ﺷﺪ و ﺳﭙﺲ ،ﺑﺎ اﻧﺪازهﮔﻴـﺮي وزن آﻧﻬـﺎ ) (mtو ﻗـﺮار دادن در
راﺑﻄﻪ ) (1ﻣﻴﺰان ﺟﺬب آب آﻧﻬﺎ ﺑﻪ ﺻﻮرت درﺻﺪ وزﻧﻲ ﺑﻪ دﺳﺖ آﻣﺪ ﻛﻪ ﺑﻌـﺪ از  1روز آﻫﻨـﮓ ﺟـﺬب آب ﻧﻤﻮﻧـﻪﻫـﺎ
ﺑﺴﻴﺎر اﻧﺪك آﺳﺖ و ﭘﺲ از  3روز ﺗﻐﻴﻴﺮ ﺧﺎﺻﻲ ﻧﻤﻲﻛﻨﺪ .ﻫﻤﭽﻨﻴﻦ ﻧﻤﻮﻧﻪﻫﺎ ﻛﻤﺘﺮ از آﺑﻲ ﻛﻪ ﻫﻨﮕـﺎم ﺧـﺎرج ﺷـﺪن از
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ﺣﻮﺿﭽﻪ دارا ﻫﺴﺘﻨﺪ ،ﺟﺬب آب ﻣﻲﻛﻨﻨﺪ.در اﻳﻦ آزﻣﺎﻳﺶ ،ﺟﺬب آب ﻳﻚ ﺳﺎﻋﺘﻪ ﺑﻪ ﻋﻨﻮان ﺟـﺬب آب اوﻟﻴـﻪ و ﺟـﺬب
آب ﺳﻪ روزه ﺑﻪ ﻋﻨﻮان ﺟﺬب آب ﻧﻬﺎﻳﻲ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ.
mt - m0
)(2
 tﺟﺬب آب در زﻣﺎن = × 100
m0
ﻛﻪ در آن:
 = mtوزن آزﻣﻮﻧﻪ ﻣﺮﻃﻮب در زﻣﺎن t
 = m0وزن آزﻣﻮﻧﻪ ﺧﺸﻚ ﺷﺪه در ﮔﺮﻣﺨﺎﻧﻪ
ﻫﻤﭽﻨﻴﻦ ﻣﻴﺰان درﺻﺪ آب ﺟﺬب ﺷـﺪه ﻧﻤﻮﻧـﻪﻫـﺎي آزﻣﺎﻳـﺸﮕﺎﻫﻲ در ﭘﺎﻳـﺎن  28روز ﺑﻌـﺪ از ﺧـﺮوج از ﺣﻮﺿـﭽﻪ در
ﺟﺪول) (4و ﻧﻤﻮدار )(3آورده ﺷﺪه اﺳﺖ.
ﻫﻤﺎﻧﻄﻮر ﻛﻪ از ﻧﺘﺎﻳﺞ ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد ﻧﻤﻮﻧﻪﻫﺎ ﺑـﻪ اﻧـﺪازه ﻣﻴـﺰان آب ﺧـﻮد ﻫﻨﮕـﺎم ﺧـﺮوج از ﺣﻮﺿـﭽﻪ ،ﺟـﺬب آب
ﻧﻤﻲﻛﻨﻨﺪ و ﻣﻴﺰان اﻧﺪﻛﻲ ﻛﻤﺘﺮ از آن ﻗﺎدر ﺑﻪ ﺟﺬب آب ﻫﺴﺘﻨﺪ ؛ وﻟﻲ روﻧﺪ ﺗﻐﻴﻴﺮات آب ﺟﺬب ﺷﺪه ﻧﻤﻮﻧﻪﻫﺎ در ﭘﺎﻳـﺎن
 28روز ﻗﺮار ﮔﻴﺮي در ﺣﻮﺿﭽﻪ ﺑﺎ ﺗﻐﻴﻴﺮات دﻣﺎ ،ﺑﺎ روﻧﺪ ﺗﻐﻴﻴﺮات آب ﺟﺬب ﺷﺪه ﻧﻤﻮﻧﻪﻫﺎ ﺑﻌﺪ از ﺧﺸﻚ ﺷﺪن و ﻏﻮﻃـﻪ
وري ﻣﺠﺪد ﺑﻪ ﻣﺪت  72ﺳﺎﻋﺖ ،ﻫﻤﺴﻮ ﻣﻲﺑﺎﺷﺪ.
ﻫﻤﭽﻨﺎﻧﻜﻪ از ﻧﺘﺎﻳﺞ ﻣﺸﺨﺺ اﺳﺖ ﻛﻤﺘﺮﻳﻦ ﻣﻴﺰان ﺟﺬب آب اوﻟﻴﻪ و ﻧﻬﺎﻳﻲ در ﺳﻦ  28روز ،ﻣﺮﺑﻮط ﺑﻪ ﻣﺨﻠﻮط T=20
و ﺑﻴﺸﺘﺮﻳﻦ آن ﻣﺮﺑﻮط ﺑﻪ ﻣﺨﻠﻮط  T=40ﻣﻲﺑﺎﺷﺪ.
ﺟﺪول  :2ﻧﺘﺎﻳﺞ ﺟﺬب آب اوﻟﻴﻪ ) 1ﺳﺎﻋﺘﻪ ﺑﺮ ﺣﺴﺐ (%
ﺳﻦ آزﻣﻮﻧﻪ

ﺷﺮاﻳﻂ

ﻧﺎم ﻃﺮح و ﻣﻴﺰان ﺟﺬب آب اوﻟﻴﻪ )(%

ﻋﻤﻞ آوري

T=10

T=20

T=30

T=40

 28روزه

آزﻣﺎﻳﺸﮕﺎﻫﻲ

4/23

4/15

4/28

4/37

28روزه

ﻛﺎرﮔﺎﻫﻲ

4/92

4/68

4/98

5/17

ﺟﺪول  :3ﻧﺘﺎﻳﺞ ﺟﺬب آب ﻧﻬﺎﻳﻲ ) 72ﺳﺎﻋﺘﻪ ﺑﺮ ﺣﺴﺐ (%
ﺳﻦ آزﻣﻮﻧﻪ

ﻧﺎم ﻃﺮح و ﻣﻴﺰان ﺟﺬب آب ﻧﻬﺎﻳﻲ )(%

ﺷﺮاﻳﻂ
ﻋﻤﻞ آوري

T=10

T=20

T=30

T=40

 28روزه

آزﻣﺎﻳﺸﮕﺎﻫﻲ

9/27

9/08

9/41

9/61

28روزه

ﻛﺎرﮔﺎﻫﻲ

9/40

9/16

9/59

9/80

ﺟﺪول  :4ﻣﻴﺰان آب ﺟﺬب ﺷﺪه ﻧﻤﻮﻧﻪﻫﺎ در ﭘﺎﻳﺎن ﺳﻦ  28روز
ﺳﻦ

ﺷﺮاﻳﻂ

آزﻣﻮﻧﻪ
 28روزه

ﻧﺎم ﻃﺮح و ﻣﻴﺰان ﺟﺬب آب )(%

ﻋﻤﻞ آوري

T=10

T=20

T=30

T=40

آزﻣﺎﻳﺸﮕﺎﻫﻲ

9/9

9/86

10/15

10/31

ﻋﻠﺖ اﺧﺘﻼف ﻣﻴﺰان ﺟﺬب آب ﺑﺎ ﺗﻐﻴﻴﺮات دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ را ﻣﻴﺘﻮان اﻳﻨﮕﻮﻧﻪ ﺗﻔﺴﻴﺮ ﻧﻤﻮد.در ﺑﺘﻦ ﻣﻨﺎﻓﺬ ﻣﺘﻌﺪدي وﺟﻮد
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دارد ﻛﻪ ﻛﻞ اﻳﻦ ﻣﻨﺎﻓﺬ و ﻓﻀﺎﻫﺎي ﺧﺎﻟﻲ ﺗﺨﻠﺨﻞ ﺑﺘﻦ را ﺗﺸﻜﻴﻞ ﻣﻲدﻫﻨﺪ .وﻟﻲ ﺗﻨﻬﺎ ﻣﻨﺎﻓﺬي ﻗﺎﺑﻠﻴﺖ ﺟـﺬب آب و ﺑـﻪ
ﻃﻮر ﻛﻠﻲ ﻧﻔﻮذ ﭘﺬﻳﺮي را دارا ﻫﺴﺘﻨﺪ ﻛﻪ ﺿﻤﻦ داﺷﺘﻦ ﻗﻄﺮ ﻣﻨﺎﺳﺐ ،ﺑﺎ ﻳﻜﺪﻳﮕﺮ ارﺗﺒﺎط ﻧﻴﺰ داﺷﺘﻪ ﺑﺎﺷﻨﺪ.آﻧﭽﻪ در ﺣﺠﻢ
و ﺷﻜﻞ اﻳﻦ ﻣﻨﺎﻓﺬ ﺗﺎﺛﻴﺮات ﻋﻤﺪه اي دارد ،درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن و ﻧﺤﻮه ﺗﻮزﻳﻊ ﻣﺤـﺼﻮﻻت آن در ﺑـﻴﻦ اﺟـﺰاي
ﺑﺘﻦ اﺳﺖ.
ﻫﻤﺎﻧﻄﻮر ﻛﻪ در ﻣﻮرد ﻣﻘﺎوﻣﺖ ﻧﻴﺰ ﺑﻪ آن اﺷﺎره ﺷﺪ ،دﻣﺎي اوﻟﻴﻪ ﺑﺎﻻ )در اﻳﻦ آزﻣﺎﻳﺶ دﻣﺎﻫﺎي ﺑﺎﻻﺗﺮ از ﻧﻤﻮﻧﻪ (T=20
ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﻫﻴﺪراﺳﻴﻮن و ﺗﻮﻟﻴﺪ ﺳﺮﻳﻊ ﻣﺤﺼﻮﻻت ﻣﻴﮕﺮدد وﻟـﻲ اﻳـﻦ ﺳـﺮﻋﺖ ﺑـﺎﻻي ﻫﻴﺪراﺳـﻴﻮن ﺑﺎﻋـﺚ
ﺗﺠﻤﻊ ﻣﺤﺼﻮﻻت ﺣﻮل ذرات ﻫﻴﺪراﺗﻪ ﻧﺸﺪه ﺳﻴﻤﺎن ﮔﺸﺘﻪ و ﺿﻤﻦ آﻧﻜﻪ ﺳﻴﻤﺎن ﺑﻪ ﻃﻮر ﻛﺎﻣﻞ ﻫﻴﺪراﺗﻪ ﻧﻤﻲﮔـﺮدد،
اﻳﻦ ﻣﺤﺼﻮﻻت ﻓﺮﺻﺖ ﻛﺎﻓﻲ ﺟﻬﺖ ﺗﻮزﻳﻊ ﻳﻜﻨﻮاﺧﺖ ﺑﻴﻦ ذرات ﺑﺘﻦ را ﻧﺪاﺷﺘﻪ و ﻧﻬﺎﻳﺘﺎ ﺑﺎﻋﺚ اﻳﺠﺎد ﺑﺎﻓﺖ ﺿﻌﻴﻒ ﺗﺮ
و ﻧﻔﻮذ ﭘﺬﻳﺮ ﺗﺮ در ﺑﺘﻦ ﻣﻴﮕﺮدد).ﺿﻤﻦ آﻧﻜﻪ در ﺑﺘﻦ ﻣﻤﻜﻦ اﺳﺖ ﻧﻘﺎط ﺿﻌﻴﻒ ﻣﻮﺿﻌﻲ ﻧﻴﺰ ﺑﻪ وﺟﻮد آﻳﺪ(.
ﻫﻤﭽﻨﻴﻦ در دﻣﺎﻫﺎي اوﻟﻴﻪ ﭘﺎﻳﻴﻦ ﻧﻴﺰ )ﻣﺜﻞ ﻧﻤﻮﻧﻪ  (T=10درﺟﻪ ﭘﺎﻳﻴﻦ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ﺑﺎﻋﺚ اﻓـﺰاﻳﺶ ﺟـﺬب آب
ﻧﺴﺒﺖ ﺑﻪ دﻣﺎﻫﺎي ﺑﺎﻻ ﺗﺮ )ﻣﺜﻞ ﻧﻤﻮﻧﻪ  (T=20اﺳﺖ.
اﺧﺘﻼف ﻧﻔﻮذ ﭘﺬﻳﺮي در ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﻛﺎرﮔﺎﻫﻲ را ﻣﻴﺘﻮان در ﺷﺮاﻳﻂ ﻣﻨﺎﺳﺐ ﺗﺮ ﻋﻤﻞ آوري ﻧﻤﻮﻧـﻪﻫـﺎي
آزﻣﺎﻳﺸﮕﺎﻫﻲ داﻧﺴﺖ زﻳﺮا در ﻣﻌﺮض آب ﻗﺮار داﺷﺘﻦ اﻳﻦ ﻧﻤﻮﻧـﻪﻫـﺎ ﺑﺎﻋـﺚ اﻳﺠـﺎد ﻫﻴﺪراﺳـﻴﻮن ﻛﺎﻣـﻞ ﺗـﺮ و ﺑﺎﻓـﺖ
ﺑﻬﺘﺮﻧﺴﺒﺖ ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ ﮔﺸﺘﻪ اﺳﺖ.
ﻫﺮ ﭼﻨﺪ اﻳﻦ اﺧﺘﻼف ،ﻛﻤﺘﺮ از آﻧﭽﻪ ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻲﺷﺪ واﻗﻊ ﮔﺸﺖ ﻛﻪ ﺷﺎﻳﺪ ﺑﺘﻮان اﻳﻦ ﭘﺪﻳﺪه را ﻧﺎﺷﻲ از دﻣﺎي ﺑﺎﻻي
ﻋﻤﻞآوري و ﺗﺎ ﺛﻴﺮ آن در اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﺗﻜﺎﻣﻞ واﻛﻨﺸﻬﺎي ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن درﻧﻤﻮﻧـﻪﻫـﺎي ﻛﺎرﮔـﺎﻫﻲ در ﻃـﻮل
ﻣﺪت ﻋﻤﻞ آوري ﻧﺴﺒﺖ ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ داﻧﺴﺖ.
ﻫﻤﭽﻨﻴﻦ در اﻳﻦ آزﻣﺎﻳﺶ ﺑﻌـﺪ از ﺧـﺮوج ﻧﻤﻮﻧـﻪﻫـﺎ در ﭘﺎﻳـﺎن  28روز ﻋﻤـﻞ آوري آزﻣﺎﻳـﺸﮕﺎﻫﻲ ،وزن اﺷـﺒﺎع آﻧﻬـﺎ
اﻧﺪازهﮔﻴﺮي ﺷﺪ و ﺳﭙﺲ ﺟﻬﺖ اﻧﺠﺎم آزﻣﺎﻳﺶ ﺟﺬب آب در اون ﻗﺮار ﮔﺮﻓﺘﻨﺪ .وﻟﻲ ﺑﻌـﺪ از ﺳـﻪ روز ﻏﻮﻃـﻪ ور ﺷـﺪن
ﻣﺠﺪد ﻧﻤﻮﻧﻪﻫﺎ در آب و ﺛﺎﺑﺖ ﺷﺪن ﺟﺬب آب آﻧﻬﺎ ﻣﺸﺎﻫﺪه ﺷﺪ ﻛﻪ ﻧﻤﻮﻧﻪﻫﺎ ﺑـﻪ ﻣﻴـﺰان آب از دﺳـﺖ داده ،ﻗـﺎدر ﺑـﻪ
ﺟﺬب آب ﻧﻴﺴﺘﻨﺪ و ﺣﺪود  %90آب از دﺳﺖ داده را ﻣﺠﺪدا ﺟﺬب ﻣﻲﻛﻨﻨﺪ .ﻧﻤﻮدار) .(3ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻛـﻪ اﻳـﻦ %10
آب ﻏﻴﺮ ﻗﺎﺑﻞ ﺟﺬب ﻣﺠﺪد ،آب ﻣﻮﺟﻮد در ﻣﻨﺎﻓﺬ رﻳﺰ ژﻟﻲ و ﻳﺎ ﻣﻨﺎﻓﺬ ﻏﻴﺮ ﻣﺮﺗﺒﻂ ﻣﻮﺟـﻮد در ﻣﺤـﺼﻮﻻت ﻫﻴﺪراﺳـﻴﻮن
ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﭘﺲ از ﺧﺸﻚ ﺷﺪن آﻧﻬﺎ ،آب ﻗﺎدر ﺑﻪ ﻧﻔﻮذ ﻣﺠﺪد در آن ﻧﻤﻲﺑﺎﺷﺪ.
ﻫﻤﭽﻨﻴﻦ ﻣﺸﺎﻫﺪه ﺷﺪ ﻛﻪ روﻧﺪ ﺑﻴﻦ درﺻﺪ آب ﺟﺬب ﺷﺪه ﻧﻤﻮﻧﻪﻫﺎ در ﭘﺎﻳﺎن ﺳﻦ  28روز ،و درﺻـﺪ ﺟـﺬب آب آﻧﻬـﺎ
ﭘﺲ از ﺳﻪ روز ﻳﻜﺴﺎن ﻣﻲﺑﺎﺷﺪ).ﻧﻤﻮدار).((3
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ﺁب ﺟﺬب ﺵﺪﻩ در ﭘﺎ?ان  28روز ﻋﻤﻞ ﺁور?

ﺟﺬب ﺁب ﻧﻬﺎ??

ﻧﻤﻮدار  -3ﻧﻤﻮدار ﺗﻐﻴﻴﺮات ﻣﻴﺰان آب ﺟﺬب ﺷﺪه ﻧﻤﻮﻧﻪﻫﺎ در ﭘﺎﻳﺎن  28روز ﻋﻤﻞآوري درﺣﻮﺿﭽﻪ و ﺟﺬب اب ﻧﻬﺎﻳﻲ
ﻧﻤﻮﻧﻪﻫﺎ ﺗﻐﻴﻴﺮات دﻣﺎ

ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ
آزﻣﺎﻳﺶ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ ﻃﺒﻖ دﺳﺘﻮر  RILEM CPC 11.2, TC 14-CPCاﻧﺠﺎم ﮔـــﺮدﻳﺪ .اﻳﻦ آزﻣـﺎﻳﺶ ﻓﻘـﻂ
در ﻣﻮرد ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ  10×10و  2ﻧﻤﻮﻧﻪ از ﻫﺮ ﻣﺨﻠﻮط اﻧﺠﺎم ﮔﺮﻓﺖ.
ﻧﺤﻮه ﻋﻤﻞآوري و ﺧﺸﻚ ﺷﺪن ﻧﻤﻮﻧﻪﻫﺎ در ﮔﺮﻣﺨﺎﻧﻪ ﻣﻄﺎﺑﻖ ﺑﺎ آزﻣـﺎﻳﺶ ﺗﻌﻴـﻴﻦ ﺟـﺬب آب ﺑـﻮد .در اﻳـﻦ آزﻣـﺎﻳﺶ،
آزﻣﻮﻧﻪﻫﺎي ﺧﺸﻚ ﺷﺪه در داﺧﻞ ﻇﺮف ﮔﻮﻧﻪ اي ﻗﺮار ﮔﺮﻓﺖ ﻛﻪ ﻛﻒ آن اﻧﺪﻛﻲ ﺑﺎﻻﺗﺮ از ﻛﻒ ﻇﺮف ﺑﺎﺷﺪ ﺑﺮاي اﻳـﻦ
ﻣﻨﻈﻮر ﻧﻤﻮﻧﻪﻫﺎ ﺑﺮ روي ﺗﺨﺘﻪﻫﺎي ﺑﺎرﻳﻚ ﭼﻮﺑﻲ ﻗﺮار داده ﺷﺪ و ﺳﭙﺲ ﻇﺮف ﺗﺎ ارﺗﻔﺎع  5±1ﻣﻴﻠﻲﻣﺘﺮ ﺑـﺎﻻﺗﺮ از ﻛـﻒ
آزﻣﻮﻧﻪﻫﺎ ﭘﺮ از آب ﮔﺮدﻳﺪ .در ﺗﻤﺎم ﻣﺪت آزﻣﺎﻳﺶ ﺳﻄﺢ آب ﺛﺎﺑﺖ ﻧﮕﺎه داﺷﺘﻪ ﺷﺪ.
اﻧﺪازهﮔﻴﺮي ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ در ﻓﻮاﺻﻞ زﻣﺎﻧﻲ  24 ،6 ،3و  72ﺳﺎﻋﺖ از زﻣﺎن ﻗﺮار دادن آزﻣﻮﻧـﻪﻫـﺎ در آب ﺻـﻮرت
ﮔﺮﻓﺖ .ﻫﻨﮕﺎم ﺗﻮزﻳﻦ ،آزﻣﻮﻧﻪﻫﺎ ﺑﻪﺗﺮﺗﻴﺐ از درون آب ﺧﺎرج ﺷﺪ ﺑﻪ ﻛﻤﻚ ﭘﺎرﭼﻪ آب ﺳﻄﺤﻲ آن ﺧﺸﻚ ﺷﺪ ،ﻧﻤﻮﻧﻪﻫﺎ
وزن ﺷﺪ و ﻣﺠﺪدا داﺧﻞ ﻇﺮف ﻗﺮار ﮔﺮﻓﺖ .ﺑﻪ اﻳﻦ ﺗﺮﺗﻴﺐ ﺑﺎ داﺷﺘﻦ وزن آزﻣﻮﻧـﻪ ﺧـﺸﻚ ﺷـﺪه در ﮔﺮﻣﺨﺎﻧـﻪ ) (m0و
وزن آزﻣﻮﻧﻪ در زﻣﺎن  ،(mt) tﻣﻴﺰان ﺟﺬب آب در واﺣﺪ ﺳﻄﺢ ﻳﺎ ﻋﻤﻖ ﻣﻌﺎدل ﻧﻔﻮذ آب از راﺑﻄﻪ ) (3ﻣﺤﺎﺳﺒﻪ ﺷﺪ.
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mt - m0
A

)(3

= it

ﻛﻪ در آن:
 = itﻣﻴﺰان آب ﺟﺬب ﺷﺪه در واﺣﺪ ﺳﻄﺢ در زﻣﺎن  ،[gr/mm ] tﺑﺮاﺑﺮ ﺑﺎ ﻋﻤﻖ ﻣﻌﺎدل ﻧﻔﻮذ آب ][mm
 = m0وزن آزﻣﻮﻧﻪ ﺧﺸﻚ ﺷﺪه در ﮔﺮﻣﺨﺎﻧﻪ ][gr
 = mtوزن آزﻣﻮﻧﻪ در زﻣﺎن [gr] t
 = Aﺳﻄﺢ ﻣﻘﻄﻊ ﻧﻤﻮﻧﻪ ][mm2
2

ﺑﺎ ﺗﺮﺳﻴﻢ ﻧﻘﺎط ﺑﻪ دﺳﺖ آﻣﺪه در دﺳﺘﮕﺎه  i - tو ﺑﺮازش ﻳﻚ ﺧﻂ ﻣﺴﺘﻘﻴﻢ از اﻳﻦ ﻧﻘﺎط ،ﺿﺮﻳﺐ ﺟﺬب آب ﻣﻮﻳﻴﻨـﻪ
) Sﺷﻴﺐ ﺧﻂ ﺑﺮازش ﺷﺪه( و ﺛﺎﺑﺖ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ ) Cﻋﺮض از ﻣﺒﺪأ ﺧـﻂ ﺑـﺮازش ﺷـﺪه( ﺑـﻪ دﺳـﺖ آﻣـﺪ .راﺑﻄـﻪ
ﻋﻤﻮﻣﻲﺧﻂ ﺑﺮازش ﺷﺪه ﺑﻪ ﺷﻜﻞ زﻳﺮ اﺳﺖ:
i=C+S t

)(4

ﻛﻪ در آن:
 = iﻣﻴﺰان آب ﺟﺬب ﺷﺪه در واﺣﺪ ﺳﻄﺢ ]  [gr/cmﺑﺮاﺑﺮ ﺑﺎ ﻋﻤﻖ ﻣﻌﺎدل ﻧﻔﻮذ آب ][cm
 = Cﺛﺎﺑﺖ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ ][cm
 = Sﺿﺮﻳﺐ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ ][cm/hr0.5
 = tزﻣﺎن ][hr
2

Δi

ﻋﻤﻖ ﻣﻌﺎدل ﻧﻔﻮذ آب

Δi
Δ t

= ) S = tan(θ

θ
Δ t

[cm] i

C

] t [hr 0.5

در روش دﻳﮕﺮ ﻣﻴﺘﻮان ﺧﻂ ) i-log(tرا ﻧﻴﺰ رﺳﻢ ﻧﻤﻮد .و  S,Cرا ﺑـﺎ ﺑـﺮازش ﺧـﻂ در اﻳـﻦ دﺳـﺘﮕﺎه ﻣﺨﺘـﺼﺎت
ﺑﺪﺳﺖ آورد.
)(5
)i = C + S log(t
 Sو  Cاز دﺳﺘﮕﺎه ﻣﺨﺘﺼﺎﺗﻲ اﻧﺘﺨﺎب ﻣﻲﮔﺮدد ﻛﻪ ﺧﻂ ﺑﺮازش داده ﺷﺪه در آن دﺳﺘﮕﺎه ﺑﻴﺸﺘﺮﻳﻦ ﺿﺮﻳﺐ ﻫﻤﺒـﺴﺘﮕﻲ
را ﺑﺮاي ﻧﻘﺎط در آن دﺳﺘﮕﺎه اﻳﺠﺎد ﻛﻨﺪ.
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ﻧﺘﺎﻳﺞ ﺟﺬب ﻣﻮﺋﻴﻨﻪ آزﻣﻮﻧﻪﻫﺎ درﺟﺪول ) (5ﻣﺸﺎﻫﺪه ﻣﻴﺸﻮد .ﺿﺮاﺋﺐ ﻫﻤﺒﺴﺘﮕﻲ) (Rﺑﺪﺳﺖ آﻣﺪه ﺑﻴﻦ  0/961و 0/987

ﻛﻪ ﺑﻄﻮر ﻣﻴﺎﻧﮕﻴﻦ  0/976ﻣﻲﺑﺎﺷﺪ .ﺿﺮاﺋﺐ ﻫﻤﺒﺴﺘﮕﻲ ﺑﺪﺳﺖ آﻣﺪه ﻣﻨﺎﺳﺐ ﺑﻮده وﺑﻴﺎﻧﮕﺮﻫﻤﮕﺮاﺋﻲ ﻗﺎﺑﻞ ﻗﺒـﻮل ﻧﻘـﺎط
ﻧﻤﻮدار iﺑﺮﺣﺴﺐ ﺟﺬرزﻣﺎن ﻣﻲﺑﺎﺷﺪ.
اﮔﺮ ﻧﻤﻮدار iﺑﺮﺣﺴﺐ ﻟﮕﺎرﻳﺘﻢ زﻣﺎن ﺗﺮﺳﻴﻢ ﺷﻮد ،ﺿﺮاﺋﺐ ﻫﻤﺒﺴﺘﮕﻲ ﺑﻴﻦ ﻣﻘﺎدﻳﺮ  0/961و  0/972و ﺑﻪ ﻃﻮر ﻣﻴـﺎﻧﮕﻴﻦ
0/967ﺧﻮاﻫﻨﺪ ﺑﻮد ﻛﻪ در ﻣﻘﺎﻳﺴﻪ ﺑﺎ روش ﺟـﺬر زﻣـﺎن ﻫﻤﺒـﺴﺘﮕﻲ ﺿـﻌﻴﻒ ﺗـﺮي ﺑـﻴﻦ ﻧﻘـﺎط ﺑﺮﻗـﺮار ﺧﻮاﻫـﺪ ﺑـﻮد.
)ﺟﺪول)((6
ﺑﻨﺎﺑﺮ اﻳﻦ ﻣﻘﺎدﻳﺮ ﺛﺎﺑﺖ ﺟﺬب و ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﻳﻴﻨﻪ ﻧﻤﻮدار ﺟﺬر زﻣﺎن ﻣﺪ ﻧﻈﺮ ﺧﻮاﻫﺪ ﺑﻮد.

ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﺋﻴﻨﻪ ) (Sدر ﻧﻤﻮﻧﻪﻫﺎ ﺑﺎ ﺗﻐﻴﻴﺮ دﻣﺎي اوﻟﻴﻪ ﺑـﺘﻦ ﻣﺘﻐﻴـﺮ ﺑـﻮده و ﻣﻘـﺎدﻳﺮاﻳﻦ ﺿـﺮاﺋﺐ از cm / hr 0.5
 0/134ﺗﺎ  0/156ﺗﻐﻴﻴﺮ ﻣﻲﻛﻨﺪ.
ﺛﺎﺑﺖ ﺟﺬب ﻣﻮﺋﻴﻨﻪ ) (Cدرﻧﻤﻮﻧﻪﻫﺎ از  0/218ﺗﺎ0/326ﻣﺘﻐﻴﺮ اﺳﺖ .ﺛﺎﺑﺖ ﺟﺬب ﻣﻮﺋﻴﻨﻪ ﺑﻪ ﻧﻮع ﺑـﺘﻦ و روش ﭘﺮداﺧـﺖ
ﺳﻄﺢ آن واﺑﺴﺘﻪ اﺳﺖ.
ﺟﺪول  :5ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ
ﺟﺬب آب در واﺣﺪ ﺳﻄـﺢ ﺑﺮاﺑﺮ ﺑﺎ ﻋﻤﻖ

ﻣﺸﺨﺼﺎت ﺧﻂ ﺑﺮازش ﺷﺪه
ﻣﻨﺤﻨﻲ i– √t

ﻣﻌﺎدل ﻧﻔﻮذ آب ][cm

ﻧﺎم ﻃــﺮح

ﺛﺎﺑﺖ

ﺿﺮﻳﺐ

ﺿﺮﻳﺐ

ﺟﺬب ﻣﻮﻳﻴﻨﻪ

ﺟﺬب ﻣﻮﻳﻴﻨـﻪ

ﻫﻤﺒﺴﺘـﮕﻲ

][cm

][cm/hr0.5

R2

0/143

0/987
0/971

3

6

24

72

ﺳﺎﻋﺖ

ﺳﺎﻋﺖ

ﺳﺎﻋﺖ

ﺳﺎﻋﺖ

T=10

0/43

0/57

0/99

1/40

0/218

T=20

0/47

0/62

1/05

1/38

0/291

0/134

T=30

0/52

0/71

1/22

1/57

0/326

0/154

0/961

T=40

0/48

0/63

1/10

1/54

0/249

0/156

0/986

ﺟﺪول  :6ﻣﺸﺨﺼﺎت ﺧﻂ ﺑﺮازش ﺷﺪه )i-log(t

ﻣﺸﺨﺼﺎت ﺧﻂ ﺑﺮازش ﺷﺪه
ﻣﻨﺤﻨﻲ )i– log(t

ﻧﺎم ﻃﺮح
ﺛﺎﺑﺖ ﺟﺬب ﻣﻮﻳﻴﻨﻪ

ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﻳﻴﻨـﻪ

ﺿﺮﻳﺐ ﻫﻤﺒﺴﺘـﮕﻲ

T=10

][cm
0/013

][cm/hr0.5
0/334

R2
0/962

T=20

0/089

0/316

0/971

T=30

0/087

0/366

0/972

T=40

0/025

0/365

0/961

ﻫﺮ ﭼﻨﺪ ﻣﻘﺎدﻳﺮ ﺛﺎﺑﺖ ﺟﺬب ﻣﻮﻳﻴﻨﻪ ﺑﻪ ﻧﻮﻋﻲ ﻧﺸﺎن دﻫﻨﺪه ﭘﺘﺎﻧﺴﻴﻞ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ ﺑﺘﻦ ﻫﺴﺘﻨﺪ .اﻣﺎ ﺑﺎﻳﺪ ﺗﻮﺟـﻪ ﻧﻤـﻮد
ﻛﻪ در ﺑﺤﺚ ﺟﺬب آب ﻣﻮﺋﻴﻨﻪ ﺑﺘﻦ ،آﻫﻨﮓ ﺟﺬب آب ﻣﻮﺋﻴﻨﻪ ﻧﺴﺒﺖ ﺑﻪ ﺛﺎﺑﺖ ﺟﺬب ﻣﻮﺋﻴﻨﻪ اﻫﻤﻴﺖ ﺑﻴـﺸﺘﺮي دارد و در
ﺑﺮرﺳﻲ ﻧﺘﺎﻳﺞ ﺟﺎﻳﮕﺎه ﻣﻬﻤﺘﺮي را ﺑﻪ ﺧﻮد اﺧﺘﺼﺎص ﻣﻲدﻫﺪ.
در ﺗﺠﺰﻳﻪ و ﺗﺤﻠﻴﻞ ﻧﺘﺎﻳﺞ ﺟﺬب آب ﻣﻮﺋﻴﻨﻪ ،روﻧﺪ ﺟﺬب آب ﻣﻮﺋﻴﻨﻪ ﺑﺘﻦ ﺑﺎﻳﺪ ﺑﺮرﺳـﻲ ﺷـﻮد .ﻟـﺬا »ﺿـﺮﻳﺐ ﺟـﺬب آب

–––––––––––––––––––––– ﺑﺮرﺳﻲ ﺗﺎﺛﻴﺮ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺑﺮ ﻣﻴﺰان ﺟﺬب آب و ﺟﺬب آب43 /....

ﻣﻮﻳﻴﻨﻪ  «Sاز اﻳﻦ ﺟﻬﺖ اﻫﻤﻴﺖ ﭘﻴﺪا ﻣﻲﻛﻨﺪ و در اﻳﻦ ﺑﺨﺶ ﺗﺸﺮﻳﺢ ﻣﻲﺷﻮد.
ﺗﻐﻴﻴﺮات ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﻳﻴﻨﻪ ﺑﺎ ﺗﻐﻴﻴﺮات دﻣﺎ در ﻧﻤﻮدار ) (4ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ ﻣـﺸﺎﻫﺪه ﻣـﻲﮔـﺮدد
ﻛﻤﺘﺮﻳﻦ ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﻳﻴﻨﻪ را ﻧﻤﻮﻧﻪ  T=20داراﺳﺖ و ﭘﺲ از آن ﻧﻤﻮﻧﻪﻫﺎي  T=30 ،T=10و  T=40ﺑﻪ ﺗﺮﺗﻴـﺐ
ﻗﺮار ﮔﺮﻓﺘﻪاﻧﺪ.
آزﻣﺎﻳﺶ ﺟﺬب ﻣﻮﻳﻴﻨﻪ و آزﻣﺎﻳﺶ ﺟﺬب آب ﺗﺤﺖ ﺗﺎﺛﻴﺮ ﻋﻮاﻣﻞ ﻛﻢ و ﺑﻴﺶ ﻣﺸﺎﺑﻬﻲ ﻫﺴﺘﻨﺪ ﺑﻨـﺎﺑﺮاﻳﻦ ﺑـﻪ ﻫﻤـﺎن دﻻ
ﻳﻠﻲ ﻛﻪ در ﻣﻮرد آزﻣﺎﻳﺶ ﺟﺬب ﻣﻄﺮح ﮔﺮدﻳﺪ )ﺗﺎﺛﻴﺮات دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ در درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ﻧﺴﺒﺖ ﺑﻪ زﻣـﺎن
و ﻧﺤﻮه ﺗﻮزﻳﻊ ﻣﺤﺼﻮﻻت در ﺑﻴﻦ اﺟﺰاي ﺑﺘﻦ( اﻳﻦ ﻧﺘﺎﻳﺞ ﺣﺎﺻﻞ ﮔﺸﺘﻪ اﺳﺖ.
ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﻳﻴﻨﻪ )(s
0.16
0.155
0.15

ﺿﺮﻳﺐ ﺟﺬب ﻣﻮﻳﻴﻨﻪ )(s

0.14
0.135

)S(cm/√hr

0.145

0.13
0.125
0.12
T=40

T=20

T=30

T=10

)Tem p(c

ﻧﻤﻮدار -4ﺗﻐﻴﻴﺮات ﺿﺮﻳﺐ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ ﺑﺎ ﺗﻐﻴﻴﺮات دﻣﺎ

 -5ﻧﺘﻴﺠﻪﮔﻴﺮي
 -1درﺟﻪ و ﺳﺮﻋﺖ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ﻋﻮاﻣﻠﻲ ﺗﺎﺛﻴﺮ ﮔﺬار ﺑﺮ ﻣﻴﺰان ﺟـﺬب آب ﺑـﺘﻦ ﻣـﻲﺑﺎﺷـﻨﺪ .آﻧﭽﻨﺎﻧﻜـﻪ در اﻳـﻦ
آزﻣﺎﻳﺶ ،ﺑﺘﻦ  T=20ﺑﻪ دﻟﻴﻞ داﺷﺘﻦ ﺷﺮاﻳﻂ ﺑﻬﺘﺮ از اﻳﻦ ﻟﺤﺎظ ،ﻧﺴﺒﺖ ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي دﻳﮕﺮ ﻛﻤﺘﺮﻳﻦ ﺟﺬب آب را دارا
ﺑﻮد .و ﻧﻤﻮﻧﻪﻫﺎ ﺑﺎ دﻣﺎﻫﺎي اوﻟﻴﻪ ﺑﺎﻻ ﺗﺮ ﺑﻪ دﻟﻴﻞ داﺷﺘﻦ ﺑﺎﻓﺖ ﺿﻌﻴﻒ ﺗﺮ ﺑﻪ دﻟﻴﻞ ﺳﺮﻋﺖ ﺑﺎﻻي ﻫﻴﺪراﺳﻴﻮن ،و ﻧﻤﻮﻧﻪﻫﺎ
ﺑﺎ دﻣﺎي ﭘﺎﻳﻴﻦ ﺗﺮ ﺑﻪ دﻟﻴﻞ درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺿﻌﻴﻒ ﺗﺮ داراي ﻧﻔﻮذ ﭘﺬﻳﺮي ﺑﻴﺸﺘﺮي ﺑﻮدﻧﺪ ﻛـﻪ اﻳـﻦ روﻧـﺪ در ﻫـﺮ دو
ﺳﺮي ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﺟﺪاول ﻳﻜﺴﺎن ﺑﻮد.
 -2در اﻳﻦ آزﻣﺎﻳﺶ ﻣﺸﺎﻫﺪه ﺷﺪ ﻛﻪ ﻧﻤﻮﻧﻪﻫﺎ ﺣﺪود  %90آﺑﻲ را ﻛﻪ ﻫﻨﮕـﺎم ﺧـﺮوج از ﺣﻮﺿـﭽﻪ ﭘـﺲ از  28روز دارا
ﺑﻮدﻧﺪ ،در ﭘﺎﻳﺎن آزﻣﺎﻳﺶ ﺟﺬب آب ﻣﺠﺪدا ﺟﺬب ﻣﻲﻛﻨﻨﺪ.
 -3روﻧﺪ ﺑﻴﻦ ﻧﺘﺎﻳﺞ ﻣﻴﺰان آب ﺟﺬب ﺷﺪه ﻧﻤﻮﻧﻪﻫﺎ در ﻫﻨﮕﺎم ﺧﺮوج از ﺣﻮﺿﭽﻪ در ﭘﺎﻳـﺎن 28روز و ﺟـﺬب آب ﻧﻬـﺎﻳﻲ
آﻧﻬﺎ ،در دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ ،ﻳﻜﺴﺎن اﺳﺖ.
 -4روﻧﺪ ﺗﻐﻴﻴﺮات ﺿﺮﻳﺐ ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ در اﻳﻦ آزﻣﺎﻳﺶ ﻧﺸﺎن ﻣﻴﺪﻫﺪ ﻛﻪ ﺑﺘﻦ  T=20ﻛﻤﺘﺮﻳﻦ آﻫﻨﮓ ﺟـﺬب آب
ﻣﻮﻳﻴﻨﻪ را داراﺳﺖ و ﭘﺲ از آن ﻧﻤﻮﻧﻪﻫﺎي  T=30 ،T=10و  T=40ﺑﻪ ﺗﺮﺗﻴﺐ ﻗﺮار ﮔﺮﻓﺘﻪ اﻧﺪ .ﻫﻤﭽﻨﻴﻦ روﻧـﺪ ﻧﺘـﺎﻳﺞ
آزﻣﺎﻳﺶ ﺟﺬب آب و ﺟﺬب آب ﻣﻮﻳﻴﻨﻪ در اﻳﻦ آزﻣﺎﻳﺶ ﻛﻢ و ﺑﻴﺶ ﻳﻜﺴﺎن ﻣﻲﺑﺎﺷﺪ.
 -5ﭘﻴﺸﻨﻬﺎد ﻣﻲﺷﻮد اﻳﻦ ازﻣﺎﻳﺸﺎت در ﺳﻨﻴﻦ ﺑﺎﻻﺗﺮ ﻧﻴﺰ اﻧﺠﺎم ﮔﻴﺮد ﺗﺎ اداﻣﻪ اﻳﻦ روﻧﺪ در ﺳﻨﻴﻦ ﺑﻪ اﻧـﺪازه ﻛـﺎﻓﻲ ﺑـﺎﻻ
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ﻣﺸﺎﻫﺪه ﮔﺮدد.
 -6ﭘﻴﺸﻨﻬﺎد ﻣﻴﺸﻮد اﺛﺮ ﻫﻤﺰﻣﺎن دﻣﺎي اوﻟﻴﻪ و ﻋﻤﻞآوري ﻧﻴﺰ ﺑﺮ ﺟﺬب اب ان ﺑﺮرﺳﻲ ﮔﺮدد.
ﻣﺮاﺟﻊ
» -1آﻳﻴﻦﻧﺎﻣﻪ ﺑﺘﻦ اﻳﺮان )ﺗﺠﺪﻳﺪ ﻧﻈﺮ اول(« ،دﻓﺘﺮ ﺗﺤﻘﻴﻘﺎت و ﻣﻌﻴﺎرﻫﺎي ﻓﻨﻲ ،ﺳﺎزﻣﺎن ﺑﺮﻧﺎﻣﻪ و ﺑﻮدﺟـﻪ ،ﺷـﻤﺎره
ﻧﺸﺮﻳﻪ،120 :
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ﻫﺮﻣﺰ ﻓﺎﻣﻴﻠﻲ ،1ﻣﺤﺴﻦ ﺗﺪﻳﻦ ،2ﭘﻮﻳﺎ ﺣﺎﺟﻲ ﺗﻘﻲ ﺗﻬﺮاﻧﻲ
 .1اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻋﻤﺮان داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان
 .2اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه را ه آﻫﻦ داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان
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ﭼﻜﻴﺪه
از آﻧﺠﺎ ﻛﻪ ﻋﻤﺪﺗﺎ ﺳﺎﺧﺖ ﺑﺘﻦ در ﺷﺮاﻳﻄﻲ در ﺗﻤﺎس ﻣﺴﺘﻘﻴﻢ ﺑﺎ ﻣﺤﻴﻂ اﻧﺠﺎم ﻣﻲﮔﻴﺮد ﭘﻴﻮﺳـﺘﻪ ﺗﺤـﺖ ﺗـﺎﺛﻴﺮ ﺷـﺮاﻳﻂ
اﻗﻠﻴﻤﻲﺧﻮد واﻗﻊ ﻣﻲﮔﺮدد .دﻣﺎ ﻣﻬﻤﺘﺮﻳﻦ ﻋﺎﻣﻞ اﻗﻠﻴﻤﻲاﺳﺖ ﻛﻪ ﺑﻴﺶ از ﻫﺮ ﻋﺎﻣﻞ دﻳﮕﺮي ﺑـﺘﻦ را ﺗﺤـﺖ ﺗـﺎﺛﻴﺮ ﻗـﺮار
ﻣﻲدﻫﺪ .اﻳﻦ ﺗﺎﺛﻴﺮات ﺑﺮ ﺑﺘﻦ ﺗﺎزه و ﺳﺨﺖ ﺷﺪه ﻗﺎﺑﻞ ﺗﻮﺟﻪ اﺳﺖ.
در اﻳﻦ ﻣﻘﺎﻟﻪ ﺗﺎﺛﻴﺮات دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺑﺮ ﻣﻘﺎوﻣﺖﻫﺎي ﻓﺸﺎري ،ﻛﺸﺸﻲ و ﻫﻤﭽﻨـﻴﻦ ﻣﻘﺎوﻣـﺖ وﻳـﮋه اﻟﻜﺘﺮﻳﻜـﻲ آن
ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺖ .در اﻳﻦ راﺳﺘﺎ ﻧﻤﻮﻧﻪﻫﺎﻳﻲ ﺑﺎ دﻣﺎﻫﺎي اوﻟﻴﻪ 30 ،20 ،10و  40درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ﺳـﺎﺧﺘﻪ ﺷـﺪ و
ﻣﺸﺎﻫﺪه ﮔﺸﺖ ﻛﻪ ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻛﻮﺗﺎه ﻣﺪت آن ﺗﺎ ﺳﻦ 7روز اﻓـﺰاﻳﺶ ﻣـﻲﻳﺎﺑـﺪ وﻟـﻲ
ﻣﻘﺎوﻣﺖﻫﺎ دراز ﻣﺪت آن ﺑﻪ ﺧﺼﻮص در ﺳﻦ  91روز ﻛﺎﻫﺶ ﻳﺎﻓﺘﻪ اﺳﺖ.
ﻫﻤﭽﻨﻴﻦ آزﻣﻮن ﻛﺸﺶ ﺑﺮزﻳﻠﻲ ﺑﺮ روي اﻳﻦ ﻧﻤﻮﻧﻪﻫﺎ اﻧﺠﺎم ﺷﺪ و ﻣﺸﺎﻫﺪه ﺷﺪ ﻛﻪ ﺗﺎ ﺳﻦ  28روز ﻧﻤﻮﻧﻪﻫﺎي ﺑﺎ دﻣـﺎي
اوﻟﻴﻪ  20درﺟﻪ ﺳﺎﺗﻴﮕﺮاد ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ را دارا ﻣﻲﺑﺎﺷﻨﺪ و ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎي اوﻟﻴﻪ ﻣﻘﺎوﻣﺖ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.
در ﻣﻮرد ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ ﻧﻴﺰ ﻧﺘﺎﻳﺞ ﻣﺸﺎﺑﻬﻲ ﻣﺸﺎﻫﺪه ﮔﺸﺖ ﺑﺎ اﻳﻦ ﺗﻔـﺎوت ﻛـﻪ ﺗﻨﻬـﺎ در ﺳـﻦ  91روز ﻣﻘـﺎدﻳﺮ
اﺧﺘﻼف ﻣﻘﺎوﻣﺖ ﻣﻘﺎدﻳﺮ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﭘﻴﺪا ﻛﺮد و ﺑﺘﻦ ﺑﺎ دﻣﺎي اوﻟﻴﻪ  10درﺟﻪ ﺳـﺎﻧﺘﻴﮕﺮاد ﺑﻴـﺸﺘﺮﻳﻦ ﻣﻘـﺪار ﻣﻘﺎوﻣـﺖ
وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ را دارا ﺑﻮد.
ﻛﻠﻴﺪواژهﻫﺎ :دﻣﺎي اوﻟﻴﻪ ،ﺑﺘﻦ ﺗﺎزه ،ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ،ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ
 -1ﻣﻘﺪﻣﻪ
ﺑﺘﻦ ﻳﻜﻲ از ﻣﺼﺎﻟﺢ ﺳﺎﺧﺘﻤﺎﻧﻲ ﭘﺮﻣﺼﺮف در ﺳﺎﺧﺖ ﭘﻞﻫﺎ ،ﺳﺎﺧﺘﻤﺎنﻫﺎ ،ﺳﻜﻮﻫﺎ ،ﺟـﺪاول و ﻫﻤﻴﻨﻄـﻮر در ﺳـﺎزهﻫـﺎي
زﻳﺮزﻣﻴﻨﻲ ﻣﺜﻞ ﺗﻮﻧﻞﻫﺎ و ﺧﻄﻮط ﻟﻮﻟﻪﻫﺎي ﺑﺘﻨﻲ ﻣﻲﺑﺎﺷﺪ .در ﺣﺎﻟﺖ ﻛﻠﻲ ،ﺑﺘﻦ ﻳﻜﻲ از ﻣﺼﺎﻟﺢ ﺑﺴﻴﺎر ﺑـﺎدوام ﺑـﻪ ﺷـﻤﺎر
ﻣﻲآﻳﺪ ﻛﻪ ﻣﻲﺗﻮاﻧﺪ در ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ ﺑﺴﻴﺎر ﺳﺨﺖ ﻣﺜﻞ ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ درﻳﺎﻳﻲ ،ﺻﻨﻌﺘﻲ و ﻏﻴﺮه ،ﻣﻘﺎوﻣﺖ ﺧـﻮﺑﻲ را
از ﺧﻮد ﺑﻪ ﻧﻤﺎﻳﺶ ﺑﮕﺬارد.ﺳﻨﮕﺪا ﻧﻪ ،ﺳﻴﻤﺎن ،آب و ﺑﻌﻀﺎ اﻓﺰودﻧﻲﻫﺎي ﻣﺨﺘﻠﻒ ﻫﻤﮕﻲ از ﻣﻮاد ﺗـﺸﻜﻴﻞ دﻫﻨـﺪه ﺑـﺘﻦ
ﻫﺴﺘﻨﺪ ﻛﻪ ﻣﻴﺰان ،ﻧﻮع و ﺷﺮاﻳﻂ آﻧﻬﺎ ﻫﻤﮕﻲ در ﻛﻴﻔﻴﺖ ﺑﺘﻦ ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ وﻟﻲ آﻧﭽﻪ اﻳﻦ ﻣـﺼﺎﻟﺢ اوﻟﻴـﻪ را در ﻛﻨـﺎر
ﻳﻜﺪﻳﮕﺮ ﻫﻤﭽﻮن ﺟﺴﻤﻲﻫﻤﮕﻦ ﻗﺮار ﻣﻲدﻫﺪ واﻛﻨﺶﻫﺎﻳﻲ اﺳﺖ ﻛﻪ ﺑﻪ ﺗﺒﻊ ﺣﻀﻮر ﺳﻴﻤﺎن در ﺑـﺘﻦ ﺻـﻮرت ﮔﺮﻓﺘـﻪ و
ﻣﺤﺼﻮﻻت آن ﺿﻤﻦ اﻳﺠﺎد ﭼﺴﺒﻨﺪﮔﻲ ﻻزم ﺑﻴﻦ ﻣﺼﺎﻟﺢ از ﻣﻘﺎوﻣﺖﻫﺎﻳﻲ ﺑـﺮ ﺧـﻮردار اﺳـﺖ ﻛـﻪ اﻳـﻦ ﻣﻘﺎوﻣـﺖ در
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ﺑﺘﻦﻫﺎي ﻣﺘﻌﺎرف ﭼﻪ از ﻧﻈﺮ ﻣﻜﺎﻧﻴﻜﻲ و ﭼﻪ دواﻣﻲﻛﻤﺘﺮ از ﻣﻘﺎوﻣـﺖﻫـﺎي ﺳـﻨﮕﺪاﻧﻪ اﺳـﺖ .ﺑﻨـﺎﺑﺮ اﻳـﻦ ﻣﺤـﺼﻮﻻت
واﻛﻨﺸﻬﺎي ﺳﻴﻤﺎن ،ﺑﻪ ﻋﻨﻮان ﺿﻌﻴﻒ ﺗﺮﻳﻦ ﺑﺨﺶ در ﺑـﺘﻦ ﺷـﻨﺎﺧﺘﻪ ﻣـﻲﺷـﻮﻧﺪ و ﻟـﺬا اﻳـﻦ واﻛﻨـﺸﻬﺎ و ﭘﺎراﻣﺘﺮﻫـﺎي
ﺗﺎﺛﻴﺮﮔﺬار در آﻧﻬﺎ از اﻫﻤﻴﺖ زﻳﺎدي ﺑﺮﺧﻮردار اﺳﺖ ﻛﻪ ﺗﺎﻛﻨﻮن ﻣﻄﺎﻟﻌﺎت ﻓﺮاواﻧﻲ در اﻳﻦ زﻣﻴﻨﻪ اﻧﺠﺎم ﮔﺮﻓﺘﻪ اﺳﺖ.
ﻳﻜﻲ از اﻳﻦ ﭘﺎراﻣﺘﺮﻫﺎي ﺗﺎﺛﻴﺮ ﮔﺬار دﻣﺎي ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ .از آﻧﺠﺎ ﻛﻪ واﻛﻨﺶ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ﻳﻚ واﻛﻨﺶ ﺷﻴﻤﻴﺎﻳﻲ
ﻧﺴﺒﺘﺎ ﻛﻨﺪ ﻣﻲﺑﺎﺷﺪ درﺟﻪ ﺣﺮارت ﺑﺘﻦ در ﻫﺮ ﻣﺮﺣﻠﻪ ازﻋﻤﺮ آن در روﻧﺪ اﻳﻦ واﻛﻨﺶ ﺗﺎﺛﻴﺮ ﮔﺬار ﺑﻮده و ﺗﺎﺛﻴﺮات ﺧﺎﺻـﻲ
ﺑﺮ وﻳﮋﮔﻴﻬﺎي ﺑﺘﻦ ﻣﻲﮔﺬارد اﻳﻦ ﺗﺎﺛﻴﺮات ﭼﻪ در دوره ﺳﺎﺧﺖ ﺑﺘﻦ ﺗﺎزه ،ﭼﻪ در دوره ﻋﻤـﻞ آوري و ﭼـﻪ در دوره ﺑﻬـﺮه
ﺑﺮداري آن در ﺧﻮاص ﺑﺘﻦ ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ.
ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﺑﻪ دﻟﻴﻞ ﺗﺎﺛﻴﺮات زﻳﺎدي ﻛﻪ دﻣﺎي ﺑﺘﻦ ﺗﺎزه ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ روش ﺳﺎﺧﺖ آن از دﻣﺎي ﻣﺤﻴﻂ ﻣﻲﮔﻴـﺮد و
ﻫﻤﭽﻨﻴﻦ ﺗﻐﻴﻴﺮاﺗﻲ ﻛﻪ در دﻣﺎي ﻣﺤﻴﻂ در ﻃﻲ ﻓﺼﻮل ،ﻣﺎﻫﻬﺎ ،روزﻫﺎ و ﺣﺘﻲ ﺳﺎﻋﺎت روز ﻣﺸﺎﻫﺪه ﻣـﻲﮔـﺮدد ،دﻣـﺎي
اوﻟﻴﻪ ﺑﺘﻦ ﻳﻚ ﭘﺎراﻣﺘﺮ ﺑﺴﻴﺎر ﺗﺎﺛﻴﺮ ﭘﺬﻳﺮ ﻧﺴﺒﺖ ﺑﻪ دﻣﺎي ﻣﺤﻴﻂ اﻃﺮاف آن ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﭘﻴﻮﺳﺘﻪ ﺑﺎ ﺗﻐﻴﻴﺮات آن در ﺣـﺎل
ﺗﻐﻴﻴﺮ اﺳﺖ .ﺿﻤﻦ آﻧﻜﻪ دﻣﺎ در ﺑﺘﻦ ﺗﺎزه ﺑﻪ ﺳﺒﺐ واﻛﻨﺶﻫﺎي ﻫﻴﺪراﺳﻴﻮن ﻧﻴﺰ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ ﻛـﻪ اﻳـﻦ ﭘﺪﻳـﺪه ﺑـﻪ
ﺧﺼﻮص در ﻣﻮرد ﺑﺘﻦﻫﺎي ﺣﺠﻴﻢ ﻣﻘﺎدﻳﺮ ﻗﺎﺑﻞ ﻣﻼ ﺣﻈﻪ اي ﭘﻴﺪا ﻣﻲﻛﻨﺪ.
ﻟﺬا ﺑﺮرﺳﻲ اﺛﺮات دﻣﺎ در ﺑﺘﻦ ﺗﺎزه ﺑﺮ روي ﺧﺼﻮﺻﻴﺎت ﻣﻘﺎوﻣﺘﻲ و دواﻣﻲآن ﻣﻮﺿـﻮع ﺑـﺎ اﻫﻤﻴﺘـﻲ اﺳـﺖ ﻛـﻪ در اﻳـﻦ
ﺗﺤﻘﻴﻖ ﺳﻌﻲ ﺷﺪه اﺳﺖ اﻳﻦ ﺗﺎﺛﻴﺮات در ﻣﻮرد ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﻛﺸﺸﻲ و ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﻣﻮرد ﺑﺮرﺳـﻲ
ﻗﺮار ﮔﻴﺮد.
-2ﻛﻠﻴﺎت
 -1-2اﺛﺮات دﻣﺎ ﺑﺮ روي ﺧﻮاص ﺑﺘﻦ ﺗﺎزه
ﻋﻤﻮﻣـﺄ اﻓﺰاﻳﺶ دﻣﺎ در ﺑﺘﻦ ﺳﺒﺐ اﻓﺖ رواﻧﻲ وﻛﺎﻫﺶ ﺑِﺸﺘﺮ اﺳﻼﻣﭗ در ﺑﺘﻦ ﺗﺎزه ﻣﻲﮔﺮدد و ﻧﺘﻴﺠﺘﺎً ﻛـﺎراﻳﻲ ﻛﻤﺘـﺮي
در ﺑﺘﻦ اﻳﺠﺎد ﻣﻲﮔﺮدد و ﺗﺨﻠﺨﻞ ﺑﻴﺸﺘﺮ و ﺟﺪاﺷﺪﮔﻲ ﺑﻴﺸﺘﺮ ﺑﻌﺪ از رﻳﺨﺘﻦ ﺑﺘﻦ ﺑﻪ ﻗﺎﻟﺐ ﻣﻤﻜﻦ اﺳﺖ اﺗﻔﺎق ﺑﻴﺎﻓﺘﺪ ،ﻟـﺬا
ﻣﻌﻤﻮﻻً در ﻛﺎرﮔﺎﻫﻬﺎ ﺑﺮاي ﺟﺒﺮان اﻳﻦ ﺿﻌﻒ آب ﺑﺘﻦ را اﻓﺰاﻳﺶ ﻣﻲدﻫﻨﺪ ﻛﻪ در ﻧﺘﻴﺠﻪ اﻓﺰاﻳﺶ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن،
ﺣﺠﻢ ﺑﻴﺸﺘﺮ ﺧﻤﻴﺮ و ﺗﺨﻠﺨﻞ و ﻧﻔﻮذﭘﺬﻳﺮي ﺑﻴﺸﺘﺮ آن ،ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻛﺎﻫﺶ ﻣـﻲﻳﺎﺑـﺪ .ﭼﻨﺎﻧﭽـﻪ آب و ﺳـﻴﻤﺎن ﻫـﺮ دو
اﻓﺰاﻳﺶ ﻳﺎﺑﻨﺪ ﻧﻴﺰ ﺑﺎز ﺑﺪﻟﻴﻞ اﻓﺰاﻳﺶ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻧﺴﺒﺖ ﺑﻪ ﺳﻨﮕﺪاﻧﻪ ﺑﺘﻦ از ﻧﻈـﺮ ﻣﻘﺎوﻣـﺖ و دوام ﺿـﻌﻴﻒ ﺗـﺮ
ﻣﻲﮔﺮددو ﺟﻤﻊ ﺷﺪﮔﻲﻫﺎي ﺑﺘﻦ ﻧﻴﺰ ﺑﻴﺸﺘﺮ ﻣﻲﮔﺮدد) .ﺿﻤﻦ آﻧﻜﻪ ﺳﻴﻤﺎن ﺑﻴـﺸﺘﺮ ﺧـﻮد دﻣـﺎي ﻫﻴﺪراﺳـﻴﻮن را از اﻳـﻦ
ﻃﺮﻳﻖ ﻧﻴﺰ ﺑﺎﻻ ﻣﻲﺑﺮد(.
در  ACI 305ﻛﻪ ﻣﺮﺑﻮط ﺑﻪ ﺑﺘﻦ رﻳﺰي در ﻫﻮاي ﮔﺮم اﺳﺖ؛ ﻋﻮاﻗﺐ اﻓﺰاﻳﺶ دﻣﺎ در ﺑـﺘﻦ ﺗـﺎزه را اﻳﻨﮕﻮﻧـﻪ ﺑﺮﺷـﻤﺮده
اﺳﺖ:
 -1ﻧﻴﺎز ﺑﻪ آب ﺑﻴﺸﺘﺮ در ﺑﺘﻦ
 -2اﻓﺰاﻳﺶ ﻛﺎﻫﺶ اﺳﻼﻣﭗ
 -3ﮔﻴﺮش ﺳﺮﻳﻌﺘﺮ و در ﻧﺘﻴﺠﻪ ﺟﺎﺑﺠﺎﻳﻲ ،ﺗﺮاﻛﻢ ،ﭘﺮداﺧﺖ ﺳﺨﺖﺗﺮ و رﻳﺴﻚ ﺑﺎﻻﺗﺮ اﻳﺠﺎد درزﻫﺎي ﺳﺮد
 -4اﺳﺘﻌﺪاد ﺑﻴﺸﺘﺮ در ﺗﺸﻜﻴﻞ ﺗﺮكﻫﺎي ﭘﻼﺳﺘﻴﻚ ﻧﺎﺷﻲ از ﺟﻤﻊ ﺷﺪﮔﻲ.
 -5ﺳﺨﺘﻲ ﺑﻴﺸﺘﺮ در ﻛﻨﺘﺮل ﻫﻮاي ﻣﺤﺒﻮس ﺷﺪه در ﺑﺘﻦ )ﻫﻨﮕﺎﻣﻲﻛﻪ از ﻣﻮاد ﺣﺒﺎب زا اﺳﺘﻔﺎده ﻣﻲﮔﺮدد(

–––––––––––––––––––––– ﺗﺎﺛﻴﺮ دﻣﺎي ﺑﺘﻦ ﺗﺎزه ﺑﺮ ﻣﻘﺎوﻣﺖﻫﺎي ﻣﻜﺎﻧﻴﻜﻲ و اﻟﻜﺘﺮﻳﻜﻲ آن47 /....

 -2-2ﻣﻘﺎوﻣﺖ ﺑﺘﻦ
ﻣﻘﺎوﻣﺖ ﺑﺘﻦ در ﺑﺴﻴﺎري از ﻣﻮارد ﺑﻪ ﻋﻨﻮان ﺑﺎ ارزشﺗﺮﻳﻦ ﺧﺎﺻﻴﺖ آن در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد .ﮔﻮ اﻳﻨﻜﻪ در ﺑﺴﻴﺎري از
ﻣﻮارد ﻋﻤﻠﻲ ﻣﻤﻜﻦ اﺳﺖ ﺳﺎﻳﺮ ﻣﺸﺨﺼﻪﻫﺎي آن ﻣﺎﻧﻨﺪ دوام و ﻧﻔﻮذﭘﺬﻳﺮي اﻫﻤﻴﺖ ﺑﻴﺸﺘﺮي داﺷﺘﻪ ﺑﺎﺷﻨﺪ.
ﻣﻘﺎوﻣﺖ ﻳﻚ ﺗﺼﻮﻳﺮ ﻛﻠﻲ از ﻛﻴﻔﻴﺖ ﺑﺘﻦ ﺑﻪ دﺳﺖ ﻣﻲدﻫﺪ زﻳﺮا ﻣﻘﺎوﻣﺖ ﺑﺎ ﺳﺎﺧﺘﺎر ﺧﻤﻴﺮ ﻫﻴﺪراﺗﻪ ﺷﺪه ﺳـﻴﻤﺎن راﺑﻄـﻪ
ﻣﺴﺘﻘﻴﻢ دارد .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﺎﻫﻴﺖ واﻛﻨﺸﻬﺎي ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن دﻣﺎ ﻋﺎﻣﻠﻲ ﺗﺎﺛﻴﺮ ﮔﺬار ﺑﺮ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ در ﻛﻨﺎر ﻋﻮاﻣﻞ
دﻳﮕﺮي ﭼﻮن درﺟﻪ ﺗﺮاﻛﻢ ،ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ،ﻧﻮع ﺳﻴﻤﺎن ،ﻋﻴﺎر ﺳﻴﻤﺎن ،ﺳﻨﮕﺪاﻧﻪﻫﺎ ،آب اﺧﺘﻼط ،ﻣـﻮاد اﻓﺰودﻧـﻲ،
ﺷﺮاﻳﻂ ﻋﻤﻞ آوري ،ﺷﻜﻞ و ﻫﻨﺪﺳﻪ ﻧﻤﻮﻧﻪ ،رﻃﻮﺑﺖ ﻧﻤﻮﻧﻪ و ...ﻣﻲﺑﺎﺷﺪ.
ﺗﺎﺛﻴﺮ دﻣﺎ در دوران ﻋﻤﻞ آوري ﺑﺮ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﺗﻮﺳﻂ ﭘﮋوﻫﺸﮕﺮان زﻳﺎدي ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺘﻪ و آﻧﭽـﻪ از ﻧﺘـﺎﻳﺞ
آﻧﻬﺎ ﻣﻲﺗﻮان اﺳﺘﻨﺒﺎط ﻛﺮد آﻧﺴﺖ ﻛﻪ اﻓﺰاﻳﺶ دﻣﺎ در دوران ﻋﻤﻞ آوري ﺑﺘﻦ ﭼﻨﺎﻧﭽﻪ ﻫﻤﺮاه ﺑـﺎ ﺣﻔـﻆ رﻃﻮﺑـﺖ ﺑﺎﺷـﺪ،
ﺑﺎﻋﺚ اﻓﺰاﻳﺶ آﻫﻨﮓ ﻛﺴﺐ ﻣﻘﺎوﻣﺖ آن ﺗﺎ ﺳﻦ  28روز ﻣﻲﮔﺮدد وﻟﻲ در ﺳﻨﻴﻦ ﺑﺎﻻﺗﺮ ﻣﻘﺎوﻣـﺖﻫـﺎي ﻧﻬـﺎﻳﻲ ﺑـﺘﻦ را
ﻛﺎﻫﺶ ﻣﻲدﻫﺪ .ﻫﻤﭽﻨﻴﻦ از آﻧﺠﺎ ﻛﻪ درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ﺗﺎﺑﻌﻲ از زﻣﺎن و دﻣﺎﺳﺖ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻣﻤﻜﻦ اﺳﺖ ﺑﺮ
ﻣﺒﻨﺎي ﺑﻠﻮغ ،ﻛﻪ ﺑﻪ ﺻﻮرت ﺗﺎﺑﻌﻲ از زﻣﺎن و دﻣﺎي ﻋﻤﻞآوري ﻣﻲﺑﺎﺷﺪ ،ﺑﺮرﺳﻲ ﮔﺮدد.

ﺷﻜﻞ  -1ﺗﺎﺛﻴﺮ دﻣﺎي ﻋﻤﻞ آوري ﺑﺮ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري در ﻋﻤﺮﻫﺎي  1و  28روز

 -3-2رﻓﺘﺎر ﺑﺘﻦ ﺗﺤﺖ ﻓﺸﺎر ﺗﻚ ﻣﺤﻮري
ﻣﻨﺤﻨﻲ ﺗﻨﺶ ﻛﺮﻧﺶ ﺗﺎ ﺣﺪود  %30ﻣﻘﺎوﻣﺖ ﻧﻬﺎﺋﻲ )  (f ′cرﻓﺘﺎر ﺧﻄﻲ و ارﺗﺠﺎﻋﻲ ﻧﺸﺎن ﻣﻲدﻫﺪ و اﻳـﻦ ﺑـﺪﻳﻦ دﻟﻴـﻞ
اﺳﺖ ﻛﻪ ﺗﺤﺖ ﺑﺎرﮔﺬاري ﻛﻮﺗﺎه ﻣﺪت رﻳﺰ ﺗﺮﻛﻬﺎ در ﻧﺎﺣﻴﻪ اﻧﺘﻘﺎل ﺛﺎﺑﺖ ﻣﺎﻧﺪه و ﺑﺮ ﻫـﻢ ﻧﻤـﻲﺧﻮردﻧـﺪ .در ﺗـﻨﺶﻫـﺎي
ﺑﺎﻻﺗﺮ از اﻳﻦ ﻧﻘﻄﻪ ﻣﻨﺤﻨﻲ ﺗﺎ ﺗﻨﺸﻬﺎي ﺣﺪود  0/ 75 f ′cﺗﺎ  0/9 f ′cاﻧﺤﻨﺎي ﺑﻴﺸﺘﺮي ﭘﻴﺪا ﻣﻲﻛﻨﺪ و ﺳﭙﺲ ﺧﻤﻴﺪﮔﻲ
ﺗﻨﺪي ﭘﻴﺪا ﻛﺮده و ﺳﺮاﻧﺠﺎم ﻧﺰول ﭘﻴﺪا ﻛﺮده ﺗﺎ آﻧﻜﻪ ﻧﻤﻮﻧﻪ ﺑﻪ ﮔﺴﻴﺨﺘﮕﻲ ﺑﺮﺳﺪ.
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ﺷﻜﻞ  -2ﻣﻨﺤﻨﻲ ﻣﻌﻤﻮﻟﻲ ﺗﻨﺸﻬﺎي ﻓﺸﺎري ﺗﺤﺖ اﻟﻒ-ﻛﺮﻧﺸﻬﺎي ﻣﺤﻮري ب( ﻛﺮﻧﺶﻫﺎي ﺣﺠﻤﻲ

 -4-2ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺘﻦ
ﻣﻘﺎوﻣﺖ ﻓﺸﺎري و ﻛﺸﺶ ﺑﺘﻦ ﺑﺎ ﻳﻜﺪﻳﮕﺮ در ارﺗﺒﺎط ﻣﺴﺘﻘﻴﻢ ﻫﺴﺘﻨﺪ و ﻣﻌﻤﻮﻻً ﻧـﺴﺒﺖ ﻣﻘﺎوﻣـﺖ ﻛﺸـﺸﻲ ﺑـﻪ ﻓـﺸﺎري در
ﻣﺤﺪوده  0/07ﺗﺎ  0/11اﺳﺖ ،رواﺑﻂ زﻳﺎدي ﺑﺮاي ارﺗﺒﺎط اﻳﻦ دو ﻣﻘﺎوﻣﺖ ﻣﻄﺮح ﺷـﺪه اﺳـﺖ وﻟـﻲ از آﻧﺠـﺎ ﻛـﻪ ﻋﻮاﻣـﻞ
ﻣﺨﺘﻠﻔﻲ ﭼﻮن روش آزﻣﺎﻳﺶ ،ﻣﺸﺨﺼﺎت ﺳﻨﮕﺪاﻧﻪﻫﺎ ،ﻛﻴﻔﻴﺖ ﺑﺘﻦ و ﻧﺤﻮه ﻋﻤﻞ آوري آن و ﻣﻮاد اﻓﺰودﻧﻲ ﻫـﺮ ﻳـﻚ ﺑـﻪ
ﻧﺤﻮي در اﻳﻦ ﻣﻘﺎوﻣﺖﻫﺎ و ﺗﻐﻴﻴﺮات آﻧﻬﺎ ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ ﻟﺬا ﻫﻴﭻ راﺑﻄﻪاي را ﻧﻤﻲﺗﻮان در اﻳﻦ ﻣﻮرد ﺗﻌﻤﻴﻢ ﻛﻠﻲ داد.
وﺟﻮد ﺣﺒﺎب ﻫﻮا ﻧﻴﺰ اﻓﺖ ﺑﻴﺸﺘﺮي در ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﺴﺒﺖ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ آن اﻳﺠﺎد ﻣﻲﻛﻨﺪ .ﺗﺮاﻛﻢ ﻧﺎﻗﺺ ﻧﻴـﺰ
اﻓﺖ ﺑﻴﺸﺘﺮي در ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ اﻳﺠﺎد ﻣﻲﻛﻨﺪ.
روش ﻣﺴﺘﻘﻴﻢ آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﻨﺪرت اﻧﺠﺎم ﮔﻴﺮد و اﻳﻦ اﻣﺮ ﺑﺪﻟﻴﻞ اﻋﻤﺎل ﺗﻨﺶﻫﺎي ﺛﺎﻧﻮﻳﻪ ﻏﻴﺮﻗﺎﺑﻞ اﺟﺘﻨﺎب
از ﻃﺮف ﻓﻚﻫﺎي دﺳﺘﮕﺎه اﻳﻦ آزﻣﺎﻳﺶ اﺳﺖ .ﻣﺘﺪاوﻟﺘﺮﻳﻦ روﺷﻬﺎي اﻧﺪازهﮔﻴﺮي ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺘﻦ روش دو ﻧﻴﻤـﻪ
ﺷﺪن ) (ASTM-C469و ﻛﺸﺶ ﻧﺎﺷﻲ از ﺧﻤﺶ ﺳﻪ ﻧﻘﻄﻪاي ) (ASTM-C78ﻣﻲﺑﺎﺷﺪ.
آزﻣﺎﻳﺶ دو ﻧﻴﻢ ﺷﺪن :در اﻳﻦ آزﻣﺎﻳﺶ اﺳـﺘﻮاﻧﻪ اﺳـﺘﺎﻧﺪارد  15×30ﺳـﺎﻧﺘﻴﻤﺘﺮ در اﻣﺘـﺪاد ﻗﻄـﺮش ﺑـﻪ ﺻـﻮرتﺧﻮاﺑﻴﺪه ﺗﺤﺖ ﻓﺸﺎر ﻗﺮار ﻣﻲﮔﻴﺮد ﺑﺎر ﺑﻪ ﻃﻮر ﭘﻴﻮﺳﺘﻪ و ﺑﺎ ﺳﺮﻋﺖ ﺛﺎﺑﺘﻲ در ﻣﺤﺪوده ﺗﻨﺶ ﻛﺸﺸﻲ ﺑﺘﻦ و ﺑﻴﻦ  7ﺗﺎ 14
ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﺳﺎﻧﺘﻴﻤﺘﺮ ﻣﺮﺑﻊ ﺗﺎ ﻫﻨﮕﺎم ﺷﻜﺴﺖ ﻧﻤﻮﻧﻪ ﺑﺮ آن اﻋﻤـﺎل ﻣـﻲﺷـﻮد .ﺗـﻨﺶ ﻓـﺸﺎري ﺳـﺒﺐ اﻳﺠـﺎد ﻛﺸـﺸﻲ
ﻳﻜﻨﻮاﺧﺖ در راﺳﺘﺎي ﻋﻤﻮد ﺑﺮ اﻣﺘﺪاد ﻗﻄﺮ ﻗﺎﺋﻢ ﻣﻲﺷﻮد ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ دو ﻧﻴﻤﻪ ﺷﺪن از راﺑﻄﻪ
)(1

2P
π LD

=T

ﺑﺪﺳﺖ ﻣﻲآﻳﺪ ﻛﻪ در آن  Tﺗﻨﺶ ﻛﺸﺶ P ،ﺑﺎر ﺷﻜﺴﺖ L ،ﻃﻮل ﻧﻤﻮﻧﻪ و  Dﻗﻄﺮ ﻧﻤﻮﻧﻪ ﻣﻲﺑﺎﺷﺪ .در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﻧﺘﺎﻳﺞ
ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺣﺎﺻﻞ از روش ﻣﺴﺘﻘﻴﻢ ،ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺣﺎﺻﻞ از روش دو ﻧﻴﻤـﻪ ﺷـﺪن ﺑـﻴﻦ  10ﺗـﺎ  15درﺻـﺪ
ﺑﻴﺸﺘﺮ اﺳﺖ .ﺷﻜﻞ).(3
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ﺷﻜﻞ  -3آزﻣﺎﻳﺶ دو ﻧﻴﻢ ﺷﺪن ASTM C496 -

 -5-2آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ
ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﭘﺎراﻣﺘﺮ ﺑﺴﻴﺎر ﻣﻬﻤﻲاﺳﺖ ﻛﻪ ﺑﻪ ﺷﻜﻞ ﻏﻴﺮ ﻣﺴﺘﻘﻴﻢ ،ﺷﺪت ﻓﺮاﻳﻨﺪ ﻧﻔﻮذ ﭘﺬﻳﺮي و ﺧﻮردﮔﻲ ﺑﺘﻦ
را ﻣﻮرد ارزﻳﺎﺑﻲ ﻗﺮار ﻣﻲدﻫﺪ .در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺑﺘﻦ ﺑﺎ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﻛﻢ ،ﻛﻪ در آن ﺟﺮﻳﺎن ﺑـﻪ آﺳـﺎﻧﻲ ﺑـﻴﻦ ﻧـﻮاﺣﻲ
آﻧﺪي و ﻛﺎﺗﺪي ﻋﺒﻮر ﻣﻲﻛﻨﺪ ،در ﺑﺘﻦ ﺑﺎ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺎﻻ ﻓﺮاﻳﻨﺪ ﻧﻔﻮذ ﭘﺬﻳﺮي و ﺧﻮردﮔﻲ ﻛﻨﺪ ﺧﻮاﻫﺪ ﺑﻮد.
ﻣﻘـﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜـﻲ ﺑﺘﻦ ﺑﻪ ﻃﻮر ﮔﺴﺘــﺮده ﺑﺮاي ارزﻳﺎﺑﻲ ﻏﻴﺮ ﻣﺴﺘﻘﻴﻢ وﻳﮋﮔﻲﻫــــﺎي ﺑﺘﻦ ﻫﻤـــﺎﻧﻨﺪ ﻧﻔﻮذ ﭘـﺬﻳﺮي
آن و ﻣﻴﺰان ﺧﻠﻞ و ﻓﺮج ﻣﺮﺗﺒﻂ ﺑﺎ ﻳﻜﺪﻳﮕﺮ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﻣﻴﮕﻴﺮد.
اﻳﻦ آزﻣﺎﻳﺶ ﺑﺎﻳﺪ ﻳﺮ روي ﺑﺘﻦ اﺷﺒﺎع از آب ﻳﺎ اﺷﺒﺎع از ﻣﺤﻠﻮل آب ﻧﻤﻚ اﻧﺠﺎم ﮔﻴـﺮد و ﻧﺘﻴﺠـﻪ ﺑـﺘﻦ ﻏﻴـﺮ اﺷـﺒﺎع ﻳـﺎ
ﺧﺸﻚ ﺑﻪ ﻣﺮاﺗﺐ ﺑﺎﻻﺗﺮ از ﺑﺘﻦ اﺷﺒﺎع ﺧﻮاﻫﺪ ﺑﻮد.
ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﺗﺎﺑﻊ ﭘﺎراﻣﺘﺮﻫﺎﻳﻲ ﺑﻪ ﺷﺮح زﻳﺮ اﺳﺖ:
 -1ﺳﺎﺧﺘﺎر ﻓﻴﺰﻳﻜﻲ ﺑﺘﻦ :ﺑﺎ اﻓﺰاﻳﺶ ﺗﺨﻠﺨﻞ )ﺑﻪ وﻳﮋه ﻣﻨﺎﻓﺬ ﺑﺰرگ( از ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﻛﺎﺳﺘﻪ ﻣﻲﺷﻮد.
 -2ﺳﺎﺧﺘﺎر ﺷﻴﻤﻴﺎﺋﻲ ﺑﺘﻦ :وﺟﻮد ﻋﻨﺎﺻﺮ ﺷﻴﻤﻴﺎﺋﻲ در ﻣﻨﺎﻓﺬ ﺑﺘﻦ ﺑﺮ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ اﺛﺮ دارد .ﻣﺜﻼً وﺟـﻮد ﻛﻠـﺮ
در ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﻣﻲﮔﺮدد .ﻫﻤﭽﻨـﻴﻦ در ﻣﺤﻠـﻮل ﻣﻨﺎﻓـﺬ ﺑـﺘﻦ ﻳـﻮنﻫـﺎﻳﻲ از ﻗﺒﻴـﻞ
 Ca2+ , Al 3+و  Si 4 +و  K −ﻳﺎﻓﺖ ﻣﻲﺷﻮﻧﺪ ﻛﻪ ﻧﻮع و ﻣﻘﺪار آﻧﻬﺎ اﺛﺮ ﻣﻬﻤﻲﺑﺮ ﻣﻘﺪار ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜـﻲ
ﺑﺘﻦ دارد.
 -3رﻃﻮﺑﺖ :اﻓﺰاﻳﺶ رﻃﻮﺑﺖ در ﺑﺘﻦ از ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﻣﻲﻛﺎﻫﺪ.
-4ﭘﻼرﻳﺰاﺳﻴﻮن ذرات  :ﻫﻤﺠﻬﺖ ﺑﻮدن دو ﻗﻄﺒﻴﻬﺎي ﻣﻮﺟﻮد در ﺑﺘﻦ و ﺟﺮﻳﺎن ،ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ
ﺑﺘﻦ ﻣﻲﮔﺮدد.
 -5درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن :در ﺧﻼل ﭼﻨﺪ ﺳﺎﻋﺖ اوﻟﻴﻪ ﭘﺲ از ﻣﺨﻠﻮط ﻧﻤﻮدن ﻣﻘﺎوﻣـﺖ وﻳـﮋه ﺑـﺘﻦ ﺧﻴﻠـﻲ
ﻛﻨﺪ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ و ﺳﭙﺲ ﺗﺎ ﻋﻤﺮ ﺣﺪود  1روز ﺑﻪ ﺳﺮﻋﺖ زﻳﺎد ﻣﻲﺷـﻮد و از آن ﭘـﺲ ﺑـﺎ روﻧـﺪ ﻛﻤﺘـﺮي اﻓـﺰاﻳﺶ
ﻣﻲﻳﺎﺑﺪ ﻳﺎ ﺛﺎﺑﺖ ﻣﻲﮔﺮدد .ﻣﮕﺮ آﻧﻜﻪ ﺑﺘﻦ ﺧﺸﻚ ﺷﻮد .ﺧﺸﻚ ﺷﺪن ﻣﻘﺎوﻣﺖ وﻳﮋه را اﻓﺰاﻳﺶ ﻣﻲدﻫﺪ.
ﻇﺮﻓﻴﺖ ﺧﺎزﻧﻲ ﺑﺘﻦ ﺑﺎ ﻋﻤﺮ آن و اﻓﺰاﻳﺶ ﻓﺮﻛﺎﻧﺲ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ .ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺧـﺎﻟﺺ ﺑـﺎ ﻧـﺴﺒﺖ آب ﺑـﻪ ﺳـﻴﻤﺎن
 0/23داراي ﻇﺮﻓﻴﺖ ﺧﺎزﻧﻲ ﺧﻴﻠﻲ ﺑﻴﺸﺘﺮي از ﺑﺘﻦ ﺑﺎ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن  0/49و ﺑﺎ ﻋﻤﺮ ﻳﻜﺴﺎن اﺳﺖ.
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 -6ﻋﻴﺎر ﺳﻴﻤﺎن :ﻫﺮ ﺗﻐﻴﻴﺮي در ﺣﺠﻢ ﻧﺴﺒﻲ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ را ﺗﺤﺖ ﺗﺄﺛﻴﺮ ﻗﺮار ﻣـﻲدﻫـﺪ.
ﻣﺸﺎﻫﺪه ﺷﺪه اﺳﺖ ﻛﻪ در ﻳﻚ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺛﺎﺑﺖ ،اﻓﺰاﻳﺶ ﻋﻴﺎر ﺳﻴﻤﺎن در ﻣﺨﻠﻮط ،ﺑﺎﻋﺚ ﻛـﺎﻫﺶ ﻣﻘﺎوﻣـﺖ
وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ آن ﻣﻲﮔﺮدد .ﻋﻠﺖ ﻋﻤﺪه اﻳﻦ ﭘﺪﻳﺪه ﺑﻪ ﺑﻴﺸﺘﺮ ﺷﺪن اﻟﻜﺘﺮوﻟﻴـﺖ )آب ﻣﻨﻔـﺬي( ﻣﻮﺟـﻮد در ﺑـﺘﻦ ﺑـﺮاي
ﻋﺒﻮر ﺟﺮﻳﺎن ﻧﺴﺒﺖ داده ﺷﺪه اﺳﺖ.
 -7ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن :ﺟﺮﻳﺎن اﻟﻜﺘﺮﻳﺴﺘﻪ در داﺧﻞ ﺑﺘﻦ ﻣﺮﻃﻮب اﺳﺎﺳﺎً ﺑﻪ وﺳﻴﻠﻪ ﻋﻤـﻞ اﻟﻜﺘﺮوﻟﻴﺘـﻲ ﻫـﺪاﻳﺖ
ﻣﻲﺷﻮد ﻳﻌﻨﻲ ﺑﻪ وﺳﻴﻠﻪ ﻳﻮﻧﻬﺎي ﻣﻮﺟﻮد در آب ﻗﺎﺑﻞ ﺗﺒﺨﻴﺮ آن ،وﻟﻴﻜﻦ وﻗﺘﻲ ﻟﻮﻟﻪﻫـﺎي ﻣـﻮﻳﻴﻦ ﻣﻨﻘﻄـﻊ ﺷـﺪه ﺑﺎﺷـﻨﺪ
ﺟﺮﻳﺎن اﻟﻜﺘﺮﻳﻜﻲ از ﻣﻴﺎن ژل ﺻﻮرت ﻣﻲﮔﻴﺮد .ﻫﺮ اﻓﺰاﻳﺶ در ﺣﺠﻢ آب و در ﺗﻤﺮﻛﺰ ﻳﻮﻧﻬﺎي ﻣﻮﺟـﻮد در آب ﻣﻨﻔـﺬي
ﻣﻘﺎوﻣﺖ وﻳﮋه ﺧﻤﻴﺮ ﺳﻴﻤﺎن را ﻛﺎﻫﺶ ﻣﻲدﻫﺪ و در ﻣﻮاﻗﻊ ﻣﻘﺎوﻣﺖ وﻳﮋه ﺑﻪ ﺷﺪت ﺑﺎ اﻓﺰاﻳﺶ در ﻧﺴﺒﺖ آب ﺑﻪ ﺳـﻴﻤﺎن
ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.
 -8ﻧﻮع ﺳﻴﻤﺎن و ﻣﺼﺎﻟﺢ :ﻧﻮع ﺳﻴﻤﺎن در رﺳﺎﻧﺎﻳﻲ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﺗﺄﺛﻴﺮ ﮔـﺬار اﺳـﺖ ﺳـﻴﻤﺎنﻫـﺎي ﭘـﺮ آﻟـﻮﻣﻴﻦ
ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺎﻻﺗﺮي در ﺑﺘﻦ ﻧﺴﺒﺖ ﺑﻪ ﺳﻴﻤﺎﻧﻬﺎي ﭘﺮﺗﻠﻨﺪ ﻣﻌﻤﻮﻟﻲ اﻳﺠﺎد ﻣﻲﻛﻨﻨﺪ.
ﻫﺪاﻳﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﻧﻴﺰ در رﺳﺎﻧﺎﻳﻲ ﺑﺘﻦ ﺗﺄﺛﻴﺮ ﮔﺬار اﺳﺖ ﻫﺮ ﭼﻪ رﺳـﺎﻧﺎﻳﻲ ﺳـﻨﮕﺪاﻧﻪﻫـﺎ ﺑﻴـﺸﺘﺮ ﺑﺎﺷـﺪ ،ﺑـﺘﻦ
ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﻛﻤﺘﺮي ﺧﻮاﻫﺪ داﺷﺖ.
 -9اﻓﺰودﻧﻴﻬﺎ :ﻋﻤﻮﻣﺎً اﻓﺰودﻧﻴﻬﺎي ﺷﻴﻤﻴﺎﻳﻲ ﻣﻘﺎوﻣﺖ وﻳﮋه ﺑﺘﻦ را ﻛﺎﻫﺶ ﻧﻤﻲدﻫﻨﺪ وﻟﻴﻜﻦ ﻣﻲﺗـﻮان ﻣـﻮاد ﻣـﻀﺎف
وﻳﮋهاي را ﺑﻪ ﻣﻨﻈﻮر ﺗﻐﻴﻴﺮ ﻣﻘﺎوﻣﺖ وﻳﮋه ﺑﻪ ﻛﺎر ﺑﺮد .ﺗﺄﺛﻴﺮ اﻓﺰودﻧﻴﻬﺎي ﭘﻮزوﻻﻧﻲ ﻣﺎﻧﻨﺪ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي و دوده ﺳﻴﻠـﺴﻲ
در اﻓﺰاﻳﺶ ﻣﻘﺎوﻣـﺖ اﻟﻜﺘﺮﻳﻜـﻲ ﭼـﺸﻤﮕﻴﺮ ﻣـﻲﺑﺎﺷـﺪ ،ﻣﻘﺎوﻣـﺖ اﻟﻜﺘﺮﻳﻜـﻲ ﺑـﺘﻦﻫـﺎي ﻣﻌﻤـﻮﻟﻲ ﺣـﺎوي  10درﺻـﺪ
ﻣﻴﻜﺮوﺳﻴﻠﺲ ﺟﺎﻳﮕﺰﻳﻦ ﺷﺪه ﺑﻴﺶ از  3ﺑﺮاﺑﺮ ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﺑﺪون ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ ﺑﺪﺳﺖ آﻣﺪه اﺳﺖ.
 -10دﻣﺎي ﻧﻤﻮﻧﻪ آزﻣﺎﻳﺶ :اﻓﺰاﻳﺶ دﻣﺎي ﺑﺘﻦ در ﻫﻨﮕﺎم آزﻣﺎﻳﺶ ،ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ را اﻓﺰاﻳﺶ ﻣﻲدﻫﺪ.
 -11ﺗﺄﺛﻴﺮ وﻟﺘﺎژ و ﻓﺮﻛﺎﻧﺲ ﺟﺮﻳﺎن :ﻣﻘﺎوﻣﺖ وﻳﮋه ﺑﺘﻦ ﺑﺎ اﻓﺰاﻳﺶ وﻟﺘﺎژ و ﻓﺮﻛﺎﻧﺲ زﻳﺎد ﻣﻲﺷﻮد
در ﻛﻨﺎر ﭘﺎراﻣﺘﺮﻫﺎي ﻓﻮق ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﻧﻴﺰ از ﻃﺮﻳﻖ ﺗﺎﺛﻴﺮاﺗﻲ ﻛﻪ ﺑﺮ ﺳـﺎﺧﺘﺎر ﺧﻤﻴـﺮ ﻫﻴﺪراﺗـﻪ ﺷـﺪه
ﺳﻴﻤﺎن ﻣﻲﮔﺬارد ﺑﺮ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﺗﺎﺛﻴﺮ ﮔﺬار ﺑﺎﺷﺪ.
 ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲآﻧﭽﻪ ﻛﻪ در ﺑﺤﺚ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﺣﺎﺋﺰ اﻫﻤﻴﺖ اﺳﺖ ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ زﻳﺮا ﻣﻘﺎوﻣﺖ وﻳﮋه
اﻟﻜﺘﺮﻳﻜﻲ واﺑﺴﺘﻪ ﺑﻪ ﺟﻨﺲ ﻣﺎده ﻣﻲﺑﺎﺷﺪ و ﺑﻪ ﺷﻜﻞ و اﺑﻌﺎد آن ﺑﺴﺘﮕﻲ ﻧﺪارد .ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜـﻲ از راﺑﻄـﻪ )(1
ﻗﺎﺑﻞ ﻣﺤﺎﺳﺒﻪ اﺳﺖ.
)(1
 :Rﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ اﻫﻤﻲ) ( Ω

 :Pﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ )(Ω .m
 :Lﻃﻮل ﻧﻤﻮﻧﻪ)(m
 :Aﺳﻄﺢ ﻣﻘﻄﻊ ﻧﻤﻮﻧﻪ ) (m 2

L
A

R=P
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 -3ﻓﺮﺿﻴﺎت اوﻟﻴﻪ آزﻣﺎﻳﺶ
در اﻳﻦ ﭘﮋوﻫﺶ از ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻧﻮع  2اﺳﺘﻔﺎده ﺷﺪ .ﻫﻤﭽﻨﻴﻦ از ﻣﺎﺳﻪ ﺷﻜﺴﺘﻪ ﺑﺎ ﺣﺪ اﻛﺜﺮ اﻧـﺪازه  4/75و ﻫﻤﭽﻨـﻴﻦ
ﺷﻦ ﻧﻴﻤﻪ ﺷﻜﺴﺘﻪ ﺑﺎ ﺣﺪ اﻛﺜﺮ اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ اﺳﺘﻔﺎده ﮔﺮدﻳﺪ .آب ﻣﺼﺮﻓﻲ ﻧﻴﺰ آب ﺷﻬﺮ ﺗﻬﺮان ﺑﻮد.
ﻃﺮح اﺧﺘﻼط ﻣﻄﺎﺑﻖ ﺑﺎ ﻃﺮح اﺧﺘﻼط ﻣﻠﻲ اﻳﺮان اﻧﺠﺎم ﮔﺮﻓﺖ .ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﺮاﺑﺮ  0/47و ﻋﻴﺎر ﺳـﻴﻤﺎن ﺑﺮاﺑـﺮ
 400ﻛﻴﻠﻮ ﮔﺮم ﻓﺮض ﺷﺪ.
در اداﻣﻪ ﺳﻌﻲ ﺷﺪ ﺗﺎ دﻣﺎﻫﺎي  30 ،20 ،10و  40درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد در ﻣﺨﻠﻮط ﺑﺘﻦ ﺗﺎزه اﻳﺠﺎد ﮔﺮدد .دﻣﺎي ﻫﻮا در ﺣﻴﻦ
ﺳﺎﺧﺖ ﺑﺘﻦ در ﺣﺪود  32درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ﺑﻮد ﻟﺬا ﺑﺮاي اﻳﺠﺎد دﻣﺎﻫﺎي ﻣﻮرد ﻧﻈﺮ از ﻓﺮﻣﻮل ﭘﻴﺸﻨﻬﺎدي در ACI 306
 Rاﺳﺘﻔﺎده ﮔﺮدﻳﺪ .راﺑﻄﻪ )(2
0 / 22 ( c T c + G d T G + S d Ts ) + T w W m + T G W G + T s W s

)(2

0 / 22 ( c + G d + S d ) + W t

=T

ﻛﻪ در آن  S d , G d , cﺑﻪ ﺗﺮﺗﻴﺐ وزن ﺳﻴﻤﺎن ،ﺷﻦ در ﺣﺎﻟﺖ ﺧﺸﻚ و ﻣﺎﺳﻪ در ﺣﺎﻟﺖ ﺧﺸﻚ و ، W m ، W t
 ، W S ، W Gﺑﻪ ﺗﺮﺗﻴﺐ ﻣﻴﺰان آب ﻛﻞ ،آب ﻣﺼﺮﻓﻲ ،رﻃﻮﺑﺖ ﺷﻦ ،رﻃﻮﺑﺖ ﻣﺎﺳﻪ و  T s ، T G ، T cﺑـﻪ ﺗﺮﺗﻴـﺐ
دﻣﺎﻫﺎي ﺳﻴﻤﺎن ،ﺷﻦ و ﻣﺎﺳﻪ اﺳﺖ.
و ﭼﻨﺎﻧﭽﻪ در ﺷﺮاﻳﻂ ﺧﺎص ﺑﺮاي ﺧﻨﻚ ﻛـﺮدن ﺑـﺘﻦ ﺑـﻪ ﺟـﺎي ﺑﺨـﺸﻲ از آب از ﻳـﺦ اﺳـﺘﻔﺎده ﺷـﻮد آﻧﮕـﺎه ﻋﺒـﺎرت
 T w W mﺑﻪ ﻋﺒﺎرت ) ( Wm − Wi )Tw + Wi (0/ 5Ti − 80ﺗﺒﺪﻳﻞ ﻣﻲﺷﻮد .ﻛـﻪ در آن  W mو W i
ﺑﻪ ﺗﺮﺗﻴﺐ آب ﻣﺼﺮﻓﻲ و ﺟﺮم ﻳﺦ و  T Wو  Tiﺑﻪ ﺗﺮﺗﻴﺐ دﻣﺎي آب ﻣﺼﺮﻓﻲ و دﻣﺎي ﻳﺦ ﻣﻲﺑﺎﺷﺪ.
از آﻧﺠﺎ ﻛﻪ ﻇﺮﻓﻴﺖ ﮔﺮﻣﺎﻳﻲ وﻳﮋه آب  5ﺑﺮاﺑﺮ ﻇﺮﻓﻴﺖ ﮔﺮﻣﺎﻳﻲ وﻳﮋه ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ و ﺳـﻴﻤﺎن اﺳـﺖ ﻟـﺬا ﺑﻬﻴﻨـﻪ ﺗـﺮﻳﻦ
روش ﺑﺮاي اﻳﺠﺎد دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ در ﺑﺘﻦ ﺗﺎزه ﺗﻐﻴﺮ دﻣﺎي آب ﻣﻲﺑﺎﺷﺪ .ﺑـﺮاي اﻳـﻦ ﻣﻨﻈـﻮر ﺑـﺎ ﺟﺎﻳﮕـﺬاري دﻣﺎﻫـﺎي
ﻣﻄﻠﻮب در راﺑﻄﻪ ﻓﻮق ﺣﺠﻢ آب و ﻳﺦ ﻻزم ﺑﺪﺳﺖ آﻣﺪ).ﺑﺮاي ﺟﺒﺮان اﺗﻼفﻫـﺎي ﺣﺮارﺗـﻲ ﻧﺎﺷـﻲ از اﺧـﺘﻼف درﺟـﻪ
ﺣﺮارت ﻣﺨﻠﻮط ﺑﺘﻦ و ﻫﻮاي ﻣﺤﻴﻂ در ﺣﻴﻦ ﺳﺎﺧﺖ ،دﻣﺎي ﺗﻌﺎدل در اﻳﻦ راﺑﻄﻪ ﺑﺎﻳﺪ اﻧﺪﻛﻲ ﻛﻤﺘﺮ از دﻣﺎي ﻣﻄﻠﻮب ﻣﺎ
ﻟﺤﺎظ ﮔﺮدد ﺗﺎ ﻧﻬﺎﻳﺘﺎ دﻣﺎي ﻣﻄﻠﻮب در ﺑﺘﻦ اﺣﺮاز ﮔﺮدد (.ﻧﺘﺎﻳﺞ در ﺟﺪول  1دﻳﺪه ﻣﻲﺷﻮد.
ﺟﺪول  :1ﻣﻘﺎدﻳﺮ آب و ﻳﺦ اﺳﺘﻔﺎده ﺷﺪه و دﻣﺎي آﻧﻬﺎ در ﻫﺮ ﻣﺨﻠﻮط
ﻛﺪ ﻃﺮح

دﻣﺎي اﺳﻤﻲ

آب ﻣﺼﺮﻓﻲ

ﻳﺦ

دﻣﺎي ﺷﻦ

دﻣﺎي ﺳﻴﻤﺎن

دﻣﺎي ﺑﺘﻦ

اﺧﺘﻼط

در ﻓﺮﻣﻮل ][°C

] [ lit

][kg

][°C

][°C

و ﻣﺎﺳﻪ ][°C

][°C

][°C

T=10
T=20
T=30
T=40

T=6
T=18
T=29
T=40

109

130

203

36

239
239

0
0

5
5
28
40

-10
-10
-

30
30
30
50

30
30
30
30

T=10
T=20
T=30
T=40

دﻣﺎي آب دﻣﺎي ﻳﺦ

 -4آزﻣﺎﻳﺸﺎت اﻧﺠﺎم ﺷﺪه
در اﺑﺘﺪا آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ رواﻧﻲ ﺑﺮ ﺑﺘﻦ ﺗﺎزه ﻣﻄﺎﺑﻖ اﺳﺘﺎﻧﺪارد  ASTMC143اﻧﺠﺎم ﮔﺮدﻳﺪ.
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در اداﻣﻪ ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﺨﻠﻮطﻫﺎي ﺳـﺎﺧﺘﻪﺷـﺪه ،از آزﻣﻮﻧـﻪﻫـﺎي ﻣﻜﻌﺒـﻲ  100و  150ﻣﻴﻠـﻲﻣﺘـﺮي
ﻧﻤﻮﻧﻪﻫﺎي ﻋﻤﻞ آﻣﺪه آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﻫﻤﭽﻨﻴﻦ ﻣﻐﺰهﻫﺎي ﺑﻪ ﻗﻄﺮ 7/5ﻣﻴﻠﻲ ﻣﺘﺮي ﺗﻬﻴﻪ ﺷـﺪه از ﻧﻤﻮﻧـﻪﻫـﺎي ﻋﻤـﻞ
آﻣﺪه در ﺷﺮاﻳﻂ ﻛﺎرﮔﺎﻫﻲ ﺑﺮاﺳﺎس اﺳﺘﺎﻧﺪارد  BS1881و  ASTM C617-94اﺳﺘﻔﺎده ﮔﺮدﻳﺪ.
آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻣﻄﺎﺑﻖ ﺑﺎ اﺳﺘﺎﻧﺪارد  ASTM-C469ﺑﻪ ﺻـﻮرت دو ﻧـﻴﻢ ﻛـﺮدن و ﺗﺮﻛﺎﻧـﺪن ﻧﻤﻮﻧـﻪﻫـﺎي
اﺳﺘﻮاﻧﻪ اي  15×30ﺳﺎﻧﺘﻴﻤﺘﺮ و ﻣﻐﺰهﻫﺎي  7/5ﻣﻴﻠﻲ ﻣﺘﺮي ﻛﺎرﮔﺎﻫﻲ ،در اﺛﺮ اﻋﻤﺎل ﺑﺎر ﺧﻄﻲ در اﻣﺘﺪاد ﻃﻮل آزﻣﻮﻧـﻪ
اﻧﺠﺎم ﻣﻴﺸﻮد)آزﻣﺎﻳﺶ ﻛﺸﺶ ﺑﺮزﻳﻠﻲ( .ﺳﻦ آزﻣﺎﻳﺶ در ﻣﻮرد ﻫﺮ دو ﺳﺮي از ﻧﻤﻮﻧﻪﻫﺎ  28روز اﺳﺖ
 -1-4آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ رواﻧﻲ ﺑﺘﻦ ﺗﺎزه
ﭘﺲ از ﺳﺎﺧﺖ ﻫﺮ ﻣﺨﻠﻮط آزﻣﻮن اﺳﻼﻣﭗ اﻧﺠﺎم ﮔﺮدﻳﺪ و ﻣﺸﺎﻫﺪه ﮔﺸﺖ ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺗـﺎزه ﺑـﻪ دﻟﻴـﻞ
اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﻫﻴﺪراﺳﻴﻮن و ﮔﻴﺮش ﺳﺮﻳﻌﺘﺮ ﺑﺘﻦ اﻓﺖ اﺳﻼﻣﭗ اﻓﺰاﻳﺶ ﭘﻴﺪا ﻣﻲﻛﻨﺪ و ﺑﺘﻦ ﺳﻔﺖ ﺗـﺮ ﻣـﻲﮔـﺮدد .ﺑـﻪ
ﻃﻮر ﺗﻘﺮﻳﺒﻲ ﺑﻪ ازاي اﻓﺰاﻳﺶ ﻫﺮ  10درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد در دﻣـﺎي اوﻟﻴـﻪ ﺑـﺘﻦ ،اﺳـﻼﻣﭗ ﺣـﺪود  2ﺳـﺎﻧﺘﻴﻤﺘﺮ ﻛـﺎﻫﺶ
ﻣﻲﻳﺎﺑﺪ ،اﻳﻦ ﭘﺪﻳﺪه ﻣﻲﺗﻮاﻧﺪ ﺑﺎﻋﺚ اﻓﺰاﻳﺶ درﺻﺪ ﻫﻮاي ﺑﺘﻦ ﻧﻴﺰ ﮔﺮدد.
ﺟﺪول  :2ﻧﺘﺎﻳﺞ آزﻣﻮن اﺳﻼﻣﭗ
ﻧﺎم ﻃﺮح

اﺳﻼﻣﭗ

T=10

100
80
60
45

T=20
T=30
T=40

 -2-4آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖﻫﺎي  42 ،28 ،14 ،7و  91روزه آزﻣﻮﻧﻪﻫﺎي ﻣﻜﻌﺒﻲ  15و 10ﺳﺎﻧﺘﻴﻤﺘﺮي آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﻣﻘﺎوﻣﺖﻫـﺎي
 28روزه ﻧﻤﻮﻧﻪﻫﺎي اﺳﺘﻮاﻧﻪ اي  7/5ﺳﺎﻧﺘﻴﻤﺘﺮي ﻛﺎرﮔﺎﻫﻲ ،ﺑﺮاي  4ﻣﺨﻠﻮط در ﺟﺪول ) (3و ﻧﻤﻮدار ) (2و ) (3ﻣﺸﺎﻫﺪه
ﻣﻲﺷﻮد) .ﻧﺘﺎﻳﺞ آزﻣﻮﻧﻪﻫﺎي  10ﺳﺎﻧﺘﻴﻤﺘﺮي ﺑﺎ اﻋﻤﺎل ﺿﺮﻳﺐ  0/97ﺑﻪ  15ﺗﺒﺪﻳﻞ ﺷﺪﻧﺪ(
ﺟﺪول  :3ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري)ﺑﺮ ﺣﺴﺐ ﻣﮕﺎﭘﺎﺳﻜﺎل(
ﺳﻦ آزﻣﻮﻧﻪ
 7روزه
14روزه
28روزه
28روزه
42روزه
91روزه

ﺷﺮاﻳﻂ

ﻧﺎم ﻃﺮح و ﻣﻴﺰان ﻣﻘﺎوﻣﺖ ﻓﺸﺎري)(mpa

ﻋﻤﻞ آوري

T=10

T=20

T=30

T=40

آزﻣﺎﻳﺸﮕﺎﻫﻲ
آزﻣﺎﻳﺸﮕﺎﻫﻲ
آزﻣﺎﻳﺸﮕﺎﻫﻲ
ﻛﺎرﮔﺎﻫﻲ
آزﻣﺎﻳﺸﮕﺎﻫﻲ
آزﻣﺎﻳﺸﮕﺎﻫﻲ

16/6

19/4

21/7

24/5

27/1

29/7

29/3

27/9

33/1

34/6

33/8

31/8

16/9

13/4

13/2

10/1

35/2

36/7

35/7

32/1

40/3

38/7

37/3

33/9

در ارﺗﺒﺎط ﺑﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري،در ﻧﻤﻮﻧﻪﻫﺎي ﻋﻤﻞ آوري ﺷﺪه در آزﻣﺎﻳﺸﮕﺎه )در داﺧﻞ ﺣﻮﺿﭽﻪ آب ﺑـﺎ دﻣـﺎي  22درج
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ﺳﺎﻧﻴﮕﺮاد ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺳﺮﻋﺖ ﻫﻴﺪراﺳﻴﻮن و ﻛﺴﺐ ﻣﻘﺎوﻣﺖﻫﺎي اوﻟﻴﻪ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ وﻟـﻲ ﺑـﻪ دﻟﻴـﻞ
ﺳﺮﻋﺖ ﺑﺎﻻي ﺗﺸﻜﻴﻞ ﻣﺤﺼﻮﻻت ﻫﻴﺪراﺳﻴﻮن ،ﻓﺮﺻﺖ ﻛﺎﻓﻲ ﺑﺮاي ﭘﺨﺶ ﺷﺪن ﻳﻜﻨﻮاﺧﺖ اﻳﻦ ﻣﺤـﺼﻮﻻت ﻧﺒـﻮده و
ﺗﺠﻤﻊ آﻧﻬﺎ ﺣﻮل ذرات ﺳﻴﻤﺎن ﻣﺎﻧﻊ از ﻫﻴﺪراﺳﻴﻮن ﻛﺎﻣﻞ ذرات ﺳﻴﻤﺎن ﮔﺸﺘﻪ و اﻳﺠﺎد ﺗﺨﻠﺨﻞ ﺑﻴﺸﺘﺮ در ﺑﺘﻦ ﻣﻲﻛﻨﺪ،
ﻟﺬا در ﻣﻘﺎﻳﺴﻪ ﺑﺎ دﻣﺎﻫﺎي اوﻟﻴﻪ ﭘﺎﻳﻴﻦ ﺗﺮ ،ﺑﺘﻦ ﻣﻘﺎوﻣﺖﻫﺎي ﭘﺎﻳﻴﻦ ﺗﺮي در ﺳﻨﻴﻦ ﺑﺎﻻ ﺗﺮ ﺧﻮا ﻫﺪ داﺷﺖ.
ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ در ﻧﻤﻮدار ) (2ﻣﺸﺎﻫﺪه ﻣﻴﮕﺮدد ﺗﺎ ﺳﻦ  7روز ﻣﻘﺎوﻣﺖ ﻓﺸﺎريT=40 ،در ﺑﻴﻦ ﺳﻪ ﻃﺮح دﻳﮕﺮ ﺑﻴـﺸﺘﺮﻳﻦ
ﻣﻘﺪار را داراﺳﺖ .در ﻓﺎﺻﻠﻪ ﺳﻨﻴﻦ  7-14روز اﻳﻦ روﻧﺪ ﺗﻐﻴﻴﺮ ﻛﺮده و ﺑﺘﻦ  T=20ﺑﻪ ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣـﺖ در ﺑـﻴﻦ ﺳـﻪ
ﻃﺮح دﻳﮕﺮ دﺳﺖ ﻳﺎﻓﺘﻪ اﺳﺖ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﻔﺎوت اﻧﺪك ﻣﻘﺎوﻣﺖ ﺑﺘﻦ T=20و  T=30در ﺳﻦ  14روز ﻣﻲﺗﻮان ﺣﺪس
زد ﻛﻪ در ﻫﻤﻴﻦ ﻓﺎﺻﻠﻪ زﻣﺎﻧﻲ ﺑﺘﻦ  T=30ﺑﺮاي ﻣﺪﺗﻲ ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ را در ﺑﻴﻦ ﺳﻪ ﻃﺮح دﻳﮕﺮ داﺷـﺘﻪ اﺳـﺖ ﻛـﻪ
ﭘﺲ از ﻣﺪﺗﻲ ﻣﻘﺎوﻣﺖ  T=20از آن ﺑﻴﺸﻲ ﮔﺮﻓﺘﻪ اﺳﺖ .ﺗﺎ اﻳﻦ ﺳﻦ ﺑﺘﻦ  T=10ﺑﻪ دﻟﻴﻞ روﻧﺪ ﺑﺴﻴﺎر ﻛﻨﺪ ﻫﻴﺪراﺳﻴﻮن،
ﻛﻤﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ را در ﺑﻴﻦ ﺳﻪ ﻃﺮح دﻳﮕﺮ داراﺳﺖ.
در ﺳﻦ  28روز ﻛﻪ ﻣﺘﺪاول ﺗﺮﻳﻦ ﺳﻦ آزﻣﺎ ﻳﺶ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري اﺳـﺖ و اﻛﺜـﺮا ﺑـﻪ ﻋﻨـﻮان ﻣﺒﻨـﺎﻳﻲ ﺑـﺮاي ﺳـﻨﺠﺶ
ﻣﻘﺎوﻣﺖ ﻓﺸﺎري در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد ،ﺑﺘﻦ  T=20ﻫﻤﭽﻨﺎن ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ را داراﺳﺖ و ﭘﺲ از آن ﺑـﻪ ﺗﺮﺗﻴـﺐ
ﺑﺘﻨﻬﺎي  T=10 ،T=30و  T=40ﻗﺮار ﮔﺮﻓﺘﻪ اﻧﺪ .از اﻳﻦ ﺳﻦ ﺑﻪ ﺑﻌﺪ ﺑﺘﻦ  T=40ﻛﺴﺐ ﻣﻘﺎوﻣﺘﻲ ﭼﻨﺪاﻧﻲ ﻧﺴﺒﺖ ﺑـﻪ
ﺳﻪ ﻃﺮح دﻳﮕﺮ ﻧﻤﻲﻛﻨﺪ.
ﺑﺘﻦ  T=10ﻫﻤﭽﻨﺎن در ﺣﺎل ﻛـﺴﺐ ﻣﻘﺎوﻣـﺖ اﺳـﺖ آﻧﭽﻨﺎﻧﻜـﻪ در ﺳـﻦ  42روز ﺑﺘﻨﻬـﺎي  T=10و  T=30ﻣﻘـﺎدﻳﺮ
ﻣﻘﺎوﻣﺖ ﺑﺴﻴﺎر ﻧﺰدﻳﻚ ﺑﻪ ﻫﻢ دارﻧﺪ و ﻧﻬﺎﻳﺘﺎ در ﺳـﻦ  91روز ﺑـﺘﻦ  T=10ﺑـﺎ  40/3ﻣﮕﺎﭘﺎﺳـﻜﺎل ﺑﻴـﺸﺘﺮﻳﻦ ﻣﻘـﺪار
ﻣﻘﺎوﻣﺖ و ﺑﺘﻦ  T=40ﺑﺎ ﻣﻘﺪار  33/9ﻣﮕﺎ ﭘﺎﺳﻜﺎل ﻛﻤﺘﺮﻳﻦ ﻣﻘﺪار را در ﺑﻴﻦ ﺳﻪ ﻃﺮح دﻳﮕﺮ دارا ﻣﻲﺑﺎﺷـﺪ .ﻫﻤـﺎن
ﻃﻮر ﻛﻪ ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد در اﻳﻦ آزﻣﺎﻳﺶ ،ﺑﺎ ﺳﻨﮕﺪاﻧﻪ ،آب و ﺳﻴﻤﺎن ﻣﺼﺮف ﺷـﺪه و ﺷـﺮاﻳﻂ ﻋﻤـﻞ آوري ﺑـﺘﻦ ،از
دﻣﺎي  10ﺗﺎ  30درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ﺑﻪ ازاي اﻓﺰاﻳﺶ ﻫﺮ  10درﺟـﻪ ﺳـﺎﻧﺘﻴﮕﺮاد در ﺑـﺘﻦ ﺗـﺎزه ،ﺣـﺪود  1/5ﻣﮕﺎﭘﺎﺳـﻜﺎل
ﻛﺎﻫﺶ ﻣﻘﺎوﻣﺖ و از  30ﺗﺎ  40درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ﺣﺪود  3/5ﻣﮕﺎﭘﺎﺳﻜﺎل ﻛـﺎﻫﺶ ﻣﻘﺎوﻣـﺖ در ﺳـﻦ  91روز ﻣـﺸﺎﻫﺪه
ﻣﻲﮔﺮدد و ﺑﺘﻦ  T=40ﺣﺪود  80درﺻﺪ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ T=10را در ﺳﻦ  91روز داراﺳﺖ.
در ﻣﻮرد ﻧﻤﻮﻧﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ ﺗﻨﻬﺎ ﺗﻮاﻧﺴﺘﻴﻢ در ﺳﻦ  28روز آزﻣﻮن ﻣﻘﺎوﻣﺖ ﻓـﺸﺎري را اﻧﺠـﺎم دﻫـﻴﻢ .در اﻳـﻦ ﺳـﻦ
ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري را ﺟﺪول  T=10ﺑﺪﺳﺖ آورد و ﭘﺲ از آن ﺑﻪ ﺗﺮﺗﻴﺐ ﻧﻤﻮﻧﻪﻫﺎي  T=20و  T=30ﻣﻘـﺎدﻳﺮ
ﻧﺰدﻳﻚ ﺑﻪ ﻫﻢ داﺷﺘﻨﺪ و ﻧﻤﻮﻧﻪ  T=40ﻛﻤﺘﺮﻳﻦ ﻣﻘﺪار ﻣﻘﺎوﻣﺖ را دارا ﺑﻮد .ﻋﻠﺖ اﻳﻦ اﺧﺘﻼف در ﻣﻴﺰان ﻣﻘﺎوﻣﺖ ﺑﻴﻦ
دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ در اﻳﻦ ﺳﻦ ﻧﺴﺒﺖ ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ را ﻣﻲﺗـﻮان در ﺷـﺮاﻳﻂ ﻋﻤـﻞ آوري اﻳـﻦ ﻧﻤﻮﻧـﻪﻫـﺎ
ﺟﺴﺘﺠﻮ ﻛﺮد .ﺑﺎﻳﺪ ﺗﻮﺟﻪ داﺷﺖ ﻛﻪ دﻣﺎي ﻫﻮا ﺑﻪ ﻫﻨﮕﺎم ﻋﻤﻞ آوري اﻳﻦ ﻧﻤﻮﻧﻪﻫﺎ ﺑﻪ ﻃﻮر ﻣﺘﻮﺳﻂ  33درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد
در ﺷﺒﺎﻧﻪ روز ﻣﻲﺑﻮد .اﻳﻦ دﻣﺎي ﺑﺎﻻ در زﻣﺎن ﻋﻤﻞ آوري ﺑﺎﻋﺚ اﻓﺰاﻳﺶ آﻫﻨﮓ ﻛﺴﺐ ﻣﻘﺎوﻣﺖ اﻳﻦ ﻧﻤﻮﻧﻪﻫﺎ ﻧﺴﺒﺖ ﺑﻪ
ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﮔﺸﺘﻪ ﭼﻨﺎﻧﻜﻪ ﺗﺎ ﺳﻦ  28روز ﺗﻮاﻧﺴﺘﻪ اﻧﺪ ﺑﻪ ﺑﺨﺶ ﺑﻴﺸﺘﺮي از ﻣﻘﺎوﻣـﺖ ﺧـﻮد دﺳـﺖ ﭘﻴـﺪا
ﻛﻨﻨﺪ .وﻟﻲ ﺑﻪ دﻟﻴﻞ رﻃﻮﺑﺖ رﺳﺎﻧﻲ ﻛﻤﺘﺮ در ﻃﻮل ﻣﺪت ﻋﻤﻞ آوري ،اﻳﻦ ﻧﻤﻮﻧﻪﻫﺎ ﺑﻪ ﻣﻘﺎوﻣﺖﻫﺎي ﻛﻤﺘﺮي ﻧـﺴﺒﺖ ﺑـﻪ
ﻧﻤﻮﻧﻪﻫﺎي ﻋﻤﻞ آﻣﺪه در آزﻣﺎﻳﺸﮕﺎه دﺳﺖ ﻳﺎﻓﺘﻪ اﻧﺪ .ﻧﻤﻮدار)(3
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ﻧﻤﻮﻧﻪ هﺎ?  28روزﻩ ﺁزﻡﺎ?ﺷﮕﺎﻩ?

ﻧﻤﻮﻧﻪ  28روزﻩ ﮐﺎرﮔﺎﻩ?

ﻧﻤﻮدار  -2ﺗﻐﻴﻴﺮات ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﻛﺎرﮔﺎﻫﻲ ﻧﺴﺒﺖ ﺑﻪ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ در ﺳﻦ  28روز

ﺑﻨﺎ ﺑﺮ اﻳﻦ اﻳﻦ ﻃﻮر ﺑﻪ ﻧﻈﺮ ﻣﻲآﻳﺪ ﻛﻪ ﻫﺮ دو ﻋﺎﻣﻞ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺗـﺎزه و دﻣـﺎ در ﺣـﻴﻦ ﻋﻤـﻞ آوري ﭘﺎراﻣﺘﺮﻫـﺎي
ﺗﺎﺛﻴﺮﮔﺬار در آﻫﻨﮓ و ﻣﻴﺰان ﻛﺴﺐ ﻣﻘﺎوﻣﺖﻫﺎي ﻧﻬﺎﻳﻲ ﺑﺘﻦ ﻣﻲﺑﺎﺷﻨﺪ .ﻟﺬا در ﺳﻨﺠﺶ وارزﻳﺎﺑﻲ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ در ﺳﻨﻴﻦ
ﻣﺨﺘﻠﻒ ،اﻳﻦ دو ﻋﺎﻣﻞ و ﺗﺎﺛﻴﺮات آﻧﻬﺎ ﻧﻴﺰ ﺑﻬﺘﺮ اﺳﺖ ﻣﻮرد ﺗﻮﺟﻪ ﻗﺮار ﮔﻴﺮد.
 -3-4ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ )ﻛﺸﺶ ﺑﺮزﻳﻠﻲ(
ﻧﺘـﺎﻳﺞ ﻣﻘﺎوﻣـﺖ ﻛﺸـﺸﻲ  28روزه آزﻣﻮﻧـﻪﻫـﺎي اﺳـﺘﻮاﻧﻪاي  15×30آزﻣﺎﻳـﺸﮕﺎﻫﻲ و ﻫﻤﭽﻨـﻴﻦ ﻣﻐـﺰهﻫـﺎي 7/5
ﺳﺎﻧﺘﻴﻤﺘﺮي ﺟﺪاول ﻛﺎرﮔﺎﻫﻲ در ﺟﺪول)(4و ﻧﻤﻮدار) (4ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد.
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ﺟﺪول  :4ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺮزﻳﻠﻲ
ﺳﻦ آزﻣﻮﻧﻪ
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ﻧﻤﻮﻧﻪ  28روزﻩ ﮐﺎرﮔﺎﻩ?

ﻧﻤﻮﻧﻪ  28روزﻩ ﺁزﻡﺎ ?ﺷﮕﺎﻩ?

ﻧﻤﻮدار -3ﺗﻐﻴﻴﺮات ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﺟﺪاول در دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ

ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ و ﻓﺸﺎري ﺑﺘﻦ در ارﺗﺒﺎط ﻣﺴﺘﻘﻴﻢ ﺑﺎ ﻳﻜﺪﻳﮕﺮﻧﺪ ﻟﺬا ﺑﻪ ﻫﻤﺎن دﻻ ﻳﻠﻲ ﻛﻪ در ﻣﻮرد ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري
ﺑﺘﻦ ذﻛﺮ ﮔﺮدﻳﺪ ،در ﺳﻦ  28روز ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻧﻤﻮﻧﻪﻫﺎي  T=20ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺪار و ﻧﻤﻮﻧﻪﻫـﺎي  T=40ﻛﻤﺘـﺮﻳﻦ
ﻣﻘﺪار را دارا ﺑﻮد.
در ﻣﻮرد ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﭼﻨﺪﻳﻦ ﻧﻜﺘﻪ ﻗﺎﺑﻞ ﺗﺎﻣﻞ اﺳﺖ .اول آﻧﻜﻪ آﻫﻨﮓ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑـﺎ اﻓـﺰاﻳﺶ ﻋﻤـﺮ
ﺑﺘﻦ ﻧﺴﺒﺖ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري آن ﻛﻨﺪﺗﺮ اﺳﺖ ﺑﻨﺎﺑﺮاﻳﻦ ﻧﺴﺒﺖ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑـﻪ ﻓـﺸﺎري ﺑـﺎ اﻓـﺰاﻳﺶ ﻋﻤـﺮ ﺑـﺘﻦ
ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ .ﻫﻤﭽﻨﻴﻦ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ در ﺑﺮاﺑﺮ ﻋﻤﻞ آوري ﺑـﺴﻴﺎر ﺣـﺴﺎﺳﺘﺮ اﺳـﺖ )اﺛـﺮات ﺟﻤـﻊ ﺷـﺪﮔﻲ ﻏﻴـﺮ
ﻳﻜﻨﻮاﺧﺖ ﺑﺴﻴﺎر ﺣﺎدﺗﺮ روي ﻛﺸﺶ ﻧﺴﺒﺖ ﺑﻪ ﻓﺸﺎر اﺛﺮ ﻣﻲﮔﺬارد(
ﺑﻨﺎﺑﺮ اﻳﻦ ﻣﻲﺗﻮان ﮔﻔﺖ ﻛﻪ ﻋﻠﺖ ﻛﺎﻫﺶ ﻣﻘﺎوﻣﺖ  T=10ﻧﺴﺒﺖ ﺑﻪ  T=20در ﺳﻦ  28روز در ﻫﺮ دو ﺳﺮي ﻧﻤﻮﻧﻪﻫﺎ
)ﺑﻪ ﺧﺼﻮص ﻧﻤﻮﻧﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ( رﺷﺪ ﻛﻨﺪ ﺗﺮ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻧﻤﻮﻧﻪﻫﺎي  T=10ﻧﺴﺒﺖ ﺑـﻪ  T=20در ﻣﻘﺎﻳـﺴﻪ ﺑـﺎ
ﻣﻘﺎوﻣﺖ ﻓﺸﺎري آﻧﻬﺎ داﻧﺴﺖ).در ﺣﺎﻟﻴﻜﻪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه ﻧﻤﻮﻧﻪﻫـﺎي ﻛﺎرﮔـﺎﻫﻲ  T=10ﺑـﻴﺶ از T=20
ﺑﻮد(.
ﺗﺮاﻛﻢ ﻣﻨﺎﺳﺐ در ﺑﺘﻦ ﺗﺎزه ﻫﻨﮕﺎم ﻗﺮار ﮔﻴﺮي در ﻗﺎﻟﺐ در ﺑﻬﺒﻮد ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺘﻦ ﺑﺴﻴﺎر ﻣﻮﺛﺮ اﺳﺖ .از آﻧﺠـﺎ ﻛـﻪ
ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺿﻤﻦ داﺷﺘﻦ ﺷﺮاﻳﻂ ﻋﻤﻞ آوري ﻣﻨﺎﺳﺐ ﺗﺮ ،از ﺗﺮاﻛﻢ ﺑﻬﺘﺮي ﻧﻴﺰ ﺑﺮﺧـﻮردار ﺑـﻮده اﻧـﺪ ،ﻟـﺬا
ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺰرﮔﺘﺮي ﻧﺴﺒﺖ ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ دارا ﻣﻲﺑﺎﺷﻨﺪ.
ﻫﻤﭽﻨﻴﻦ در ﻣﻨﺎﺑﻊ ذﻛﺮ ﺷﺪه اﺳﺖ ﻛﻪ ﺑﻪ دﻟﻴﻞ ﺣﺴﺎﺳﻴﺖ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ در ﺑﺮاﺑﺮ ﻋﻤﻞ آوري ﻧﺴﺒﺖ ﺗﻨﺶ ﻛﺸﺸﻲ
ﺑﻪ ﻓﺸﺎري در ﺑﺘﻨﻲ ﻛﻪ در ﻫﻮا ﻋﻤﻞ آﻣﺪه ﻧﺴﺒﺖ ﺑﻪ ﺑﺘﻨﻲ ﻛﻪ در ﺷﺮاﻳﻂ اﺳﺘﺎﻧﺪارد ﻋﻤﻞ آوري ﺷﺪه ﻛﻤﺘﺮ اﺳـﺖ .وﻟـﻲ
در اﻳﻦ آزﻣﺎﻳﺶ ﭼﻨﻴﻦ ﻧﺘﻴﺠﻪ اي ﺣﺎﺻﻞ ﻧﮕﺸﺖ و ﻧﺴﺒﺖ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﻪ ﻓﺸﺎري در ﻧﻤﻮﻧﻪﻫـﺎي ﻋﻤـﻞ آﻣـﺪه در
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آزﻣﺎﻳﺸﮕﺎه ﻛﻤﺘﺮ از اﻳﻦ ﻧﺴﺒﺖ در ﻧﻤﻮﻧﻪﻫﺎي ﻋﻤﻞ آﻣﺪه در ﻛﺎرﮔﺎه ﺑـﻮد) .آزﻣﺎﻳـﺸﮕﺎﻫﻲ  Ft/Fc > Ft/Fcﻛﺎرﮔـﺎﻫﻲ(
ﻣﻲﺗﻮان اﻳﻦ اﺣﺘﻤﺎل را داد ﻛﻪ اﻓﺰاﻳﺶ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﺗﺎﺛﻴﺮات ﺑﻴﺸﺘﺮي در ﻛـﺎﻫﺶ ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري ﻧﻤﻮﻧـﻪﻫـﺎي
ﻛﺎرﮔﺎﻫﻲ ﻧﺴﺒﺖ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ آﻧﻬﺎ دارد ﻛﻪ اﻳﻦ اﻣﺮ ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﻧﺴﺒﺖ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻓـﺸﺎري
اﻳﻦ ﻧﻤﻮﻧﻪﻫﺎ در ﻣﻘﺎﻳﺴﻪ ﺑﺎ اﻳﻦ ﻧﺴﺒﺖ در ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﻣﻲﮔﺮدد.
Ft/Fc-Temp

t=40

t=20

t=30

Ft/Fc

0.20
0.10
0.00
t=10

)Temp (c
ﻧﻤﻮﻧﻪ  28روزﻩ ﺁزﻡﺎ?ﺷﮕﺎﻩ ?

ﻧﻤﻮﻧﻪ  28روزﻩ ﮐﺎرﮔﺎﻩ ?

ﻧﻤﻮدار  -4ﻧﺴﺒﺖ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﻪ ﻓﺸﺎري در ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ و ﻛﺎرﮔﺎﻫﻲ در دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ.

 -6-5-3آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ
در اﻳﻦ آزﻣﺎﻳﺶ از آزﻣﻮﻧﻪﻫﺎي ﻣﻜﻌﺒﻲ 100و 150ﻣﻴﻠﻲﻣﺘﺮي ﺑﺎ ﺷﺮاﻳﻂ ﻋﻤـﻞآوري آزﻣﺎﻳـﺸﮕﺎﻫﻲ و ﻣﻐـﺰهﻫـﺎي 75
ﻣﻴﻠﻲ ﻣﺘﺮي ﺟﺪاول ﻛﺎرﮔﺎﻫﻲ اﺳﺘﻔﺎده ﺷﺪ .ﺗﻌﺪاد آزﻣﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه در اﻳﻦ آزﻣﺎﻳﺶ ﺑﺮاي ﻫﺮ ﻣﺨﻠﻮط ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ
ﻣﺎﻫﻴﺖ ﻏﻴﺮﻣﺨﺮب ﺑﻮدن آن  3ﻋﺪد ﺑﻮد ﻛﻪ در ﺳﻨﻴﻦ 42 ،28 ،14 ،7و  91روز ،آزﻣﻮﻧﻪﻫﺎ از آب ﺧﺎرج و ﭘﺲ از اﻧﺠﺎم
آزﻣﺎﻳﺶ ،ﺗﺤﺖ آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻗﺮار ﮔﺮﻓﺘﻨﺪ.
ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ آزﻣﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪﺷﺪه ،در اﺳﺘﺎﻧﺪاردﻫﺎي ﻣﺨﺘﻠﻒ دﺳﺘﻮراﻟﻌﻤﻞ ﺧﺎﺻﻲ وﺟﻮد ﻧـﺪارد .از
اﻳﻦ رو ﺑﺮاي اﻧﺠﺎم اﻳﻦ آزﻣﺎﻳﺶ از وﺳﺎﻳﻞ و روش ﺧﺎﺻﻲ اﺳﺘﻔﺎده ﺷﺪ.
ﺑﺮاي اﻧﺠﺎم اﻳﻦ آزﻣﺎﻳﺶ از ﻳﻚ دﺳﺘﮕﺎه ﺗﻌﻴﻴﻦ ﻛﻨﻨﺪه ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺎ ﻓﺮﻛﺎﻧﺲ  1 KHzو ﻇﺮﻓﻴﺖ ﻧﻬﺎﻳﻲ MΩ
 ،1ﺑﻪ ﻫﻤﺮاه دو ﺻﻔﺤﻪ ﻣﺴﻲ اﺳﺘﻔﺎده ﺷﺪ.
اﻳﻦ آزﻣﺎﻳﺶ در ﺳﻨﻴﻦ  42 ،28و  91روز ﺑﺮ روي ﻧﻤﻮﻧﻪﻫﺎي  10و  15ﺳﺎﻧﺘﻴﻤﺘﺮي آزﻣﺎﻳﺸﮕﺎﻫﻲ و در ﻣﻮرد ﺟـﺪاول
ﺑﻪ دﻟﻴﻞ ﻣﺤﺪودﻳﺖﻫﺎي ﻣﻮﺟﻮد ﻓﻘﻂ در ﺳﻦ  28روز ﺑﺮ روي ﻣﻐﺰهﻫﺎي  7/5ﺳﺎﻧﺘﻴﻤﺘﺮي اﻧﺠﺎم ﮔﺮﻓﺖ ﻛﻪ ﻧﺘﺎﻳﺞ اﻳـﻦ
آزﻣﺎﻳﺶ در ﺟﺪول ) (4و ﻧﻤﻮدارﻫﺎي )6و (7ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.
ﺟﺪول  :4ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ
ﺳﻦ

ﺷﺮاﻳﻂ

ﻧﺎم ﻃﺮح و ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ )(W-cm

آزﻣﻮﻧﻪ

ﻋﻤﻞ آوري

T=10

T=20

T=30

T=40

28روزه
28روزه
42روزه
91روزه

آزﻣﺎﻳﺸﮕﺎﻫﻲ
ﻛﺎرﮔﺎﻫﻲ
آزﻣﺎﻳﺸﮕﺎﻫﻲ
آزﻣﺎﻳﺸﮕﺎﻫﻲ

3014
2656
3111
5575

3065
2773
3338
5369

3041
2749
3181
5319

2874
2380
3039
4564
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Electrical Resistance - Temp-Age
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ﻧﻤﻮدار  -5ﺗﻐﻴﻴﺮات ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ ﻧﺴﺒﺖ ﺑﻪ دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ و زﻣﺎن.

Electrical Resistence -Age-Temp
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ﻧﻤﻮدار  -6ﺗﻐﻴﻴﺮات ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ ﻧﺴﺒﺖ ﺑﻪ زﻣﺎن و دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ.

ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ در ﺟﺪول ) (4و ﻧﻤﻮدارﻫﺎي ) 6و (7ﻣﺸﺎﻫﺪه ﻣﻲﮔـﺮدد در ﻧﻤﻮﻧـﻪﻫـﺎي آزﻣﺎﻳـﺸﮕﺎﻫﻲ در ﺳـﻦ  28روز
ﻧﻤﻮﻧﻪﻫﺎي  T=20داراي ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺪار و ﭘﺲ از آن ﺑﻪ ﺗﺮﺗﻴﺐ ﻧﻤﻮﻧـﻪﻫـﺎي  T=30و  T=10و در ﻧﻬﺎﻳـﺖ ﻧﻤﻮﻧـﻪ
 T=40داراي ﻛﻤﺘﺮﻳﻦ ﻣﻘﺪار ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ اﺳﺖ .وﻟﻲ ﺗﻔﺎوت ﺑﻴﻦ ﻣﻘﺎوﻣﺖ ﻧﻤﻮﻧﻪﻫـﺎي  T=30 ،T=20و
 T=10در اﻳﻦ ﺳﻦ ﺑﻪ ﻧﺴﺒﺖ ﭼﻨﺪان زﻳﺎد ﻧﻤﻲﺑﺎﺷﺪ.
در ﻣﻮرد ﻧﻤﻮﻧﻪ ﺟﺪاول اﻳﻦ اﺧﺘﻼﻓﺎت ﺑﻴﺸﺘﺮ ﺑﻮد ﭼﻨﺎﻧﭽﻪ ﻧﻤﻮﻧﻪﻫﺎي  T=20و  T=30داراي ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺪار ﻣﻘﺎوﻣﺖ
و ﭘﺲ از آن ﻧﻤﻮﻧﻪﻫﺎي  T=10ﺑﻪ دﻟﻴﻞ درﺟﻪ ﻫﻴﺪراﺳﻴﻮن ﺿﻌﻴﻒ ﺗﺮ ﻧﺴﺒﺖ ﺑﻪ دو ﻧﻤﻮﻧﻪ ﻗﺒﻞ ﻗﺮار داﺷﺖ و ﻛﻤﺘـﺮﻳﻦ
ﻣﻘﺎوﻣﺖ در ﻧﻤﻮﻧﻪ  T=40ﺑﻪ دﻟﻴﻞ ﺑﺎﻓﺖ ﺿﻌﻴﻒ ﺗﺮ اﺟﺰاي ﺑﺘﻦ و ﻧﻔﻮذ ﭘﺬﻳﺮي زﻳﺎد آن ﻗﺮار داﺷﺖ.
ﻋﻠﺖ اﺧﺘﻼف ﺑﻴﺸﺘﺮ ،ﺑﻴﻦ ﻧﺘﺎﻳﺞ ﻧﻤﻮﻧﻪﻫﺎي ﺟﺪاول را ﻣﻲﺗﻮان ﻧﺎﺷﻲ از ﺗﻔﺎوت در ﺷﺮاﻳﻂ ﻋﻤﻞ آوري آﻧﻬـﺎ ﻧـﺴﺒﺖ ﺑـﻪ
ﻧﻤﻮﻧﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ و ﻫﻴﺪراﺳﻴﻮن ﺳﺮﻳﻌﺘﺮ اﻳﻦ ﻧﻤﻮﻧﻪﻫﺎ ﻧﺴﺒﺖ ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ داﻧﺴﺖ.
اﻳﻦ آزﻣﺎﻳﺶ در ﺳﻦ  42روز ﺑﺮ روي ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ اﻧﺠﺎم ﮔﺮدﻳﺪ و ﺑﺎز ﻧﻤﻮﻧﻪ  T=20داراي ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺪار
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ﻣﻘﺎوﻣﺖ و ﭘﺲ از آن ﻧﻤﻮﻧﻪﻫﺎي  T=30و  T=10ﺑﺎ ﻣﻘﺎدﻳﺮ ﻧﺰدﻳﻚ ﺑـﻪ ﻫـﻢ و در ﻧﻬﺎﻳـﺖ ﻧﻤﻮﻧـﻪ  T=40ﻛﻤﺘـﺮﻳﻦ
ﻣﻴﺰان ﻣﻘﺎوﻣﺖ را دارا ﺑﻮد.
در ﺳﻦ  91روز روﻧﺪ ﻧﺘﺎﻳﺞ ﺗﻐﻴﻴﺮ ﻛﺮد و ﻧﻤﻮﻧﻪ  T=10داراي ﺑﻴـﺸﺘﺮﻳﻦ ﻣﻘـﺪار ﻣﻘﺎوﻣـﺖ و ﭘـﺲ از آن ﻧﻤﻮﻧـﻪﻫـﺎي
 T=30 ،T=20و T=40ﺑﻪ ﺗﺮﺗﻴﺐ ﻗﺮار داﺷﺘﻨﺪ .در اﻳﻦ ﺳﻦ اﺧﺘﻼف ﺑﻴﻦ ﻣﻘﺎوﻣﺖﻫﺎي ﻧﻤﻮﻧﻪﻫﺎ ﺑﻪ اﻧﺪازه ﻛﺎﻓﻲ ﺑﺰگ
ﺑﻮد ﺑﻪ ﻃﻮرﻳﻜﻪ اﺧﺘﻼف ﺑﻴﻦ ﻣﻘﺎوﻣﺖ ﻧﻤﻮﻧﻪ  T=10و  T=40در ﺣﺪود  1000اﻫﻢ-ﺳﺎﻧﺘﻴﻤﺘﺮ ﺑﻮد.
ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻛﻪ ﺳﺮﻋﺖ ﻛﻨﺪ ﻫﻴﺪراﺳﻴﻮن و ﺗﻜﺎﻣﻞ ﺳﺎﺧﺘﺎر ﻧﻤﻮﻧﻪ  T=10ﺑﺎﻋﺚ ﻛﺴﺐ ﻣﻘﺎوﻣـﺖ اﻟﻜﺘﺮﻳﻜـﻲ واﻗﻌـﻲ
آن در ﺳﻦ  91روز ﮔﺮدﻳﺪ.
آﻧﭽﻪ ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ آﻧﺴﺖ ﻛﻪ اﻳﻦ آزﻣﺎﻳﺶ در ﻣﻮرد ﺑﺘﻦﻫﺎﻳﻲ ﻛﻪ در دﻣﺎﻫﺎي اوﻟﻴﻪ ﻣﺘﻔﺎوت ﺳﺎﺧﺘﻪ ﺷـﺪه اﻧـﺪ ،ﺑﻬﺘـﺮ
اﺳﺖ در ﺳﻨﻴﻦ ﺑﺎﻻي  90روز اﻧﺠﺎم ﮔﻴﺮد.
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ﻧﻤﻮدار -7ﺗﻐﻴﻴﺮات ﻣﻘﺎوﻣﺖ وﻳﮋه اﻟﻜﺘﺮﻳﻜﻲ ﻧﺴﺒﺖ ﺑﻪ ﺗﻐﻴﻴﺮات دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ در ﺳﻨﻴﻦ ﻣﺨﺘﻠﻒ در ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ و
ﺟﺪاول ﻛﺎرﮔﺎﻫﻲ

 -5ﻧﺘﻴﺠﻪﮔﻴﺮي و ﭘﻴﺸﻨﻬﺎد
 -1ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻛﻪ رواﺑﻂ اراﺋﻪ ﺷﺪه ﻣﺮﺑﻮط ﺑﻪ دﻣﺎي ﺗﻌﺎدل ﺑﺘﻦ ،از دﻗﺖ ﻛﺎﻓﻲ ﺑﺮ ﺧﻮردار ﻧﻤﻲﺑﺎﺷﻨﺪ و در ﻋﻤـﻞ
دﻣﺎي ﻣﺤﻴﻂ اﻃﺮاف ﺳﺎﺧﺖ ﺑﺘﻦ و ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ ﺳﺎﺧﺖ آن ،در دﻣﺎي ﺗﻌﺎدل آن ﺑﺴﻴﺎر ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ .ﻟﺬا
ﺑﻬﺘﺮ اﺳﺖ ﻋﺎﻣﻞ دﻣﺎي ﻣﺤﻴﻂ در ﺣﻴﻦ ﺳﺎﺧﺖ ﺑﺘﻦ ﻧﻴﺰ ،در اﻳﻦ رواﺑﻂ ﻟﺤﺎظ ﺷﻮد.
 -2دﻣﺎي اوﻟﻴﻪ ﺑﺘﻦ ﭘﺎراﻣﺘﺮ ﺗﺎﺛﻴﺮ ﮔﺬاري ﺑﺮ روي وﻳﮋﮔﻴﻬﺎي ﺑﺘﻦ ﺗـﺎزه ﻣـﻲﺑﺎﺷـﺪ.ﻋﻤـﺪه اﻳـﻦ ﺗـﺎﺛﻴﺮات در ﺗﻐﻴﻴـﺮات
اﺳﻼﻣﭗ ﺑﺘﻦ ﻣﺸﺎﻫﺪه ﮔﺸﺖ آﻧﭽﻨﺎﻧﻜﻪ ﺑﻪ ازاي اﻓﺰﻳﺶ ﻫﺮ  10درﺟﻪ ﺳﺎﻧﺘﻴﮕﺮاد ،اﺳـﻼﻣﭗ ﺑـﻪ ﻣﻴـﺰان ﺗﻘﺮﻳﺒـﺎ 2
ﺳﺎﻧﺘﻴﻤﺘﺮ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.
 -3ﺑﺎ اﻓﺰاﻳﺶ دﻣﺎ ،ﻣﻘﺎوﻣﺖ ﻓﺸﺎري در ﺳﻨﻴﻦ اوﻟﻴﻪ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ وﻟﻲ ﺑﺎ اﻓﺰاﻳﺶ ﻋﻤﺮ ﺑﺘﻦ اﻳﻦ روﻧﺪ ﺗﻐﻴﻴﺮ ﻣﻲﻳـﺎ
ﺑﺪ و ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ در ﺳﻨﻴﻦ ﺑﺎﻻ ) 91روز( در ﭘﺎﻳﻴﻦ ﺗﺮﻳﻦ دﻣﺎ ﻛﻪ در اﻳﻦ آزﻣﺎﻳﺶ ﺑﺘﻦ  T=10ﺑﻮد ﻣﺸﺎﻫﺪه
ﮔﺮدﻳﺪ .در ﺣﺎﻟﻴﻜﻪ ﺗﺎ ﺳﻦ  42روز ﺑﺘﻦ  T=10ﻫﻨﻮز ﻧﺴﺒﺖ ﺑﻪ دو ﺑﺘﻦ  T=20و  T=30ﻣﻘﺎوﻣﺖ ﻛﻤﺘﺮي داﺷـﺖ
و اﻳﻦ ﻧﺸﺎﻧﺪﻫﻨﺪه روﻧﺪ ﻛﻨﺪ ﺗﺮ ﻫﻴﺪراﺳﻴﻮن اﻳﻦ ﺑﺘﻦ و ﻛﺴﺐ ﻣﻘﺎوﻣﺖﻫﺎي ﺑﻴﺸﺘﺮ در ﺳﻨﻴﻦ ﺑﺎﻻ ﺗﺮ آن ﻣـﻲﺑﺎﺷـﺪ.
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ﺑﺘﻦ  T=40در ﺳﻦ  91روز ﻛﻤﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ را در ﺑﻴﻦ  4ﻃﺮح دارا ﺑﻮد.
دﻣﺎي دوران ﻋﻤﻞ آوري ﻧﻴﺰ ﺑﺮ ﺳﺮﻋﺖ رﺷﺪ ﻣﻘﺎوﻣﺖ ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ آﻧﭽﻨﺎﻧﻜـﻪ در ﻧﻤﻮﻧـﻪﻫـﺎي ﻛﺎرﮔـﺎﻫﻲ در
ﺳﻦ  28روز ﺑﺘﻦ  T=10ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣـﺖ را در ﺑـﻴﻦ ﻧﻤﻮﻧـﻪﻫـﺎي دﻳﮕـﺮ ﻛﺎرﮔـﺎﻫﻲ دارا ﺑـﻮد در ﺣﺎﻟﻴﻜـﻪ در
ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ در اﻳﻦ ﺳﻦ ﻧﻤﻮﻧﻪ  T=20ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺪار را دارا ﺑﻮد.
آﻫﻨﮓ ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺘﻦ ﻧﻴﺰ ﺑﺎ ﺗﻐﻴﻴﺮات دﻣﺎ ﻣﺘﻐﻴﺮ اﺳﺖ .اﻳﻦ روﻧﺪ ﺗﻐﻴﻴـﺮات در ﺳـﻦ  28روز ﻫﻤﺎﻧﻨـﺪ
ﻧﻐﻴﻴﺮات ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﻤﻮﻧﻪﻫﺎﺳﺖ.
در آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ در ﺳﻦ  28روز ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ را ﻧﻤﻮﻧﻪ  T=20دارا ﺑﻮد وﻟـﻲ اﺧـﺘﻼف ﺑـﻴﻦ
ﻣﻘﺎوﻣﺖﻫﺎ در اﻳﻦ ﺳﻦ ﻧﺴﺒﺖ ﺑﻪ ﺳﻨﻴﻦ ﺑﺎﻻ ﺗﺮ اﻧﺪك اﺳﺖ.در ﻣﻮرد ﺟﺪاول ﻧﻴﺰ ﻫﻤـﻴﻦ روﻧـﺪ ﺑـﺎ ﻣﻘـﺎدﻳﺮ ﻛﻤﺘـﺮ
ﻣﻘﺎوﻣﺖ ﺑﻪ دﻟﻴﻞ ﺷﺮاﻳﻂ ﺿﻌﻴﻒ ﺗﺮ ﻋﻤﻞ آوري ،ﻣﺸﺎﻫﺪه ﮔﺸﺖ.
ﺑﺎ اداﻣﻪ اﻧﺠﺎم آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ در ﺳﻦ  91روز اﺧﺘﻼﻓﺎت ﺑﻴﻦ ﻧﺘﺎﻳﺞ ﺑﻪ ﻣﻴﺰان ﻗﺎﺑـﻞ ﺗـﻮﺟﻬﻲ رﺳـﻴﺪ
آﻧﭽﻨﺎﻧﻜﻪ ﻧﻤﻮﻧﻪ  T=10ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ را دارا ﺑﻮد و ﻧﻤﻮﻧﻪ  T=40ﺑﺎ اﺧﺘﻼف 1000اﻫﻢ-ﺳﺎﻧﺘﻴﻤﺘﺮ ) 10اﻫﻢ-
ﻣﺘﺮ( ،ﻧﺴﺒﺖ ﺑﻪ  T=10ﻛﻤﺘﺮﻳﻦ ﻣﻘﺪار ﻣﻘﺎوﻣﺖ را اﺣـﺮاز ﻧﻤـﻮد .ﺑﻨـﺎ ﺑـﺮ اﻳـﻦ در آزﻣـﺎﻳﺶ ﻣﻘﺎوﻣـﺖ اﻟﻜﺘﺮﻳﻜـﻲ
ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه در دﻣﺎﻫﺎي اوﻟﻴﻪ ﻣﺨﺘﻠﻒ ﺑﻬﺘﺮ اﺳﺖ ﻛﻪ اﻳﻦ آزﻣﺎﻳﺶ در ﺳﻨﻴﻦ ﺑﻪ اﻧﺪازه ﻛﺎﻓﻲ ﺑﺎﻻ اﻧﺠﺎم
ﮔﻴﺮد .ﻛﻪ در اﻳﻦ آزﻣﺎﻳﺶ اﻳﻦ ﺳﻦ  91روز ﻣﻲﺑﻮد.
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ABSTRACT
In this paper the effect of different casting temperatures on cracking potential of
mass high strength columns were studied. Four mix proportions with 0.3 watercementing ratio were made and two different casting temperatures, 26ºC and 40ºC
were applied to simulate moderate and hot climate conditions. Cement was
replaced by silica fume at 0%, %5, %8 and %11. Temperature rising of the
mixtures, due to hydration, after casting was monitored till 7 days. Furthermore,
compressive strength of the specimens was determined at the ages of 1 to 91 days.
Thermal analysis of 4 large columns, 600×600×200 to 1800×1800×2000 mm, was
carried out by finite element method [3-7]. In this regard, two demolding time, 24
and 48 hours were selected to clarify the effect of ambient temperature on risk of
cracking. The results declare that tensile stress of the 600 mm columns with 24
hours demolding time, irrespective of casting temperature, was higher than tensile
strength and will be cracked. However, 48 hours demolding time induced lower
tensile stress and diminished risk of cracking. Silica fume has no considerable
effect on risk of cracking.
Keywords: mass concrete, casting temperature, risk of cracking, silica fume,
demolding time
1. INTRODUCTION
Heat evolution during hydration of cementing materials in high strength mass
concrete lead to thermal stress, which in-turn induce thermal cracking in the body
of structures[1-2].Therefore, this is a task of researchers to clarify thermal behavior
of mass structures made by high strength concrete to develop a convenient design
method to control crack potential [5]. Huge foundations, pile, columns of bridges,
thick walls and tunnels lining are examples of mass structures which thermal
cracks were observed. In large structures, due to low thermal diffusion properties
of concrete, heat spreading is very slow [6-8]. In this regard, concrete temperatures
in excess of 65ºC have been reported [8]. The high temperature can adversely
affect the performance of the concrete. Thermal cracking will occur when thermal
stresses exceed the tensile strength of concrete [9]. The geometry of a member,
water cement ratio, cement content and type of supplementary cementing materials
govern the magnitude of heat lost to the environment and lead to high thermal
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gradient [9].
Cement replacement with different pozzolan is known as an important way to
diminish temperature rising [8]. Effect of silica fume on hydration heat is
influenced from water cementitious material and also superplacticizer content. It
was observed that in high water cement ratio, about 0.5, silica fume behave as
cement [4]. However, as water cement ratio decrease silica fume have no
considerable effect on hydration heat development. On the other hand, at water
cement ratio of 0.4 silica fume diminish hydration heat [5]. Slag-blended cements
assist in reducing hydration temperatures of concrete with nominal strength of 100,
80, 60 and 40 Mpa [9]. Casting temperature and demolding time are the other
important parameters which may affect risk of cracking in silica fume specimens
which are studied in the present paper.
2. MATERIALS AND TESTING METHOD
Crushed stone, with 19 mm maximum nominal size, in two ranges of 5-10 and 1019 with relative density at saturated surface dry of 2.61 were used. Fineness
modulus of sand and relative density was 3.4 and 2.6 respectively. Absorption
value is 1.9 and 2.1 for fine and coarse aggregate. The cement used was Portland
cement Type 2, with a specific gravity of 3.12 and 3750 cm2/gr surface area. A
commercial carboxylic type placticizer, (Gelenium 110M), was used to maintain
workability of fresh concrete. Silica fume, made by Semnan Ferro Alley factory,
was used at 0%, 5%, 8% and 11% (by weight) as partial replacement of cement.
Chemical properties of silica fume are given in Table 1. Mix proportions of the
concrete are given in Table 2. Water-cementing material ratio is 0.3.
Table 1. chemical composition of silica fume
Composition
Percent
Al2O3
0.5-1.7
SiO2

85-95

Fe2O3

0.4-2

C

0.6-1.5

CaO

2-2.3

MgO

0.1-0.9

For all mixtures a cylindrical (150×300mm) specimen was molded just after
casting and was put in a semi adiabatic box for monitoring the hydration
temperature rising. Temperature rising was monitored via a Data Logger at 1
minute interval till 6 days. Guardian, 4C-Heat and 4C Temp&Stress soft wares
were used for determination of heat properties and thermal analysis. Consequently,
risk of cracking in large columns was determined. The columns size was 600,
1000, 1400 and 1800 mm, and height of all columns was 2000 mm. Two climate
zones, moderate with air temperature of 20 to 30°C and hot with 30 to 45°C, were
chosen. Wind velocity was 5m/sec. Sixteen four analyses were carried out for
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determination of cracking risk (tensile stress/tensile strength). Furthermore,
compressive strength of the cube specimens (100×100×100 mm) accordance to
standard condition was also measured at the ages of 1, 2, 3, 7, 14, 28 and 91 days.
Table 2. Mix proportions of the Concrete
SF0D
SF5.D
SF8.D
Material
3
(kg/m )
540
513
496.8
(kg/m3)
164.7
164.7
164.7
(kg/m3)
865
859
856

Cement
Water
Fine agg.
Coarse agg.*
203
(5-10 mm)
¨
Coarse agg.
626
(10-19mm)
¨
Micro silica(%)
0
Super plasticizer ¨
3.24
Water/Cementitious
0.3
material
Slump
150
*
Aggregate in saturated surface dry condition

SF11.D

480.6
164.7
853

202

202

201

623

621

619

5
7.5

8
7.5

11
7.5

0.3

0.3

0.3

150

150

150

3. TESTING RESULTS
Casting temperatures for moderate (M) and hot climates (H) is given in Table 3. As
it is shown, for moderate climate casting temperature is between 26.5 to 28 °C.
However, casting temperature for hot climate is between 36 to 41 °C. Casting
temperature was adjusted based on trial mixtures and the proposed equation in [1].
Table 3. Casting temperature of the mixtures
S0
SF5 SF8
SF11
S0
SF5
SF8
(M) (M) (M)
(M)
(H)
(H)
(H)
Casting
Temp.

27.5

27

26.5

28

36

40.5

41

SF11
(H)
39

After casting, temperature rising was monitored via a semi adiabatic box. Heat
development parameters were also calculated from the following equation using
4C-Heat software:

Q( M ) = Q∞ . exp(−(

τe

M

))α

(1)

Where,
Q(M ) Correspond to heat value at maturity M,
Q∞ Is final heat value and

τ e And α are constants.

Using the above parameters and the measured strength properties in predetermined
casting and curing and also ambient temperature, temperature regime, peak
temperature, stress and risk of cracking were calculated by 4C Temp&Stress
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software.
3.1. Moderate Casting Temperature
Peak temperature of different mixtures, due to hydration of cementing materials, is
shown in Figure 1. As it is shown, higher peak temperature belonging to the
columns with larger size. In the specimens without silica fume peak temperature
change between 65 °C to 85°C for 600 and 1800 mm columns size respectively.
Silica fume diminished peak temperature not so effectively. Risk of cracking for
24 and 48 hours demolding time are also demonstrated in Figures 2 and 3 when
respectively. It is shown that risk of cracking of the specimens was changed in the
same manner with peak temperature. Demolding time of 24 hours lead to this fact
that only 600 mm column can be conservatively. However, 48 hours demolding
time decreased risk of cracking and 1000mm column will also be considered
without cracking.
95

Peak Tem p. (C )

85
75
65
55
45
35
S0-60 S0-100 S0-140 S0-180 SF5-60

SF5100

SF5140

SF5180

SF8-60

SF8100

SF8140

SF8180

SF1160

SF11100

SF11140

SF11180

Mixtures

Figure 1. Peak temperature versus concrete mixtures (Moderate)

Risk of cracking

2.5
2
1.5
1
0.5
0
S0-60 S0-100 S0-140 S0-180 SF5-60

SF5100

SF5140

SF5180

SF8-60

SF8100

SF8140

SF8180

SF1160

SF11100

SF11140

SF11180

Mixtures

Figure 2. Risk of cracking versus mixtures (Moderate) – remolding time: 24 hours

3.2. High Casting Temperature
Temperature rising, risk of cracking at demolding time of 24 and 48 hours were
shown in Figures 4, 5 and 6 when casting temperature was about 40 °C. Due to
high casting temperature peak temperature values increased more than moderate
one. However, a comparison of risk of cracking in moderate and hot casting
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temperature declare that , due to lower thermal gradient in hot casting lead to lower
risk of cracking. As it is shown, 48 hours demolding was also diminished risk of
cracking. Silica fume have no considerable effect on cracking potential, just similar
to moderate casting temperature.

Risk of cracking

2.5
2
1.5
1
0.5
0
S0-60 S0-100 S0-140 S0-180 SF5-60

SF5100

SF5140

SF5180

SF8-60

SF8100

SF8140

SF8180

SF1160

SF11100

SF11140

SF11180

Mixtures

Figure 3. Risk of cracking versus mixtures (Moderate) – remolding time: 48 Hours

Peak Temperature (C)

95
85
75
65
55
45
S0-60 S0100

S0140

S0180

SF560

SF5100

SF5140

SF5180

SF860

SF8100

SF8140

SF8- SF11- SF11- SF11- SF11180
60
100 140 180

Mixtures

Figure 4. Peak temperature versus concrete mixtures (Hot)

Risk of cracking

2.5
2
1.5
1
0.5
0
S0-60 S0-100 S0-140 S0-180 SF5-60 SF5100

SF5140

SF5- SF8-60 SF8180
100

SF8140

SF8180

SF11- SF11- SF11- SF1160
100
140
180

Mixtures

Figure 5. Risk of cracking versus concrete mixtures Remolding time: 24 hours
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Risk of cracking

2.5
2
1.5
1
0.5
0
S0-60 S0-100 S0-140 S0-180 SF5-60 SF5100

SF5140

SF5- SF8-60 SF8180
100

SF8140

SF8180

SF11- SF11- SF11- SF1160
100
140
180

Mixtures

Figure 6. Risk of cracking versus mixtures (Hot) Remolding Time: 48 Hours

4. CONCLUSIONS
From the present study the following conclusions can be drawn:
- Hydration peak temperature is highly affected by size of structures.
- Higher casting temperature led to higher peak temperature.
- Silica fume had no considerable effect on hydration peak temperature of the mixtures.
- High casting temperature (40 °C) led to high peak temperatures however, due to
low thermal gradient risk of cracking decreased.
- It was concluded that demolding time of 48 hours in both casting temperatures
diminished risk of cracking.
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ABSTRACT
This paper presents the results of an experimental investigation on the effects of
expanded polystyrene polymeric beads on the properties of light-weight selfcompacting concrete in fresh and hardened states. Since the aim of this study is to
produce structural lightweight self-compacting concrete (with compressive strength
above 17 MPa), EPS beads were partially substitute for aggregates by 10, 15, 22.5
and 30 percentages by volume. Fluidity and mechanical properties of selfcompacting EPS concrete was compared with ordinary self-compacting concrete
with slump flow of about 65cm. The slump flow was kept in allowable range and
the effects of EPS were evaluated on the other fluidity parameters such as V-funnel
and L-box. The results obtained, showed that with increasing in EPS volume, Vfunnel time increased while blocking ratio decreased. At the stage of hardened
concrete, compressive strength (at different ages), tensile strength, ultrasonic pulse
velocity (UPV) and water absorption were studied.
Keywords: light-weight self-compacting concrete, expanded polystyrene, fluidity,
mechanical properties
1. INTRODUCTION
Light-weight concrete with density varying between 1400 to 2100 kg/m3 in
contrast with normal concrete with density about 2400 kg/m3 has been used for
structural purposes for so many years. Light-weight concrete has been center of
attention because of its low density leading to the decrease in the area-sectional
which results in decreasing the final cost of structure. Light-weight concrete used
in this study is made by using porous fine aggregates with a low density. Water
absorption is the most significant demerit of many of these light-weight aggregates.
From a fresh state point of view, increasing the amount of water in matrix
(associated with water absorption of this aggregates) can cause increase in the
amount of structure self-weight. Also, this water absorption cause decreasing in
slump flow and to solve this problem additional water required. In term of
hardened state, as the time passes, the evaporation causes rapid loss of surface
bleeding which results rapid drawdown in pore water level. This in turn, makes an
increase in pore water pressure, which tends to bring the neighboring solid particles
closer which resulted that shrinkage cracking appears [1,2]. Different studies were
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shown that because of interesting in properties such as hydrophobia, closed cell
nature (prevention from going paste or water in to light-weight structure) and nonabsorbent, employing the light-weight expanded polystyrene beads as suitable ultra
light-weight aggregates in mortar or concrete for structural and non-structural
applications is increasing [3,4]. These properties can overcome disadvantages
discussed above.
Self-compacting concrete (SCC) was first produced in Japan in 1980s [5] with
problems in consolidation of the normal concrete was to achieve concrete with
favorite compaction and high durability. In fact, SCC has a very high fluidity,
which removed many of the problems associated with normal concrete such as
segregation, bleeding, absorption, permeability and etc. In addition, without any
vibration placement in complex or dense reinforced formworks, filled it and
covered the space around the bars. Compared to normal concrete, reduction of the
harmful effects of sound in urban environments and the industrial process costs are
additional advantages [6]. Fillingability, passingability and resistance to
segregation are three key properties that SCC must comprise at fresh state [7]. The
first two properties are achieved by employing a high-range water reducing. In
order to avoid the segregation of coarse aggregates, the plastic viscosity of SCC
should be increased. For these purpose, three methods were suggested. The First is
using high powder content. Employments of some mineral admixtures such as fly
ash, ground blast furnace slag, silica fume, limestone powder or quartzite powder is
a possible way for the first method [8,9]. The second is employing a viscositymodifying agent (VMA). Finally, the last one is a combination of the first and
second methods.
Because of self-weight of light-weight aggregates, for compaction of concrete may
results in increasing in segregation and bleeding problems. Noticeable problem
associating with unsuitable vibration is inefficient dissipation of light-weight
aggregates. This condition raises light-weight aggregates to the surface of concrete
and forms a weak layer. As the SCC which dose not needs any vibration, it looks
like that these problems can be kept at the lower level. But because that SCC must
be compacted by its own weight (without any compaction) and the weight of selfcompacting light-weight concrete reduces in comparison to SSC, so the balance
between compaction and weight of SCC must be established. The major objective
of the present study is to provide information about this balance in light-weight
self-compacting concrete. To attain this aim and because of the interesting property
of EPS as ultra light-weight aggregates, on this study,
2. EXPERIMENTAL PROGRAMME
2.1. Materials
Ordinary Portland cement (opc) meeting the requirements of ASTM C 150 were
used for preparation of the self-compacting EPS concrete specimens in all
compositions. Commercial dry uncompacted silica fume (SF) was used as a
cementations material. The chemical compositions of OPC and SF are given in
Table 1.
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Table 1: Chemical composition properties of (OPC) and (SF) detail
Cement Silica fume
SiO2
21.46
91.7
Al2O3
5.55
1
3.46
0.9
Fe2O3
CaO
63.95
1.68
MgO
1.86
1.8
1.42
0.87
SO3
K 2O
Na2O
LOI

0.54
0.26
-

0.1
2

Table 2: Grading and physical properties of expanded polystyrene
EPS type
Type I
Type II
Sieve size (mm)
Cumulative passing (%)
9.5
100
100
4.75
96
2
2.36
2
0
1.18
2
0
Physical properties
2.36
4.75
Mostly beads size(mm)
Specific gravity
0.025
0.018

To mix the self-compacting EPS concrete and for curing the specimens, potable
water specified by ASTM D 1129 was used. Natural river sand (0-4.75mm) with
fines modulus of 2.83 and crushed gravel with 12.5mm were used. The coarse and
fine aggregates have specific gravities of 2.71 and 2.6 and mean water absorption
of 0.8% and 0.58%, respectively. Sika Viscocrete-1 as a third generation of superplasticizer and meets the requirements for super-plasticizer according to SIA 162
(1989) was used in all mixtures. This type of modified polycarboxylate based has
been used by other researchers as VMA [10]. Solid content, PH and specific
gravity of VMA were provided by its manufacturer to 35.7%, 6.5 and 1.08,
respectively. Expanded polystyrene equally replaced by fine and coarse aggregates
by using two types of commercial EPS with different specific gravity and grading
which were used to prepare self-compacting EPS concrete. Type 1 with mostly
2.36 mm beads size and type 2 with mostly 4.75 mm size replaced fine sand and
gravel, respectively. As seen, to prevent grading disturbance of coarse and fine
aggregates, mostly beads size was selected in the grading range of aggregates,
respectively. The EPS beads properties and grading details are presented in table 2.
2.2. Mixture Proportion of Self-Compacting Eps Concrete
The mixing sequences were as follows. Coarse and fine aggregates, EPS and some
mixing water (25%) were initially homogenized for 1min in rotary planetary mixer.
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Thereafter, binder materials including cement and SF were added. Finally, the
remaining water and VMA (according to Table 3) were introduced to the wet
mixture, while mixing was going on for 4 minutes. This optimum time is required
to disperse VMA and stabilize viscosity. The water/cement ratio and binder content
of the mixtures were maintained at 0.53 and 418 kg/m3 throughout this study,
respectively. In order to keep slump flow in allowed ranges, VMA was used in
different dosages. The VMA was adjusted between 0.4 to 0.63% by weight of
binder content and EPS beads replaced aggregates with 10, 15, 22.5 and 30
percentages by volume to produced structural self-compacting EPS concrete with
compressive strength above 17 MPa and density ranging 1700-2100 kg/m3.
Fluidity and mechanical properties of self-compacting EPS concrete was compared
with ordinary SCC that designed for slump flow about 65cm. The details of the
mixtures including Silica fume which was replaced in 10% of the cement mass -are
presented in Table 3.
Mix
No.
1
2
3
4
5

Table 3: Mixture properties of self-compacting EPS concrete
Cement
SF
Water
Gravel
Sand
% volume
%VMA
(Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3)
of EPS
of binder
380
38
196
822
925
0
0.62
380
38
196
689
792
10
0.55
380
38
196
623
726
15
0.50
380
38
196
524
626
22.5
0.45
380
38
196
424
527
30
0.40

The major problem of light-weight concrete is desirable dispersal of aggregates in
matrix. As shown in Figure 1, the specimens of self-compacting EPS concrete
containing different percentages of EPS beads shows desirable dispersal of EPS up
to 22.5% compare to 30% in concrete specimens. Hence, a replacement up to
22.5% volume of EPS seems not to need any innovations. So, the beads can be
used the way that already been explained. This should be qualified by more
experiments. To assess the effect of workability loss where produced in sites, all of
the fresh-state properties were tested 30 min after mixing. Some portion of the
concrete mixture was used to fresh properties experiments and the remaining part
was poured into the moulds in one layer and without any compaction other their
self-weight to assess mechanical properties of self-compacting EPS concrete. After
24 h casting, they were demolded and curing was conducted according ASTM C
511 and then kept in the curing environment until the date of testing.

Figure 1. Desirable dispersal of EPS in self-compacting concrete specimens
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2.3. Concrete Tests
Mechanical properties of hardened concrete are strongly related to fresh properties.
Several experiments were conducted in each mixture to assess the most important
features of fresh properties of light-weight self-compacting concrete. (i) Slump
flow test is primarily to assess workability, filling ability and consistency of
concrete without any obstructions. According to EFNARC, a SCC must have a
slump flow ranging between 650-800mm. (ii) V-funnel flow test should be used to
assess the ability to achieve smooth flow through narrow spacing without blockage.
This test measured variable for describing the cohesion, viscosity and fillingability
of SCC. Some researchers believe that V-funnel times represent the flowability and
stability or segregation resistance of SCCs through V-shaped funnel test [11,12].
According to EFNARC, a stable and flowable SCC must has a V-funnel flow time
varying between 6–12 s. (iii) L-box evaluates fillingability and passingability of
SCC and also representative yield stress of the materials. The passing ability, on
the other hand, shows the compatibility between the size of the coarsest particles of
the concrete and the gap between the reinforcing steel bars in the structure to be
cast [10]. According to EFNARC, a SCC must have a blocking ratio varying
between 0.8-1. Fluidity is defined either qualitatively as the ease of placement or
quantitatively by rheological parameters [9]. As previously expressed, ease of
placement can defined by fillingability, passingability that are two of the three key
properties of fresh concrete, were evaluated simply by experiments discussed
before. From the quantitative view, Plastic viscosity and yield stress are two most
common rheological parameters were assessed as Bingham equation. If the
viscosity is too low, an increase of shear rate is recommended to avoid segregation.
On the other hand, if viscosity is too high, a low shear stress would be necessary
[13]. So, for self-compactibility, concrete should have an adequate plastic viscosity
together with a low yield stress approaching to the behavior of a Newtonian fluid
[9]. The measurement of yield stress and plastic viscosity requires a rheometer,
and, where not available, alternative simpler tests such as slump flow, V-funnel
times… can be used [9]. Moreover, these experiments are not costly and they can
easily be carried out in sites. So, in this study the above tests were conducted to
evaluate the fluidity of self-compacted EPS concrete. The water content in a
mixture can be classified into free water and the bound water. Free water is the
interstitial water existing between fines and aggregates. It disperses and lubricates
the solid particles in concrete to create fluidity and plasticity of concrete.
Therefore, it is the quantity and quality of free water that determines much of the
rheological behavior of fresh concrete [14]. As mentioned above, hydrophobic is
one of the main features of EPS beads, so increasing replacement of EPS in
concrete can cause an increase the free water in matrix which affects the fluidity of
self-compacting EPS concrete. On the other hand, increase in EPS in matrix can
change many things such as size, kind and conFigure uration of aggregates,
decrease internal friction and, above all, decrease the weight of matrix in ration
with the condition without EPS. So, it has been tried to estimate these affects on
fresh self-compacting EPS concrete by means of the above experiments and obtain
the desirable EPS percentage. For each concrete mixture, the average compressive
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strength of three 100mm cubes at the age of 7, 28 and 60 days were obtained.
Compression test loading was done by a system with the maximum capacity of
3000 KN and a loading rate of 0.25 N/mm2s per specimens. 15×30 cylindrical was
taken from the mixture to measure tensile strength. Water absorption tests were
conducted on three 100 mm cube specimens according to the ASTM C 642 at 28
days. For the determination of water absorption, because of the temperature
suggested by ASTM (100-110°C) EPS beads initially shrink and finally evaporate,
saturated surface dry cubes were placed in an oven at 60 °C until a constant mass
was achieved [15]. Before measuring compressive strength of the specimens at 28
days, the UPV measurements were conducted to measure the time needed for
propagation of a sonic waves according to ASTM C 597.
3. RESULTS AND DISCUSSIONS
3.1. Fresh Concrete Tests Results
The first part of the results was attributed to the fresh properties of self-compacted
EPS concrete. In Figure 2 the common effects of density and EPS percentage on
slump flow and V-funnel time shows. Since Slump flow is not a suitable factor to
exhibit the fresh behavior exactly, so the slump flow was kept in allowed range
specified by EFNARC and other parameters effective on fluidity were evaluated.
Segregation and bleeding were visually checked during the slump flow test and
were not observed in any of the mixtures with the exception of mix No.5 in which
segregation of aggregate near the edges of the spread-out concrete was observed. In
other words, for light-weight self-compacting concrete with slump flow over than
680 mm, segregation symbols often appears. It can be seen from Figure 2, slump
flow values were 640-700mm, while mix No. 5 has lower contents of VMA, The
biggest slump flow attributed the maximum percentage of EPS in volume and mix
No. 1 has minimum slump flow. Therefore, slump flow increased with the increase
in EPS percentages. It was due to decreased in internal friction with an increase in
EPS percentages. This, in turn, shows a better flowability in self-compacting EPS
concrete in compare to SCC with no EPS. But, this is not enough for evaluating the
fluidity of self-compacting EPS concrete, so other experiments must be conducted
to assess other parameters such as viscosity, cohesion, segregation, blocking and
etc. The time measured via the V-funnel flow was in the range of 6–15 s. As
observe in Figure 2, an increase in EPS percentage caused an increase in V-funnel
time, while slump flow has target range 60-70 cm. The V-funnel times for all
mixtures were within the EFNARC range of SCC, apart from mix No. 5 which
exceeded upper limit of V-funnel time. Felekoglu and his colleague [16] reported
that the V-funnel time will decrease with increasing in water/powder values or free
water content increase. But the results showed in self-compacting EPS concrete
increasing in free water content, produced by increase in the hydrophobia EPS
beads in matrix will increase V-funnel time. On the other hand, internal friction of
matrix was decreased with increasing in the amount of EPS in concrete due to
smooth surface of EPS compare to aggregates.
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Figure 2. Variation of density with slump flow and V-funnel time

In the other words, limiting the coarse aggregate content by replacing them with
EPS will cause the relative distance between coarse aggregates to be increased.
Therefore, the frequency of colliding between aggregates decrease and finally, the
energy dissipation decrease. So, it seems with an increase in EPS content, the Vfunnel time was decreased. But an increase in EPS percentage caused increasing Vfunnel time. The reason probably is the lower self-weight of self-compacting EPS
concrete compare to SCC. An increase in EPS in matrix decrease self-weight and a
decrease flowability of matrix in the funnel lead to a decrease the V-funnel time.
So in self-compacting EPS concrete, self-weight is a major parameter to
characterize the fresh-state behaviors while in SCC, free water is the major case. In
the base of EFNARC range for V-funnel time varying between 6-12 s, mix No.5 is
rejecting. The results show that Light-weight self-compacting concrete with density
higher than 1900 kg/m3 satisfies the fresh-state behaviors of concrete related to
viscosity, cohesion and segregation and lower amount of density were rejected. In
the blocking ratio point of view L-box test was performed in all mixtures. Results
of blocking ratio of all the different mixes are presented in Figure 3. Blocking ratio
vary between 0.9-0.78 for self-compacting EPS concrete. As the effect of EPS,
blocking ratio decreased with the increased in EPS percentages. So, in the base of
EFNARC, mix No. 5 is rejecting. Aggregate blocking is more probable in mixtures
where blocking ratio is lower than 0.8. But in self-compacting EPS concrete, it did
not seem that blocking ratio lower than 0.8 for mix No. 5 are pertinent to
aggregates blocking between gaps. When aggregates replaced by EPS with mostly
beads size lower than Gmax the blocking must be solved. Like V-funnel time,
probably the lower self- weight of self-compacting EPS concrete compare to SCC
is the reason. Fewer Self-weight of self-compacting EPS concrete, decreasing the
flowability of the fresh concrete in horizontal section.
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Figure 3. Variation of density with blocking ratio

3.2. Hardened Concrete Tests Results
The second part of results was attributed to the hardened properties of selfcompacted EPS concrete. These results are reported in Table 4.
Table 4: Test results of hardened properties of light weight self-compacted concrete
split tensile
Mix Density Compressive strength (MPa)
UPV
absorption
strength
3
No. (Kg/m ) 7 days 28 days
(Km/s)
60 days
(MPa)
1
2413
32.5
47.3
53.4
5.37
4.808
5.1
2

2195

26.2

33.2

38.3

4.17

4.545

5.8

3

2039

21.1

25.1

27.5

3.69

4.315

5.5

4

1906

18.7

21.9

22.8

3.14

4.042

6.8

5

1702

14.8

17.1

18.2

2.69

3.724

7.92

3.3. Compressive Strength
Standard cubes were tested for compressive strength after 7, 28 and 60 days of
curing. All of the mixtures represented a continuous increase in compressive
strength with age. Similar to EPS concrete, the rates of strength development for
self-compacting EPS concrete was greater initially and lower as the curing ages
increased. The results show that the compressive strength decreases with increasing
EPS content at all ages. This is due to lower strength of EPS compared to fine and
coarse natural aggregates. On the other hand, bond between EPS and paste or
mortar are fragile due to its smooth surface. According to Figure 4, mix No.1
developed highest compressive strength up to 47.3 MPa While mix No. 5 shows
lower about 17.1 MPa at the age of 28 days. It can be observed for replacement
aggregates by 30% EPS in volume, compressive strength decreased about 64% and
replacement aggregates with more than 30% cause to leave structural condition.
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Compressive strength (Mpa)

Because of this study purpose was produced structural self-compacting EPS
concrete; replacements above 30% are not conducted. Mix No.5 had structural
strength, but in fresh state, it was rejected. This means that concrete in fresh state is
more remarkable than hardened one. Variation of compressive strength with
different percentage of EPS by volume or density is represented in Figure 4 and 5,
respectively. Density is one of the most important factors in concrete. In selfcompacting EPS concrete, with increase in EPS volumes decreasing in density
were shown. Also, as shown in Figures 4 and 5, approximately linear relationships
were evaluated between EPS volume and density with Compressive strength. This
relationship was confirmed by other researcher for light-weight EPS concrete
containing SF [15].
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Figure 5. Variation of density with compressive strength

3.4. Tensile Strength
Tensile strength is one of the most important fundamental properties of concrete. In
Table 4, the influence of EPS content on splitting tensile strength is presented.
With increasing amount of EPS content or decreasing the density, splitting tensile
strength also decreased. The relationship between compressive strength and
splitting tensile strength for self-compacting EPS concrete is presented in Figure 6.
It can be seen that with an increase in compressive strength, the splitting tensile
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strength increases. Against to SCC in which failure is typically brittle and with
separation of concrete in two pieces, in self-compacting EPS concrete failure is
more gradual and the samples do not separate. This mode of failure was reported
earlier for light-weight EPS concrete by k. Ganesh Babu and colleague [15].
3.5. Ultrasonic Pulse Velocity and Relationship with Compressive Strength
Ultrasonic pulse velocity (UPV) is one of the non-destructive methods for
assessing the quality and homogeneity of the in situ concrete. In table 4 UPV
values for all mixtures was given. It can be observed from this table, when
compared to the control mixture, use of EPS generally decreased the UPV. The
variation of compressive strength with UPV is presented in Figure 7.
0.6439

Splitting tensile strength (MPa)

4.4

Ft = 0.4352Fcu
r = 0.99

4
3.6
3.2
2.8
2.4
2
15

20
25
30
Compressive strength (MPa)

35

Figure 6. Relationship between splitting tensile strength and compressive strength
5
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Compressive strength vs UPV
3.5
15

25
35
45
Compressive strength (MPa)

55

Figure 7. Relationship between UPV and compressive strength

With an increase in compressive strength, UPV was increased. The results of this
study were suggested by Eq. (3) for the Relationship between UPV and
compressive strength of self-compacting EPS concrete.
UPV=1.061× Ln(f 'c) +0.784

(3)

3.6. Absorption
Water absorption is one of the major parameters of durability of concrete which
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related to its porosity. Water absorption is a measure of the portion of the total
volume of concrete occupied by pores. According to table 4, maximum water
absorption was detected with mixture with higher percentages of EPS. This can be
expected that the specimens with high percentage of EPS will include to more
amounting of free water. By the time when this free water vaporized will lead to an
increase in pores which resulted to an increase in the amount of concrete water
absorption.
4. CONCLUTION
The behavior of self-compacting EPS concrete was represented in two parts. In the
first part, it was shown that light-weight self-compacting concrete with slump flow
over than 680 mm, segregation symbols often appears. V-funnel time increased
with increasing in the EPS percentages, while slump flow was kept in allowed
ranges specified by EFNARC. But L-box was decreased with increasing in EPS
volume. This was probably attributed to the lower self- weight of self-compacting
EPS concrete compare to SCC.
On the other hand, Light-weight self-compacting concrete with density higher than
1900 kg/m3 satisfies the fresh-state behaviors of concrete related to viscosity,
cohesion and segregation and lower amount of density were rejected. The second
part of this study was considered the hardened state of self-compacting concrete.
The results show that compressive and tensile strengths and absorption increased
with increasing EPS content, while UPV decreased.
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PRACTICAL APPLICATION OF INNOVATIVE TECHNOLOGY IN
FLOOR CONSTRUCTION
A. Fadai, Vienna, Austria

ABSTRACT
The main objective of this paper is to show the benefits of using innovative
technology i.e. post-tensioning and concrete core activation for the more
widespread practical applications in concrete buildings.
In consideration of the spans up to 20.00 m and heavy superimposed loads
structures built using unbonded post-tensioning systems provided many advantages
compared to conventionally reinforced concrete structures.
The advantages of using post-tensioning with unbonded tendons, structural
behavior, concerning constructive aspects and economy will be illustrated by the
presentation of several commercial building and parking structures.
Reductions in concrete and reinforcing steel quantities are two of the advantages
that directly impact overall construction costs.
Concrete core activation is a heating and cooling system based on simple physical
principles to create a low-cost system. Concrete possesses a large capacity to store
heat, and water functions well as a heat conductor.
Keywords: unbonded post-tensioning, free tendon layout, floor construction, fire
protection, fire resistance, concrete core activation
1. INTRODUCTION
Slabs supported on columns are defined as flat slabs. For the purpose of this
section flat slabs may be of uniform thickness or they may incorporate drops
(thickenings over columns). Figure 1 illustrates typical arrangements of slabs in
floor construction.
Flat Slab-Economical for spans between 6.0 m and 9.0 m. Loads
light to medium.
Flat Slab–Economical for spans between 6.0 m and 9.0 m.
Loads light to medium.
Continuous Band–Effective for large spans, 8.0 m to 12.0 m.
Loads light to medium.
Beam and Slab–One span is excessive, up to 20.0 m and the
other does not exceed 8.0 m to 9.0 m. Loads medium to heavy.
Ribbed One Way–Recommended where spans
predominantly in one direction. Loads medium to heavy.
Figure 1. Typical arrangements of slabs in floor construction

are
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2. UNBONDED MONOSTRAND SYSTEM
The unbonded tendon as the name implies is never bonded to the concrete. The
strand is carefully coated with grease which gives a low frictional resistance and
contains anti-corrosive additives. Separating the grease from the concrete is an
extruded plastic tube (Figure 2).

Figure 2. Classical anchorage of monostrand for flat slab [5]

The tendons are individually anchored at each end and stressed one at a time.
Strands are stressed and held by wedges fitting neatly inside a single anchor
specially designed to retain the bursting forces and distribute the prestressing
forces evenly into the concrete (Figure 2).
2. CONSTRUCTION PROCEDURE FOR UNBONDED POST-TENSIONING
In slabs with unbonded post-tensioning, the operations are normally carried out as
follows:
1. Erection of slab supporting formwork
2. Fitting of end formwork; placing of stressing anchorages
3. Placing of bottom and edge reinforcement
4. Placing of tendons
5. Placing of top reinforcement and tendons
6. Concreting of the section of the slab
7. Removal of end formwork and forms for the stressing block-outs
8. Stressing of cables according to stressing program
9. Stripping of slab supporting formwork
3. DESIGN OF POST-TENSIONING FLOORS
Flat slabs should be analyzed using a proven method of analysis, such as grillage
(in which the plate is idealized as a set of interconnected discrete members), finite
element, yield line or equivalent frame. Appropriate geometric and material
properties should be employed.
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The design of post-tensioning floors differ from that of reinforced concrete in that
forces are applied to the structure which have a positive effect on behavior.
Prestress applied eccentrically to the slab produces deflections which are opposite
in direction to those produced by self weight and variable loads, so the designer
can vary the prestress to balance out any chosen proportion of these loads “loadbalancing method” (Figure 3).

Figure 3. Illustration of transverse effect of prestress

Due to the additional stiffness of the slab achieved by prestressing, the thickness of
the slab may be reduced without affecting performance or compliance with
standards.
Post-tensioning automatically allows for wider spacing of columns and the
introduction of additional stiffening elements increases this facility still further.
The limit states are placed in two categories [1]:
Ultimate Limit States (ULS) are those associated with collapse or with other forms
of structure failure.
Serviceability Limit States (SLS) correspond to states beyond which specified
service requirements are no longer met (deformation, cracking of concrete).
For prestressed slabs the control of deflection is a main concern.
4. FREE TENDON LAYOUT
A reversed parabola is the most common gradient as it provides uniform distributed
counterbalance. However the tendon layout is not that much of importance for
floor slabs as for bridges.
Tests have shown that there is no much difference for tendons that are supported
only by two chairs over the support and are placed horizontally for most of the
span [1]. This method “free tendon layout” spares chairs and reduces field labor
costs and is less prone to field errors [2].
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The design should be oriented to maximize site efficiency for the indirect cost (less
labor, formwork systems, cycle redundancy, etc) and accounts for almost 60 % of
the savings. The use of the free tendon layout concept, with very few control points
and less saddles, is mandatory. This also forces the software to be able to model
explicitly complex tendon shapes, not just parabolas (Figure 4).

Monostrand

Free slag-length at support

Free slag-length
at anchorage

Lift-up at end
Lift-up at support

Deviation forces at free tendon
layout

Figure 4. Free tendon layout [3]

There are substantial differences between the North American and the European
practice with regard to the amount and the placement of mild reinforcement. The
European Code does not permit any section without bottom reinforcement [1]. A
further reduction is possible using the so called design concept “reinforced
concrete with tendons”. The tendons utilize the permissible deflections. The
ultimate limit state and crack control is utilized by mild reinforce only [2].
A defect of tendons is especially in the case of fire not relevant for the bearing
capacity [3].
5. FIRE PROTECTION AND RESISTANCE
Research Report “Fire Resistance of Fiber-Reinforced, Reinforced and Prestressed
Concrete”, was published by the Austrian Federal Ministry of Transportation,
Infrastructure, and Technology in its series of publications on "Road Research" in
2004 [4].
When concrete is exposed to fire temperatures, constraining forces are generated
within the reinforced concrete structure and the strength of the composite materials,
i.e. concrete and steel, is gradually reduced. Explosive spalling of the inner
concrete cover reduces the load-bearing capacity of the structure.
Further investigations within the research program concerned the residual strength
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of concrete and steel after a fire, the behavior of monostrands in the event of a fire,
and the determination of the load-bearing capacity of a structure.
5.1. Behavior of Monostrands in Case of Fire
In case of fire monostrands are normally better protected (by a second
reinforcement layer) than the reinforcing steel. In case of steep temperature
gradients the protection layer may spall off more rapidly and the monostrand gets
directly exposed to fire.
As a consequence, the corrosion protection is destroyed. If the concrete is not
spalling off, the monostrand is durably protected by the concrete; it is heated
slowly and the following processes can be observed:
The HDPE-sheath can resist temperatures ranging from 120°C to 140°C for a short
duration and can resist temperatures of 100 °C for a longer duration. Higher
temperatures will lead to a slow degradation (decompensation).
If for instance the prestressed strand is deflected inside the structure, it exerts
lateral forces to the plastic sheathing which may result in perforation of the plastic
sheathing even at temperatures of only 75°C (softening point).
The agent for corrosion protection (grease) remains unchanged up to a temperature
of 180°C. If temperatures exceed this value, the presently used greases get
destroyed. Because of the temperature increase the corrosion protection mass
expands causing pressure in the plastic sheathing. Test results show pressures up to
9 bar inside the plastic sheathing, without causing any spalling of the concrete [4].
It can be stated that a long-term durability of monostrands after fire exposure is
provided by the used corrosion protection systems up to maximum temperature of
approximately 150°C in case of linear prestressing tendon layouts and of
approximately 100°C in case of deflected prestressing tendon layouts. Even if the
corrosion protection system is destroyed a short-term use of the monostrands is
possible under the above described conditions [4].
In order to document the development of strength with continually increasing
temperatures on a single test sample and in the full range of possible temperatures, a
sample of prestressing steel with Ø9.4 mm (Figure 5) was put into a wire welding
machine and exposed to a temperature increase to 950 °C over a length of 220 mm [4].

Figure 5. A sample of prestressing steel, temperature increase to 950 °C [4]
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5.2. Fire Protection-Concrete Cover
Minimum concrete cover shall be provided in order to ensure an adequate fire
resistance.
Reinforced concrete with tendons behaves like reinforced concrete. A defect of
tendons is especially in the case of fire not relevant for the bearing capacity.
Nominal cover
Minimum cover of prestressing steel

2.0 cm
3.0 cm

Unbonded post-tensioning und fire resistance class REI 90 [6]
Prestressing steel (monostrand) in second reinforcement layer
Nominal cover
Minimum cover of prestressing steel

3.5 cm
4.5 cm

The values can vary according to the standards of the various countries.
6. PRESTRESSED SLABS–BENEFITS FOR INVESTORS, ARCHITECTS,
ENGINEERS AND CONTRACTORS
The application of unbonded post-tensioning systems provides many advantages
compared to conventionally reinforced concrete structures.
Prestressing offers:
• Greater resistance to cracking and water seepage
• Slabs may be designed to be waterproof without the need for expensive
membranes. This is particularly important in trafficable roof structures
• Increased movement joint spacing, up to 50-60 m
Increased design flexibility:
• Longer spans providing larger column-free areas
• Reduced deflection under maximum design load
Significant savings in material:
• Thinner slabs result in a lighter structure
• Reduces column and foundation loads
• Reduces building height can result in significant cladding savings in highrise structures
• Less weight to be considered along the height of the building is of an
advantage for earthquake design.
Speedier methods of construction:
• Simpler and more rapid fixing of tendons and reinforcing steel, no complex
fixing details
• Fast formwork turnaround. Stressing is carried out 3-4 days after concrete is
poured, after which, formwork and props may be removed, which also
provides earlier access to other trades.

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 561

6.1. Concrete Core Activation in Floor Construction
Concrete core activation is a heating and cooling system based on simple physical
principles. Concrete possesses a large capacity to store heat, and water functions
well as a heat conductor.
The principle or the essence of concrete core activation is not new; by bringing the
mass of a building up to a certain temperature, one takes care of the heating or
cooling in comparison with the surrounding temperature. It uses the storage capacity
of the concrete floor layers; night air and cool earth energy, or low-level heating
energy can all be stored in the concrete floor to create a low-cost system [9].
The activated layers absorb the heat from the room in order to cool the room during
operating periods. The heat is subsequently released during the time remaining.
The complete concrete floor construction is cooled or heated through an integrated
piping system, which is evenly woven, before the concrete is casted (Figure 6).
The system is simple to install, from the assembly of the water supply pipes
onwards. Pre-fabricated modules are installed to the concrete layer in externally
supplied reinforcement casings. The cooling and heating functions are both
possible using the same pipe distribution system and this is fully integrated into the
ceilings making it completely invisible (Figure 6).

Figure 6. Concrete core activation [8]

If the daytime sees high temperatures, then the system is subjected to its greatest
loads. The cooling floor reduces the comfortable temperature range to between
21°C und 26°C. During the night time, the water circulating through the system
releases the heat back out through the floor [7].
Water reliably transports the cooling and heating energy, meaning that the
temperature is not prone to swings. Water is for heating and cooling, air is just for
ventilating - the energy-saving slogan is certainly justified.
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The harsh construction site environment, particularly during the structural build
phase, as well as the decades of use to which the pipes are subsequently exposed,
require a highly durable raw material.
The cross-linking has numerous advantages: it results in a material which is
dimensionally stable, non-sensitive to stress cracks and highly durable.
The concrete core activation system takes care of the basic load, and in the case of
optimally conFigured buildings, the entire cooling and heating requirements. Under
these circumstances radiator installations beneath the windows and false ceilings
for ventilation channels become entirely unnecessary [7].
7. COMPLETED STRUCTURES
The benefits of using post-tensioning for the more widespread practical
applications in concrete buildings and the advantages of using post-tensioning with
unbonded tendons, concerning constructive aspects, economy and structural
behavior will be illustrated by the presentation of several commercial building and
parking structures.
8. CONCLUSIONS
The unbonded post-tensioning enabled the designer to limit deflections under
service load conditions, so the designer could vary the prestress to balance out any
chosen proportion of self weight and variable loads. Due to the additional stiffness
of beams and slabs achieved by prestressing, the thickness of beams and slabs
could be reduced. Post-tensioning allowed also for wider spacing of columns.
Particularly with regard to the low ambient temperature post-tensioning with
unbonded tendons offered a special advantage. Stressing procedure could take
place without grouting operation.
The concrete core activation system takes care of the basic load, and in the case of
optimally conFigured buildings, the entire cooling and heating requirements. Under
these circumstances radiator installations beneath the windows and false ceilings
for ventilation channels become entirely unnecessary.
Owners, contactors and architects benefited from concrete core activation system
and from thinner beams and slabs as well as from a weight reduction in floor
constructions. Moreover, post-tensioning allowed earlier stripping of formwork
shortening overall construction time. For high durability tendons provided crackfree beams and slabs. In addition, Post-tensioned beams and slabs offered increased
seismic resistance.
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ABSTRACT
Construction of the Jegin RCC large dam in Iran has been completed in January
2007. Jegin dam with 78 meter height and 400,000 cube meter in concrete volume
is located in a remote area at the South-east of the Country, in a region with very
high temperatures and extremely difficult working conditions. Although the
original design was already a straight gravity RCC dam type, when performing the
definitive construction design some improvements were introduced in order to
achieve an “RCC- friendly” design. As a consequence the new design, together
with the optimization of the construction processes, enabled the Contactor to place
the RCC rapidly and efficiently, which led to a better execution quality, a schedule
reduction and lower cost. This paper deals with the original and actual design
criteria and construction of RCC works including development of mix design and
full scale trails. RCC placement, compaction and quality control procedures and
other relevant aspects are also discussed.
1. INTRODUCTION
The Jegin Roller-Compacted Concrete (RCC) dam is the first large RCC dam in
Iran; a smaller RCC dam that is essentially the core of a spillway was completed in
2002 on the Karkheh River in southwest Iran. Jahgin is 78 m high, 220 m long at
the crest and was contain approximately 400000 m3 of concrete of which some
270000m3 was RCC.
The dam is in southern Iran some 350 Km east of Bandar Abbas and some 107 Km
north of Jask that is on the coast (see Figure1). The conditions at the Jegin site are
very challenging, probably as challenging as at the site of any RCC dam completed
to date. There is a total lack of water and throughout the year the temperatures are
high, particularly in the summer when they can be in excess of 50º C for significant
periods. During 2002 there was no rain at all on the site and the maximum
temperature was 54○C. There were also significant floods; the design flood is in
excess of 10 730 m3/sec.
Prior to the start of the trial mix programme, an extensive search was made for
sources of supplementary cementitious materials that were reasonably close to the
Jegin site, two natural Pozzolans were found together with an air-cooled blast
furnace slag and a copper slag.
In addition it was ascertained that a low lime fly ash from India was being
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imported into the Country. None of the Iranian materials had ever been used in
concrete before let alone in a structure as important as Jegin dam. The sources of
the Iranian supplementary cementitious materials together with the two cement
suppliers, both of whom added natural pozzolans in their cements, are shown in
Figure 1.
2. CONSTRUCTION MATERIALS
2.1. Portland Cements
Two ASTM Type-II Portland cements were investigated during the trial mix
programme; the preferred cement from Hormozgan and alternative cement from
Kerman (see Figure1).
2.2 Pozzolans
An extensive search was made in southern Iran for suitable pozzolans. The
following five possible materials were located;
• a natural Pozzolan from Khash;
• a ground slag from Esfahan (it was originally thought that this was a groundgranulated blast-furnace slag (GGBFS), but it was eventually ascertained that
the slag was air cooled rather than granulated);
• an imported low lime fly ash from near Mumbai in India;
• a natural pozzolan from Sirjan;
• a ground copper slag from near Jiroft;
In addition, some fine river sand was also investigated, to see if it could be used as '
fine' in the mixes to reduce the quantity of natural pozzolan which might be
required. The location of two cements and various potential pozzolans relative to
the Jahgin site are shown in Figure 1.
1. Hormozgan Cement 2.Kerman Cement 3. Khash Pozzolan
4. Sirjan Pozzolan 5. Esfahan GBFS 6. Copper Slag

5

1

6 2
3

4

● Jegin Dam

Figure 1. Location of potential cementitious- materials sources in southern Iran
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2.3 Aggregates
The sandstone aggregates were obtained from gravel borrow pit in the reservoir area.
Considering the Jegin dam site condition, it has been decided to transport RCC with
vacuum chute system. In order to avoid segregation of the aggregate, 75mm
maximum size aggregate given in the primary study has been changed by engineer to
38mm. It's to be mention that, the difference in cementitious material requirements
for mixture with maximum size aggregate from 38mm to 76mm is less in RCC than
in conventional concrete. An aggregate plant was designed to crush the oversize
material and four size of aggregate were used; a partially crushed 20 t0 5mm material
and two fine aggregates, the first crushed and second uncrushed (5).
3. TRIAL MIX PROGRAMME–STAGE 1
The trial mix programme at Jegin was carried out in two stages. The objective of
the first stage was to assess the performance of all the potential cementitious
materials to see which could achieve the strengths required at Jegin dam. Three of
the five pozzolans were considered to be 'base' materials: the natural pozzolan from
Khash; ground slag from Esfahan and, the low-lime fly ash from India.
3.1. Optimum Workability/Water Content
After gradation has been optimized for each of the combinations of the base
cement and the base supplementary cementitious materials, the RCC was visually
optimized by using a "Standard" set of mixture proportions:• 100 + 100 (cement + supplementary cementitious materials) in the case of
the natural pozzolan:
• 50 + 150 in the case of the ground slag;
• 120 + 100 in the case of the low-lime fly ash
In all three cases the optimum workability was in the range of a Loaded Ve Be
(ASTM C1170) time of circa14 to 18 sec with an acceptable range (for the
laboratory tests) of between 10 and 25 sec. The optimum water contents
commensurate with these workabilities were:
• 140 Kg/m3 for the Khash natural pozzolan (for the 100 + 100 mixture
proportions);
• 135 Kg/m3 for the Esfahan ground slag (for the 50 + 150 mixture
proportions)- this was later found to be a little low;
• 127 kg/m3 for the Indian low-lime fly ash (for the 120+100 mixture
proportions).
3.2. Mix Proportions
Two RCCs were to be used in the dam body at Jegin:
• RCC1 was to be used near the upstream face of the dam where the
dynamic loading was greatest. This was to have a characteristic cylinder
compressive strength of 200 kg/cm2 at the design age of 365 days: a target
( average) strength of 220 kg/cm2 was defined
• RCC2 for the majority of the dam body; this was to have a characteristic
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cylinder compressive strength of 120 kg/cm2 at the design age of 182 days;
a target (average) strength of 145kg/cm2 was defined.
Three sets of mix proportions were designed to obtain the requirements of RCC as
shown in Table 1. Most of the mix proportions have a total cementitious content of
195 kg/m3. The results of the stage-1 programme showed that there were
essentially only two pozzolans which were satisfactory for the RCC Jahgin, both in
terms of their strength development and also in terms of practically. These were the
natural pozzolan from Khash and the Indian low-lime fly ash. The sirjan natural
pozzolan had a very similar performance to the Khash natural pozzolan, but there
were potential supply and transportation problems.
Table 1: Chosen mix proportions for the Jegin Stage 1 trail mix programme
Mix No*.
HK.Mix1
HK.Mix2
HK.Mix3
HK.Mix4
HK.Mix5
HK.Mix6
HK.Mix7

Cement + natural
Pozzolan + water
70 + 125 + 139
95 + 100 + 140
120 + 75 + 142
145 + 50 + 144
170 + 25 + 146
195+ 0 + 146
240 + 0 + 150

Mix No. Cement+ground
slag+water
HE.Mix1 30 + 165 + 139
HE.Mix2 40 + 155 + 140
HE.Mix3 50 + 145 + 142
HE.Mix4 70 + 125 + 144
HE.Mix5 90 + 105 + 146
HE.Mix6 110+ 85 + 146
HE.Mix7 130+ 65 + 150

Mix No. Cement + low-lime
fly ash + water
HI.Mix1 45 + 150 + 127
HI.Mix2 70 + 125 + 128
HI.Mix3 95 + 100 + 129
HI.Mix4 120 + 75+ 131
HI.Mix5 145 + 50 + 134
HI.Mix6 170+ 25 + 137
HI.Mix7 150+ 30 + 135

*The first letter of the Mix. No. refer to cement (H = Hormozgan) and the second the pozzolan
( K = Kash natural pozzolan), E = Esfahan ground slag, I = Indian low-lime fly ash

3.3. Development of Strength with Age of the Stage–I Mixes
3.3.1. Khash Natural Pozzolan
Six mixes were designed containing the Khash natural pozzolan (and Hormozgan
Type–II cement), all with a total cementitious content of 195 kg/m3. The natural
pozzolan content varied from 0 Kg/m3 in HK. Mix6 (the H refers to the cement,
Hormozgan type II, and the K to the supplementary cementitious material, Khash
natural pozzolan) to 125 Kg/m3 in KH. Mix 1. The development of strength with
age of the HK series is shown in Figure 2. All the mixes are developing strength
much in line with expectation and they might be expected to continue to do so.

Required strength of RCC1 @ 365 days =200 kg/cm2
Required strength of RCC2 @ 185 days = 120 kg/cm2

Figure 2. Development of strength with age of the Stage-I HK (Hormozgan cement +
khash natural Pozzolan) series of mixes
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A comparison was also made between the HK Series and the KK series of mixes
(Kerman Type – II cement and Khash natural pozzolan). The strengths of the mixes
containing the two different cements are very similar and it was determined that the
two cement might be interchangeable.
On the basis of the data, it has been concluded that the Khash natural pozzolan
could successfully be used as a cementitious material in the RCC at Jegin Dam.
3.3.2. Indian Low–Lime Fly Ash
Seven mixes have been designed containing the Indian flash. The development of
strength with age of the HI series (Hormozgan Type – II cement and Indian fly ash)
is shown in Figure 3.

2

Required strength of RCC1 @ 365 days = 200 kg/cm

2

Required strength of RCC2 @ 185 days = 120 kg/cm

Figure 3. Development of strength with age of the Stage-I HI (Hormozgan cement +
Indian low-lime fly ash) series of mixes

The development of strength of HI.Mix2, HI.Mix3 and HI.Mix4 is very similar to
the pattern found at Olivenhain dam in the USA (Pauletto & Dunstan 2003), where
RCCs with cylinder compressive strengths of 40 kg/cm2 to 70 kg/cm2 at an age of 7
days achieved, strengths of 120 to 180 kg/cm2 at 91 days and 230 to 330 kg/cm2 at
an age of one year.
As with the HK Series, apart from some scattered results with H.Mix4, HI. Mix6
between 91 and 182 days, all the mixes are developing strength in line with
expectations.
A comparison was also made between the HI Series and the KI Series of mixes
(Kerman Type-II cement and Indian fly ash). As with the KK Series the mixes
containing the two different cements are developing strength along similar lines.
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The two type – II Portland cement (Hormozgan and Kerman) seem to have similar
characteristics when used in association with both the supplementary cementitious
materials at Jegin.
It would be possible to design an RCC containing the Indian fly ash (it has very
good fresh properties) to achieve the strength requirements at Jegin, but given that
the material has to be imported, it was concluded that it would only be sensible to
use the material if there was a serious problem with the supply of the Khash natural
pozzolan.
3.3.3. Esfahan Ground Slag
Initially it was thought that the Esfahan slag was granulated when discharged from
the blast furnace. It is now understood that the material is air cooled. No ground
air–cooled blast-furnace slag has been used in an RCC dam to date.
Seven mixes were designed containing the Esfahan GBFS (ground-granulated
blast-furnace slag) but unfortunately the performance was found to be very poor.
On the basis of the data to date and considering the difficulty to mill the material
and the 1450 km it would have to be transported (see Figure 1), it has been
concluded that the use of the Esfahan GBFS as a cementitious material in the RCC
at Jegin would seem to be unlikely and it is no longer being considered for use in
the dam.
3.4. Supplementary Stage 1 Programme
Following the 91 days results of the stage 1 trail mix programme, a supplementary
programme was designed so as to have a preliminary look at the RCC1 mix and the
leveling concrete, together with some potential retarders. Only Khash natural
pozzolan was used as a pozzolan in this Series.
3.4.1. RCC1
Three rcc1 mixes were tried in the supplementary programme: 175+50 (cement +
pozzolan), the expected mix; 160 + 65 (a lower-strength mix); and, 190 + 35 (a
higher- strength mix). All had a total cementitious content of 225 kg/m3. The mixes
were designed to achieve target strength of 225 kg/cm2 at the age of one year. To
achieve such strength with a 100 percent Portland cement RCC, the same cement
content of 225 kg/cm2 would be required (HK. Mix6 and HK.Mix7) and as there
would be little strength gain after an age of 56 days.
It is expected that RCC1-3 (190+35) almost achieve the target cylinder
compressive strength of 225 kg/cm2 at the design age of 365 days, and the
supplementary Stage 1 programme showed that it was possible to achieve the
specified strength even without an admixture, at a rather high cementitious content.
3.4.2. Leveling Concrete
Three leveling concretes were designed for the supplementary programme:
160+120+195 (cement + pozzolan + water) the expected mix; 145+135+195 (a
lower-strength mix); and, 175+105+195 (a higher-strength mix). All the mixes had
a total cementitious content of 280 kg/m3, and all were designed for a slump of 35
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t0 50mm and for a 182 day cylinder compressive strength of about 145kg/cm2. The
total cementitious content is necessary rather high, because of the very high water
demand of the Jahgin aggregates.
3.4.3. Retarder
Admixture s from five or six different suppliers tested during the supplementary
programme. After a number of preliminary tests, two retarders were chosen for
future study: Sitka Retarder and Forsook Conplast R. After an extensive further
study Conplast R was chosen for use in the RCC for Jegin.
4. TRIAL MIX PROGRAMME – STAGE 2
4.1. Aggregate
The Stage 2 aggregate was obtained from the same source as the Stage 1 aggregate,
but the shape was rather better, this was a function of the development of the new
aggregate plant.
4.2. Optimization of Mixture Proportions for Stage 2 Trial Mix Programme
Following the stage-I trial mix programme, it was agreed that the natural pozzolan
from khash be used in the RCC for the Jegin. The RCCs containing Khash natural
pozzolan will have the properties, both fresh and hardened, required for the dam. It
was decided that the following mixes be studied in detail in the Stage-II trial mix
programme.
The necessary dosage of retarder to produce an initial set of 15 to 20 hours at
different temperature; an RCC2, and RCC1 and a leveling concrete with both the
Khash natural pozzolan and the Indian fly ash as detailed in Table 2; Grout
Enriched Vibratable RCC for the interface (upstream and downstream faces and
against the abutment).
It has been agreed that the khash natural pozzolan should be the preferred option
and that the Indian fly ash should be a back up.
Three batches, from each of which eight cylinders were manufactured, were made
for each of the mixes in Table 2.
The cylinders are being tested at ages of 7, 14, 28, 56, 91, 182, 365 and 1000 days.
The development of strengths with age of specimens manufactured (in Stage–II
trial mixes) with Hormozgan Type–II cement and khash natural pozzolan as well as
Indian fly ash are shown in Figures 4 and 5.
4.3. Recommended Mixture Proportions Used in Jegin Dam
Three mixes were required for the main dam at Jegin:
• RCC1 designed for required cylinder compressive strength of 200 kg/m2 at
the design age of a year;
• RCC1 designed for required cylinder compressive strength of 120 kg/m2 at
the design age of a 182 days;
A leveling concrete placed against the foundation as a platform for the RCC having a
required cylinder xcompressive strength of 200 kg/cm2 at the design age of a year.
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Table 2: Suggested mixture proportions for the concrete studied in the Stage-II trial
mix Programme for Jegin dam
Cement
Pozzolan
Slump
L. V Be time
Mix
( kg/m3)
( kg/m3)
(mm)
(s)
Khash natural pozzola
HK.RCC.1-1
150
75
10 - 15
HK.RCC.1-2
165
60
10 –15
HK.RCC.1-3
180
45
10 - 15
HK.RCC.2-1
90
105
12 - 18
HK.RCC.2-2
105
90
12 - 18
HK.RCC.2-3
120
75
12 - 18
HK.Levelling.1
135
145
10 - 40
HK.Levelling.2
150
130
10 - 40
HK.Levelling.3
165
115
10 - 40
HK.Levelling.4
165
85
10 - 40
HK.Levelling.5
180
70
10 - 40
HK.Levelling.6
195
55
10 - 40
Indian low-lime fly ash
HI.RCC.1-1
95
125
10 - 15
HI.RCC.1-2
110
110
10 –15
HI.RCC.1-3
125
95
10 - 15
HI.RCC.2-1
70
125
12 - 18
HI.RCC.2-2
85
110
12 - 18
HI.RCC.2-3
100
95
12 - 18
2

Required strength of RCC1 @ 365 days =200 kg/cm

2

Required strength of RCC2 @ 185 days = 120 kg/cm

Figure 4. Development of strength with the age of the RCC-1, RCC-2 mixes
containing Khash natural pozzolan

2

Required strength of RCC1 @ 365 days =200 kg/cm

2

Required strength of RCC2 @ 185 days = 120 kg/cm

Figure 5. Development of strength with the age of the RCC-1, RCC-2 mixes
containing low - lime Fly ash
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In order to decide the final mixes used in the dam body, it was of interest to
compare the results from the cofferdam RCC with the strengths of RCC2-3 from
the Stage-II programme and with HK.Mim3 from the Stage-1 programme ( see
Table 3). As can be seen in the Table 5, RCC2-3 has higher long term strength than
HK.Mix3 (because of water reduction of the retarder). However the strengths of the
specimens manufactured from the RCC placed in the coffer dam are significantly
higher than those of RCC2-3, by about 15 % at the design age of 182 days.
Table 3. Comparison between the strength of the various RCC mixes having
proportion of 120 +75 (Hormozgam Portland cement + Khash natural pozzolan)
Cylinder compressive strength ( kg/cm2)
7 day
28-day
91 day
182 day
Cofferdam
88
129
179
182
Stage-II RCC2-3
64
108
142
164
Stage-I HK.Mx3
73
104
127
145

4.3.1. Optimization of Mixture Proportions Of RCC2
In the stage –II of the trial mix programme, three mixes were tried, RCC2-1
(90+105), RCC2-2 (105+90) and RCC2-3 (120+75), all with Hormozgan Portland
cement, khash natural pozzolan and Fosroc Conplast R as a retarder/water reducer,
together with a free water content of circa 130kg/m3.
The results of compressive testing of three mixes (see Figure 4) have been
compared to the results of testing of the HK series from Stage-I of the programme
presented in Figure 2. There is a reasonable correlation, so much so that the best-fit
relationships did not change significantly at any age. At the design age of 182 days,
to achieve the design strength of 145 kg/cm2, the cement and natural pozzolan
contents required were almost exactly those of RCC2-2(and HK.Mix3). Given the
significant difference between the strengths achieved in the field and the laboratory
with RCC2-3(120+75), it might be expected that there could be a similar difference
with RCC2-2 and thus a reasonable margin between the required strength and that
achieved during the full-scale placement. It has been agreed that RCC2-2 will be
used in the dam itself subject to a satisfactory full-scale trials).
4.3.2. Optimization of Mixture Proportions Of RCC1
None of the three mixes, RCC1-1 (150+75), RCC1-2 (165+60) or RCC1-3
(180+45) tried in Stage-II of the trial mix programme achieved the design strength
at an age of 182 days and as there does not seem to be significant increase in
strength between the ages of 182 and 365 days, none of the mixes is likely to
achieve the design strength at the design age at 365 days.
The strengths of the stage-II RCC1 mixes, all of which had a total cementitious
content of 225 kg/m3, have been plotted in Figure 4. The results are rather scattered
(as might be expected with a set of data being the average of three RCC2 mixes. In
the Figure it can again be seen that none of the mixes (apart from the all-Portland
cement mix) achieved the design strength (225 kg/cm2) at an age of 182 days. In
order to achieve the required strength of RCC1, the total cementitious content will
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have to be increased.
There is a very reasonable correlation between the Portland cement content of the
all cement mixes and their long-term strength (see Figure. 2), e.g. HK.Mix6 (and
KK.Mix6) (cement content=195 kg/m3) with a long-term cylinder compressive
strength of circa 200 kg/cm2 and HK.Mix7 (cement content=240 kg/cm3) with a
long-term cylinder compressive strength of circa 245 kg/cm2. In order to achieve
the design strength 0f 225 kg/cm2, it was decided that the mixture proportions of
RCC1 be 160+90+130 (cement + pozzolan + water).
Coincidently this has the same natural pozzolan content as RCC2. Thus in order to
change from RCC2 to RCC1, a further 55 kg/m3 of cement is added to RCC2.
Test results obtained from leveling concrete at Stage –II indicate that a leveling
concrete having mixture proportions of 185+105+150 (cement + pozzolan + water)
could be used against the foundation.
5. COFFER DAM
5.1. Preliminary Full-Scale Trial
In early March 2003, preliminary full–scale trial was conducted on the site (see
Figure 12). The trial showed that an RCC containing Hormozgan Portland cement
and Khash natural pozzolan was cohesive, and could be placed in very high air
temperatures without segregation or any other major problem.
40 days after completion of the trial, 100-mm diameter cores were extracted from
the trial section. In spite of the very early age and the small diameter the cores
through the suitably-retarded RCC were very good.
Following the successful cores, placement of RCC started in the cofferdam (see
Figure 13), placement of 20000 m3 was used to train all the personal involved
with the project, to refine the construction methodology and to further prove the
maximum proportions of the concretes used in the dam itself (3).
The final full-scale trial was conducted at the top of coffer dam using the final
mixtures proportion for RCC1, RCC2 and GEVR. The extracted 45 days cores are
shown in Figures 8 and 9.

Figure 6. Photograph of the initial full
Scale trial at Jegin dam

Figure 7. Photograph of RCC placement in
coffer dam at Jegin with chute in
background

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 575

Figure 8. Typical transitions between
GEVR and the RCC (24 hrs. joint)

Figure 9. Typical transition between
GEVR and the rock abutment

6. DESIGN OF THE DAM
Before construction of main dam and in agreement with all parties involved in
Jegin dam, a number of modifications were made to the original design of the dam
so as to make construction easier and thus more rapid and of a higher quality.
There were two main changes: first, all the galleries were made either horizontal or
vertical. The latter were shafts and were separated in to 'man access' or 'equipment
access'. The second main change was to move the bottom outlets to the left
abutment, and to construct them within traditional concrete blocks, thus separating
them from the RCC placement in the main body of the dam. The bottom outlets
discharged on the concrete steps before joining the river downstream of the main
stilling basin, see Figure 10.
A further change to the construction procedure was to remove the traditional facing
concrete and replace it with GEVR (grout-enriched vibratable RCC). This had been
tested successfully in the coffer dam. The dam thus relied on the RCC itself for
impermeability (5).

Figure 10. Down-stream and up- stream view of Jegin dam

7. CONSTRUCTION OF DAM
7.1. Concrete Production
The geometry of the dam site and the relatively reduced space to locate the
installations were the additional difficulties for the design of the plants. Figure11
shows the final layout of the concrete and cooling plants at right abutment at Jegin
dam site. The supply of the aggregate from the main stockpiles was done by 25tonne dump trucks. Those trucks downloaded on receiving hoppers with a capacity
from 4 to 6 hours average production. The hoppers were connected with the
batching plant by automatic control systems that could feed the material into the
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weighing hoppers.
The concrete plant had a nominal capacity of 2*160m3 /hour, and consisted in two
plants each with two 2.250m3 capacity horizontal twin-shaft bath type mixers. The
cooling plant combined with a water chiller plant to cool the mixing water to 4degree
centigrade and the flak ice plant with total capacity of 180 tone of ice per day.
The cementitious materials were transported from the cement factories to the site
by road, and the natural pozzolan from Khash to the site were deliver by big-bag.
In order to have a storage for cementitious materials to supply the production of
more than one week, four large 800-tonne silos and eight further small 60 tone
silos were erected closed to the concrete plants. A combination of both pneumatic
transportation systems and screw conveyors is used to feed the receiving hoppers
of each mixer.
7.2. RCC Transportation
The transportation systems selected for the transportation of concrete was a
combination of 45 degree inclined steel chute and trucks on the dam. Still chute
was built up in such a way that it could be removed as the dam was raised. As
shown in the Figure 12, the chute was supported on the excavation on the right
abutment. A surge hopper at the top of the chute regulated the flow of concrete out
of mixers. The chute ended in a swinging element that moved to change its loading
position from one truck to the other. Figure 12 shows a view of the chute that has
been used for the transportation of roller compacted concrete in Jegin dam (1).
The chute has worked successfully, and the high-paste concrete in the RCC mix
has not shown any segregation. The flexible cover on the top of the steel chute has
been working as a protection against solar radiation, and thus avoiding excessive
drying of the mix in its way down to the placement.

Figure 11. View of vacuum chute used at Jegin dam and general view of site lay out

7.3. RCC Placement
The RCC was transported from the delivery point of the steel chute to the point of
placement on the lift by dump trucks. Dozer type D4 was then used to spread the
RCC and single-drum 11 tones vibratory roller were used for compaction (see
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Figure 12). However in areas where the access for the larger roller was difficult or
closed to the forms, the compaction was done by small double-drum 3.5 tones
roller.
A special type of cantilever formwork was used to form the faces of the dam.
GEVR (grout-enriched vibrated RCC) was used against the forms instead of the
conventional immersion vibrated concrete.
The great advantage of the GEVR is that just a water/cementitious material grout
applied onto the surface before the RCC is spread on top of it, and then
consolidated by immersion vibrators.
Transverse joints were formed inserting galvanized sheets into the fresh fully
compacted RCC that are left in place acting as joint inducers. PVC membranes
were inserted in the GEVR in the upstream face of the dam and downstream
spillway sections to seal the transverse joints. The surface of compacted RCC was
continuously cured by means of low-pressure water jets creating a thin nebula on
top of the surface. Due to the extreme high temperatures on site, this was a major
activity at Jahgin. Depending on the time elapsed between consecutive layers and
weather conditions, different steps of treatments of the horizontal joints were
defined. Cleaning of the surfaces was done by brooms and high capacity vacuum
trucks.
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Figure 12. View of spreading and compaction of RCC in Jegin dam

Conclusions
• A suitable supplementary cementitious material has been found in Iran for
use in the RCC dam at Jegin;
• In spite of the Khash natural pozzolan having never been used in concrete
before, suitable concretes containing the material have been designed and
tested in the laboratory;
• Both the construction methodology and the RCC have been successfully
tested at full-scale.
• In spite of the very challenging conditions at the Jegin dam site, a suitable
methodology has been developed for the construction of the dam and a very
forgiving RCC designed.
• The plant layout and the construction methods have been optimized and
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•

adopted according to the changes incorporated to the design.
We believe that with these changes and an efficient management of all
activities involved, a successful RCC experience have been achieved in our
project.
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APPLICATION OF SELF CONSOLIDATING CONCRETE IN
CONSTRUCTION INDUSTRY
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ABSTRACT
Self consolidating concrete (SCC) is a novel concrete which uses in many
structures in all over on the world. It is a concrete which flows under own weight
and completely fills the mold, passes from congested reinforcement without any
bleeding or segregation. This type of concrete contains high range water reducing
admixture and often viscosity modifying admixture also more fine aggregate
compared to conventional concrete. It can reduce labor requirement, increase
strength, durability and productivity, eliminate noise and hazard. For these good
specifications, SCC uses in improper reach concreting, dense reinforcement
elements, thin layer concrete construction and so on. Mahab Ghodss consultant
engineering applied SCC in some Dams and tunneling projects. This article
presented some executive experience of three projects which some structure of
them constructed by SCC successfully. Finally some recommendation for mix
design and whole scale construction SCC in site are proposed.
Keywords: self consolidating concrete, concrete, mix proportion, rheological tests
1. INTRODUCTION
Self Consolidating Concrete (SCC) is a concrete that able to flow under its weight
and completely fill the formwork, even in the presence of dense reinforcement,
without the need of any vibration, while maintaining homogeneity [1].
It was first developed in Japan in 1986 [2]. SCC is used mainly for repair
applications and for casting concrete in restricted areas [3]. Though showing good
performance, SCC used in Japan, America and Europe and many countries in
buildings, bridges, tunneling and other applications [4].
SCC can accelerate placing and reduce labor requirement, increase strength,
durability and productivity, eliminate noise and hazard, but little increasing in
material cost [3]. Mahab Ghodss consultant engineering as a pioneer in application
of novel technology uses SCC in some project such as Karoon III Dam and power
plant, Resalat tunnel and Gotvand dam and power plant. In this article specification
of these SCC concrete are presented.
2. APPLICATION OF SCC IN KAROON III DAM AND POWER PLANT
Project of Karoon III Dam and power plant sited in 28 Km east of Izeh city. The
main objects of this project are:
- Supply 4172 Gw.hr power in year
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-

Supply agricultural water for 120 Km2 land
Flood control of Karoon river

SCC is used in entrance structure of orifice in this dam. This structure located out
of reach of cable crane and because the level of around blocks is lower than this
block, pumping concrete rate is low and so, it might create cold joint in the
structure. Also this structure had congested reinforcement. For whole above
reasons, this structure must construct with SCC. Figure 1 shows the plan of this
structure.
The cement used was type II. Maximum size of aggregates was 19 mm, sand to
total aggregates ratio, water to cement ratio and paste amount were 0.58, 0.42 and
about 300 respectively.

Figure 1. Plan of structure

A high range water reducing admixture which is type A, F according ASTM C494
[5] with density of 1050 also was used. The mixture proportions are presented in
Table 1.
Table 1: Mixture proportions
Description

Coarse
Agg.

Fine Agg.

Cement

Water

HRWR

Unit

Kg

Kg

Kg

m3

Amount

775

1080

380

0.160

% by weight of
cement
1

For shortening concrete placing area and avoiding large movement of concrete in
the forms, temporary construction joints were applied.
V- Funnel and T-50 tests were drawn for fresh concrete according EFNARC [1].
Figure 2 and 3 shows the V-Funnel and T-50 tests apparatus. Compressive strength
of 28 days concrete was tested according ASTM C39 [6]. Table 2 shows average of
test results. The orifice concreting is shown in Figure 4.
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Figure 2. V-Funnel tests apparatus

Figure 3. T-50 tests apparatus

Description
Unit
Amount

Table 2: Average of test results
T-50 V- Funnel Compressive strength
Sec
Sec
Mpa
3.5
9
35

Figure 4. Orifice concreting
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3. APPLICATION OF SCC IN RESALAT TUNNEL
Resalat tunnel is a key project which relating east and west section of Resalat
highway. In this project B section of lining was built lastly and it hadn't proper
access. Construction of this section with conventional concrete might cause many
voids and this structure would be very weak. So we had to create SCC to build this
section. Figure 5 shows the section of the tunnel lining.
In situ piles were constructed by SCC because of improper reach, congested
reinforcement, and lack of vibration and also long height of concrete shooting. The
SCC pile is shown in Figure 6.

Figure 5. Lining section

Figure 6.The SCC pile

Maximum size of aggregates was 20mm and sand to total aggregates ratio, volume
of paste and water to cement ratio were 0.69, about 360lit/m3 and 0.42 respectively.
High range water reducing admixture, viscosity modifying admixture were used for
achieving SCC with good rheology. Also for increasing stability of fresh concrete
and resistant against segregation and bleeding inert filler was added to mixture.
For compensating shrinkage strain of concrete an expanding admixture also added
to SCC mixture. The mixture proportions are shown in Table 3.
Table 3: Mixture proportions
Description
Unit
Amount

Coarse.Agg
Agg.
Kg
530

Fine.Agg
Agg.
Kg
1200

Cement

Water

Filler

HRWR

VMA

EX.A

Kg
400

Kg
167

Kg
100

Lit
3.6

lit
2.0

lit
2.7
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Slump flow and V-Funnel tests were drawn for fresh concrete according
EFNARC[1]. The Result of tests is presented in table 4.
Table 4: Test results
Description Slump flow V-Funnel
Unit
mm
Sec
Amount
680
9

4. APPLICATION OF SCC IN GOTVAND DAM AND POWER PLANT
Gotvand dam and power plant project located in 25 Km north of shooshtar city.
The major objects of this project are:
- Supply 4250 Gw.hr power in year.
- Supply agricultural water
- Flood control of Karoon river
SCC is used in some structure of this project such as around of steel lining, around
of penstocks, around of spiral cases, paving of seal beam and etc. In this article
concreting around of steel lining is described.
In this structure because of erection of steel pipes and multiplicity of stiffeners,
there is no proper reach to molding. In such cases application of conventional
concrete may cause poor concrete with many entrapped air and voids. For
preventing this disease, SCC is used to concreting the structure.
Maximum size of aggregates was 19mm and sand to total aggregates ratio, volume
of paste and water to cement ratio were 0.58, about 310lit/m3 and 0.43 respectively.
A high range water reducing admixture also was used to increase filling ability of
concrete. The mixture proportions are shown in Table 5.
Because fine aggregate used in this project had proper grading, additional fillers or
mineral additive wasn't required.
The slump flow test [1] and visual inspection were drawn for fresh concrete. The
average of slump flow test was 675mm. Slump flow spread is shown in Figure 7.

Figure 7. Slump flow spread
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Description

Table 5: Mixture proportions
Coarse Agg. Fine Agg. Cement
Water
3

Unit

Kg

Kg

Kg

m

Amount

796

1082

380

0.164

HRWR
% by weight of
cement
1

5. SUMMARIZE
According to large scale SCC experience, the following recommendations are
proposed:
- SCC used where it is required such as improper reach to formwork, congested
reinforced concrete, thin layer concreting and so on.
- For decreasing loss of workability by time, water to cement ratio must select
more than 0.4 but for increasing workability, it doesn't require increasing free
water and it can accomplish by use of chemical admixtures.
- The sand used in SCC has lower fineness modulus than conventional concrete.
- Total volume of aggregates, maximum size of aggregates, average diameters of
aggregates and sand grading are the significance parameters in SCC mix design.
- SCC requires curing much than conventional concrete to prevent plastic
shrinkage, loss of strength and cracking.
- SCC is more sensitive to aggregate grading especially fine aggregate, amount
of cement and mineral additive of filler and amount of HRWR.
- Application of SCC in construction requires more strength and no leaking
formwork than conventional concrete.
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ﺑﺮرﺳﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در ﻋﺮﺷﻪ ﺗﻌﺪادي از ﭘﻞﻫﺎي راهآﻫﻦ واﻗﻊ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي اﻳﺮان
ﻣﺤﻤﺪ ﺷﻜﺮﭼﻲ زاده ،1ﺳﻴﺪ رﺣﻤﺎن ﻃﺎﻫﺮي ،2ﻣﺤﺴﻦ ﺗﺪﻳﻦ ،3ﻓﺮﻫﺎد ﭘﺮﮔﺮ  ،4ﻣﺼﻄﻔﻲ ﺣﻖ ﻃﻠﺐ
 .1ﻋﻀﻮ ﻫﻴﺌﺖ ﻋﻠﻤﻲداﻧﺸﻜﺪة ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،ﭘﺮدﻳﺲ داﻧﺸﻜﺪهﻫﺎي ﻓﻨﻲ داﻧﺸﮕﺎه ﺗﻬﺮان
 .2داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،ﭘﺮدﻳﺲ داﻧﺸﻜﺪهﻫﺎي ﻓﻨﻲ داﻧﺸﮕﺎه ﺗﻬﺮان
 .3ﻋﻀﻮ ﻫﻴﺌﺖ ﻋﻠﻤﻲداﻧﺸﻜﺪه ﻓﻨﻲ ،داﻧﺸﮕﺎه ﺑﻮﻋﻠﻲ ﺳﻴﻨﺎ ﻫﻤﺪان
 .4ﻛﺎرﺷﻨﺎس ارﺷﺪ اﻧﺴﺘﻴﺘﻮ ﻣﺼﺎﻟﺢ ﺳﺎﺧﺘﻤﺎﻧﻲ داﻧﺸﻜﺪه ﻓﻨﻲ داﻧﺸﮕﺎه ﺗﻬﺮان
 .5ﻋﻀﻮ ﻫﻴﺌﺖ ﻋﻠﻤﻲﮔﺮوه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﻜﺪه ﻓﻨﻲ داﻧﺸﮕﺎه ﻣﻼﻳﺮ

5

ﭼﻜﻴﺪه

در ﺳﺎلﻫﺎي اﺧﻴﺮ ﺗﻌﺪاد زﻳﺎدي از ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ در ﻣﻨﺎﻃﻖ ﻣﺨﺘﻠﻒ ﻛﺸﻮر در اﺛﺮ ﻋﻮاﻣﻞ ﮔﻮﻧﺎﮔﻮن دﭼﺎر آﺳﻴﺐدﻳﺪﮔﻲ
و ﻳﺎ ﺧﺮاﺑﻲ زودرس ﺷﺪهاﻧﺪ .ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮدﻫﺎ در ﺑﺘﻦ از ﺟﻤﻠﻪ راﻳﺞ ﺗﺮﻳﻦ اﻳﻦ ﺧﺮاﺑﻲﻫﺎ در ﺳـﺎزهﻫـﺎي ﺑـﺘﻦ ﻣـﺴﻠﺢ
ﺑﻮده و ﻳﻜﻲ از ﻣﻬﻤﺘﺮﻳﻦ ﻣﺸﻜﻼﺗﻲ اﺳﺖ ﻛﻪ اﻣﺮوزه ﻣﻬﻨﺪﺳﺎن ﻋﻤﺮان در ﻧﮕﻬﺪاري ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﺑﺎ آن ﻣﻮاﺟﻪ
ﻣﻲﺑﺎﺷﻨﺪ .در ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ ﻛﻪ ﭼﻨﺪﻳﻦ ﺳﺎل از ﺳﺎﺧﺖ آﻧﻬﺎ ﻣﻲﮔﺬرد ﺗﻌﻴﻴﻦ ﻣﻴﺰان و ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﻳﻜﻲ از
ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻮﺛﺮ در ﻣﻘﺎومﺳﺎزي ﺳﺎزه ﻣﻲﺑﺎﺷﻨﺪ.
در اﻳﻦ ﺗﺤﻘﻴﻖ ﺑﻪ ﻣﻨﻈﻮر ارزﻳﺎﺑﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮرﻫﺎ در ﭘﻞﻫﺎي راهآﻫﻦ واﻗﻊ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي ،آزﻣﺎﻳﺶﻫﺎي ﻣﻘﺎوﻣﺖ
ﻓﺸﺎري ،ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ،ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ ،ﭘﺘﺎﻧﺴﻴﻞ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر و ﺳﺮﻋﺖ ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر ﺑـﺮ روي
ﻋﺮﺷﻪ ﭘﻞﻫﺎ اﻧﺠﺎم ﺷﺪ .در ﻧﻬﺎﻳﺖ ﺑﺎ ﻣﻘﺎﻳﺴﻪ ﻧﺘﺎﻳﺞ و ارزﻳﺎﺑﻲ ﻇﺎﻫﺮي ،دﻟﻴﻞ اﺻﻠﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﺗﻌﻴﻴﻦ ﮔﺮدﻳـﺪ .ﺑـﺮ
اﺳﺎس ﻧﺘﺎﻳﺞ ﺑﺪﺳﺖ آﻣﺪه ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي اﻳﺮان ﻣﺸﺎﺑﻪ ﺳﻮاﺣﻞ ﺧﻠﻴﺞ ﻓـﺎرس ﺧﺮاﺑـﻲﻫـﺎي ﻧﺎﺷـﻲ از
ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ وﺟﻮد داﺷﺘﻪ و ﻛﻴﻔﻴﺖ ﻧﺎزل ﺑﺘﻦ ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن را ﺗﺴﻬﻴﻞ و آﺳﻴﺐدﻳﺪﮔﻲ را ﺗﺸﺪﻳﺪ ﻣﻲﻛﻨﺪ.
ﻛﻠﻴﺪواژهﻫﺎ :ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ،ﻧﻴﻢ ﭘﻴﻞ ،ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر،ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ،ﻳﻮن ﻛﻠﺮ
 -1ﻣﻘﺪﻣﻪ
در ﺳﺎلﻫﺎي اﺧﻴﺮ در ﻣﻨﺎﻃﻖ ﻣﺨﺘﻠﻒ دﻧﻴﺎ ،ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي در ﺑﺘﻦ ﺑـﻪ ﻋﻨـﻮان دﻟﻴـﻞ اﺻـﻠﻲ ﺧﺮاﺑـﻲﻫـﺎي
زودرس و در ﺑﺮﺧﻲ ﻣﻮارد ﺗﺨﺮﻳﺐ ﻛﻠﻲ ﺳﺎزه ﺑﺘﻦ ﻣﺴﻠﺢ ﺷﻨﺎﺧﺘﻪ ﻣﻲﺷﻮد ] .[1ﻫﻤﭽﻨﻴﻦ ﺑﺮرﺳﻲ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر
ﺑﻪ ﻣﻨﻈﻮر ﻣﻄﺎﻟﻌﻪ ﻋﻤﻠﻜﺮد آرﻣﺎﺗﻮرﻫﺎ در ﺗﻌﻴﻴﻦ ﻃﻮل ﻋﻤﺮ ﻣﻔﻴﺪ ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ ﻣﺴﻠﺢ اﻫﻤﻴﺖ دارد.
در اﻳﻦ ﻣﻘﺎﻟﻪ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در ﻋﺮﺷﻪ ﭘﻞﻫﺎي راهآﻫﻦ ﺑﺎ ﻋﻤﺮ ﺗﻘﺮﻳﺒﻲ  30ﺳﺎل ﻣﻮرد ﺑﺮرﺳـﻲ ﻗـﺮار ﮔﺮﻓـﺖ .ﺑـﺎ اﻧﺠـﺎم
ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي و آزﻣﺎﻳﺶﻫﺎي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ،ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ ،ﭘﺘﺎﻧﺴﻴﻞ ﻧـﻴﻢ ﭘﻴـﻞ و ﺳـﺮﻋﺖ
ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ،ﻋﻠﺖ ﺧﺮاﺑﻲ در ﻫﺮ دﺳﺘﻪ از ﭘﻞﻫﺎ ﺗﻌﻴﻴﻦ ﮔﺮدﻳﺪ .ﺑﺮ اﺳـﺎس ﺳـﻮاﺑﻖ و ﺷـﻮاﻫﺪ و ﻣﻘـﺎﻻت ﻣﻨﺘـﺸﺮ

ﺷﺪه ،آﺳﻴﺐدﻳﺪﮔﻲﻫﺎي ﻧﺎﺷﻲ از ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ در ﻧﻮاﺣﻲ ﺟﻨﻮﺑﻲ و ﺣﺎﺷﻴﻪ ﺧﻠﻴﺞ ﻓﺎرس ﮔﺰارش ﺷﺪه اﺳﺖ .اﻳﻦ
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در ﺣﺎﻟﻲ اﺳﺖ ﻛﻪ در ﺗﺤﻘﻴﻖ ﺣﺎﺿﺮ ﺑﻪ اﻳﻦ ﻧﻮع آﺳﻴﺐدﻳﺪﮔﻲ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي اﻳﺮان ﭘﺮداﺧﺘﻪ ﺷﺪه اﺳﺖ.
 -2ﺧﻮردﮔﻲ ﻓﻮﻻد در ﺑﺘﻦ
ﺧﻮردﮔﻲ ﻓﻮﻻد در ﺑﺘﻦ ﻋﻤﺪﺗﺎ ﺑﻪدﻟﻴﻞ ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ و ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﻲﺑﺎﺷﺪ .اﮔﺮ ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي ﺑﻪ ﻃـﻮر
آزاد در ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ ﻣﺮﻃﻮب و داراي اﻛﺴﻴﮋن ﻣﺤﺼﻮر ﺷﺪه ﺑﺎﺷﻨﺪ ،ﺧﻮرده ﺧﻮاﻫﻨﺪ ﺷﺪ .ﻫﻨﮕـﺎﻣﻲﻛـﻪ ﻣﻴﻠﮕـﺮد در
ﺑﺘﻦ ﻣﺪﻓﻮن ﻣﻲﮔﺮدد pH ،زﻳﺎد ﻣﺤﻴﻂ ﺑﺘﻦ ﺳﺒﺐ اﻳﺠﺎد ﻳـﻚ ﻻﻳـﻪ ﻣﺤـﺎﻓﻆ اﻛـﺴﻴﺪ آﻫـﻦ ﺑـﺮ روي ﺳـﻄﺢ آرﻣـﺎﺗﻮر
ﻣﻲﮔﺮدد ﻛﻪ آن را از ﺧﻮردﮔﻲ ﺣﻔﻆ ﻣﻲﻛﻨﺪ .ﻻﻳﻪ اﻛﺴﻴﺪ آﻫﻦ ،ﭘﻮﺷﺶ ﻣﺘﺮاﻛﻢ و ﻏﻴﺮ ﻗﺎﺑﻞ ﻧﻔﻮذي را اﻳﺠﺎد ﻣـﻲﻛﻨـﺪ
ﻛﻪ ﺑﺎ ﻣﺤﺪود ﻛﺮدن ﺣﺮﻛﺖ ﻛﺎﺗﻴﻮنﻫﺎ و آﻧﻴﻮنﻫﺎ در ﻧﺰدﻳﻚ ﺳﻄﺢ ﻓﻮﻻد ،ﺧـﻮردﮔﻲ را ﻣﺘﻮﻗـﻒ ﻣـﻲﻛﻨـﺪ .اﻳـﻦ ﻻﻳـﻪ
ﻣﺤﺎﻓﻆ ﺑﺎ ﻛﺎﻫﺶ  pHﻣﺤﻴﻂ)ﺑﻪ ﻃﻮر ﻋﻤﺪه ﺑﻪ دﻟﻴﻞ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن( و ﻳﺎ ﺣـﻀﻮر ﻳـﻮنﻫـﺎي ﻛﻠـﺮ و ﺳـﻮﻟﻔﺎت از ﺑـﻴﻦ
ﻣﻲرود ].[2
 -1-2ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن
زﻣﺎﻧﻲ ﻛﻪ  pHﻣﺤﻴﻂ اﻃﺮاف ﻣﻴﻠﮕﺮد از  11/5ﺑﺒﺸﺘﺮ ﺑﺎﺷﺪ ﻻﻳﻪ ﻣﺤﺎﻓﻂ روي ﻣﻴﻠﮕﺮد ﺳﺎﻟﻢ ﺑﺎﻗﻲ ﻣﻲﻣﺎﻧﺪ و ﻣﻴﻠﮕـﺮد را
از ﺧﻮردﮔﻲ ﺣﻔﻆ ﻣﻲﻛﻨﺪ .زﻣﺎﻧﻲ ﻛﻪ  pHاز اﻳﻦ ﻣﻘﺪار ﻛﻤﺘﺮ ﻣﻲﺷﻮد ﻻﻳﻪ ﻣﺤﺎﻓﻆ ﻧﺎﭘﺎﻳﺪار ﻣﻲﺷﻮد و ﺣﻔﺎﻇﺖ ﺑﻪ ﻋﻤﻞ
آﻣﺪه از ﻣﻴﻠﮕﺮدﻫﺎ از ﺑﻴﻦ ﻣﻲرود .ﻛﺮﺑﻨﺎﺗﺎﺳـﻴﻮن ﺑـﺘﻦ دﻟﻴـﻞ اﺻـﻠﻲ ﺑـﺮاي ﻛـﺎﻫﺶ  pHدر ﺑـﺘﻦ ﺷـﻨﺎﺧﺘﻪ ﻣـﻲﺷـﻮد.
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﻛﺎﻫﺶ  pHﻧﺎﺷﻲ از آن ﺑﻪ ﻃﻮر ﻣﻌﻤﻮل از ﺳﻄﺢ ﺑﺘﻦ آﻏﺎز ﻣﻲﺷﻮد و ﺑﻪ ﺷﻜﻞ ﺟﺒﻬﻪ ﻛﺮﺑﻨﺎﺗﻪ ﺷﺪه ﺑـﻪ
ﺳﻤﺖ ﻣﺮﻛﺰ ﺑﺘﻦ ﭘﻴﺶ ﻣﻲرود .ﺳﺮﻋﺖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﺑﻪ ﻋﻮاﻣﻞ ﻣﺤﻴﻄﻲ )رﻃﻮﺑﺖ ،دﻣﺎ و ﻏﻠﻈﺖ دي اﻛﺴﻴﺪ ﻛﺮﺑﻦ ﻫﻮا(
و ﻣﺸﺨﺼﺎت ﺑﺘﻦ)ﻧﻔﻮذ ﭘﺬﻳﺮي و ﻗﻠﻴﺎﻳﻴﺖ( ﺑﺴﺘﮕﻲ دارد .در ﻳﻚ ﺑﺘﻦ ﺑﺎ ﻛﻴﻔﻴﺖ ﻣﻨﺎﺳﺐ ،ﺳﺮﻋﺖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن در ﺣﺪود
 1ﻣﻴﻠﻲ ﻣﺘﺮ ﺑﺮ ﺳﺎل ﻣﻲﺑﺎﺷﺪ ].[3
 -2-2ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ
ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻳﻮن ﻛﻠﺮ ﻳﻜﻲ از دﻻﻳﻞ اﺻﻠﻲ ﺧﻮردﮔﻲ در ﻧﻘﺎط ﻣﺨﺘﻠﻒ دﻧﻴﺎ ﺷﻨﺎﺧﺘﻪ ﻣﻲﺷﻮد .ﺣﻀﻮر ﻳﻮن ﻛﻠـﺮ در
ﺳﺎزه ﺑﺘﻨﻲ ،زﻣﺎﻧﻲ ﻛﻪ اﻛﺴﻴﮋن و رﻃﻮﺑﺖ ﻻزم در دﺳﺘﺮس ﺑﺎﺷﺪ ﻣﻲﺗﻮاﻧﺪ ﺑﺎﻋﺚ ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي ﮔﺮدد.
ﻳﻮن ﻛﻠﺮ ﺑﻪ دو روش اﺻﻠﻲ وارد ﺑﺘﻦ ﻣﻲﺷﻮد:
روش اول،ﻛﻠﺮ ﻣﻮﺟﻮد در ﻣﺼﺎﻟﺢ ﺑﺘﻦ )ﺳﻨﮕﺪاﻧﻪﻫﺎ ،اﻓﺰودﻧﻲﻫﺎ.(...
روش دوم ،ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ از ﻣﺤﻴﻂ ﭘﻴﺮاﻣﻮن ﺑﻪ داﺧﻞ ﺑﺘﻦ )آب درﻳﺎ ،ﻧﻤﻚﻫﺎي ﻳﺦزدا.(...
ﻳﻮن ﻛﻠﺮ در داﺧﻞ ﺑﺘﻦ ﻣﻲﺗﻮاﻧﺪ ﺑﻪ دو ﺻﻮرت وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﺪ .ﻳﻮﻧﻲ ﻛﻪ ﺑﺎ اﻧﺠﺎم واﻛﻨﺶﻫﺎي ﺷﻴﻤﻴﺎﻳﻲ ﻣﻘﻴﺪ ﺷـﻮد
ﻛﻪ در ﻧﺘﻴﺠﻪ ﻫﻴﭻ ﺗﺎﺛﻴﺮي ﺑﺮ ﻓﺮآﻳﻨﺪ ﺧﻮردﮔﻲ ﻓﻮﻻد در ﺑﺘﻦ ﻧﺪارد و ﻳﺎ ﺑﻪ ﺻﻮرت آزاد ﺑﺎﺷﺪ.
روش ارزﻳﺎﺑﻲ ﺳﺎزه
ﺑﺮرﺳﻲ وﺿﻌﻴﺖ ﻳﻚ ﺳﺎزه ﺑﺘﻦ ﻣﺴﻠﺢ اوﻟﻴﻦ ﮔﺎم ﺑﺮاي ﺑﺎزﺳﺎزي و ﺗﺮﻣﻴﻢ آن ﻣﻲﺑﺎﺷﺪ .ﺑﺮاي ﺗﻌﻴﻴﻦ ﻋﻠـﻞ ﺧﺮاﺑـﻲﻫـﺎ و
ﮔﺴﺘﺮدﮔﻲ آن ،ﺑﺮرﺳﻲ ﻣﻘﺪار ﺧﻮردﮔﻲ و ارزﻳﺎﺑﻲ وﺿﻌﻴﺖ ﻛﻨﻮﻧﻲ ﺳﺎزه ﺿﺮوري ﻣﻲﺑﺎﺷﺪ .ﻳﻚ ﺑﺮرﺳﻲ دﻗﻴـﻖ ﺷـﺎﻣﻞ
دو ﻣﺮﺣﻠﻪ اﺳﺖ .ﻣﺮﺣﻠﻪ اول ارزﻳﺎﺑﻲ و ﻣﻄﺎﻟﻌﻪ اوﻟﻴﻪ ﺳﺎزه ﺑﺮ اﺳﺎس ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي اﺳﺖ ﻛﻪ ﺑﺎﻳﺪ ﻣﺎﻫﻴﺖ ﺧﺮاﺑﻲﻫﺎ

––––––––––––––––––––––––– ﺑﺮرﺳﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در ﻋﺮﺷﻪ ﺗﻌﺪادي از ﭘﻞﻫﺎي راهآﻫﻦ 63 /....

را ﻣﺸﺨﺺ ﻧﻤﺎﻳﺪ و ﭘﺎﻳﻪ اي ﺑﺮاي ﻣﻄﺎﻟﻌﺎت دﻗﻴﻖ ﺗﺮ ﺑﺎﺷﺪ .در ﺣﺎﻟﻲ ﻛﻪ اﺳﺘﻔﺎده از آزﻣـﺎﻳﺶﻫـﺎي اﻟﻜﺘﺮوﺷـﻴﻤﻴﺎﻳﻲ در
ﻣﺮﺣﻠﻪ ﺑﻌﺪ ﺑﺮاي ﻣﻄﺎﻟﻌﻪ وﺿﻌﻴﺖ دﻗﻴﻖ ﻣﻴﻠﮕﺮدﻫﺎ و ﺑﺮآورد ﺳﺮﻋﺖ ﺧﻮردﮔﻲ ﺿﺮوري اﺳﺖ.
اﻟﻒ -ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي
ﺧﺮاﺑﻲﻫﺎي ﻧﺎﺷﻲ از ﺧﻮردﮔﻲ ﺑﺎ اﺳﺘﻔﺎده از ﻣﺸﺎﻫﺪه ﻇﺎﻫﺮي ﺑﺮﻧﺎﻣﻪ رﻳﺰي ﺷﺪه ﻗﺎﺑﻞ ﺗﺸﺨﻴﺺ ﻣﻲﺑﺎﺷﻨﺪ .ﻃﺒﻘﻪ ﺑﻨـﺪي
ﺧﺮاﺑﻲﻫﺎ ﺑﺮﭘﺎﻳﻪ وﺿﻌﻴﺖ ﻇﺎﻫﺮي ،ﻣﺤﻞ و ﻋﻠﺖ آن ﺗﻌﺮﻳﻒ ﻣﻲﺷﻮد .ﺧﺮاﺑﻲﻫﺎ ﺑﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﮔـﺴﺘﺮش ﺗـﺮك ﻧﺎﺷـﻲ از
ﺧﻮردﮔﻲ ﺗﻌﺮﻳﻒ ﺷﺪه اﻧﺪ .در ﭘﺮوژه ﺣﺎﺿﺮ ﻛﻪ ﺷﺎﻣﻞ ﺑﺮرﺳﻲ ﺣـﺪود  30ﭘـﻞ راهآﻫـﻦ در ﻧﺎﺣﻴـﻪ ﻛـﻮﻳﺮي اﻳـﺮان ﺑـﻮد
ﻣﺴﺎﺣﺘﻲ در ﺣﺪود  400ﻣﺘﺮ ﻣﺮﺑﻊ ارزﻳﺎﺑﻲ ﻇﺎﻫﺮي ﺷﺪ و ﻣﺤﻞ ﺟﺪاﺷـﺪﮔﻲﻫـﺎ ﻣـﺸﺨﺺ ﮔﺮدﻳـﺪ .در اﻳـﻦ ﻣﺤـﻞﻫـﺎ
ﺗﺮكﻫﺎي ﻣﻮازي ﺳﻄﺢ در ﻧﻮاﺣﻲ ﻛﻪ ﭘﻮﺷﺶ روي آرﻣﺎﺗﻮر از ﺑﺘﻦ اﺻﻠﻲ ﺟﺪا ﺷﺪه اﺳﺖ ﻗﺎﺑﻞ ﺷﻨﺎﺳﺎﻳﻲ ﻣﻲﺑﺎﺷﻨﺪ .اﻳﻦ
ﺧﺮاﺑﻲﻫﺎ ﺑﻴﺸﺘﺮ در ﻧﻮاﺣﻲ ﻛﻪ ﺑﺘﻦ در ﻣﻌﺮض رﻃﻮﺑﺖ ﻗﺮار دارد ،روﻳﺖ ﻣـﻲﺷـﻮﻧﺪ .ﻣﺘﻮﺳـﻂ ﺿـﺨﺎﻣﺖ ﭘﻮﺷـﺶ ﺑﺘﻨـﻲ
ﻋﺮﺷﻪ ﭘﻞﻫﺎ در ﺣﺪود  25-30ﻣﻴﻠﻲﻣﺘﺮ ﻣﻲﺑﺎﺷﺪ.
ب( آزﻣﺎﻳﺶﻫﺎي اﻧﺠﺎم ﺷﺪه
ﺑﺮ ﭘﺎﻳﻪ ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي ،ﻋﺮﺷﻪ ﭘﻞﻫﺎ ﺑﻪ دو دﺳﺘﻪ ﺑﺪون ﺧﻮردﮔﻲ ) (aو ﺧﻮردﮔﻲ زﻳﺎد ) (bﺗﻘﺴﻴﻢ ﺷﺪﻧﺪ .در اداﻣـﻪ
ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي اﻧﺠﺎم ﺷﺪه اراﺋﻪ ﻣﻲﺷﻮد.

 -1-3ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
ﺑﺮاي ارزﻳﺎﺑﻲ ﻣﺸﺨﺼﺎت ﺳﺎزه اي ﻣﺼﺎﻟﺢ ﻣﻮﺟﻮد ،ﻣﻐﺰهﻫﺎﻳﻲ ﺑﺎ ﻗﻄـﺮ  10ﺳـﺎﻧﺘﻲ ﻣﺘـﺮ از ﺳـﺎزه ﺗﻬﻴـﻪ ﺷـﺪه و ﻣـﻮرد
آزﻣﺎﻳﺶ ﻗﺮار ﮔﺮﻓﺘﻨﺪ .ﻣﺘﻮﺳﻂ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻐﺰهﻫﺎ در دو ﺳﻄﺢ ) (aو ) (bدر ﺟﺪول ) (1اراﺋـﻪ ﺷـﺪه اﺳـﺖ .اﻳـﻦ
ﻣﻘﺎدﻳﺮ ﻣﺘﻮﺳﻂ  3ﻧﻤﻮﻧﻪ آزﻣﺎﻳﺶ ﺷﺪه ﻣﻲﺑﺎﺷﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻲﺗﻮان ﺑﻪ ﻃﻮر ﺗﻘﺮﻳﺒﻲ ﻧﺴﺒﺖ آب
ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ در ﺑﺘﻦ را ﺑﻴﻦ  0/55ﺗﺎ  0/6ارزﻳﺎﺑﻲ ﻧﻤﻮد .اﻳﻦ ﻣﻴﺰان ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﺮاي اﺟـﺮاي اﺑﻨﻴـﻪ
ﻓﻨﻲ زﻳﺎد ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ و ﻗﻄﻌﺎ ﻣﻼﺣﻈﺎت دوام و ﭘﺎﻳﺎﻳﻲ ﺑﺘﻦ ﻣﻮرد ﻋﻨﺎﻳﺖ ﻗﺮار ﻧﮕﺮﻓﺘﻪ اﺳﺖ.
ﺟﺪول  :1ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻐﺰهﻫﺎ
2

ﺳﻄﺢ ﺧﻮردﮔﻲ

ﻣﺘﻮﺳﻂ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻐﺰهﻫﺎ ) (kg/cm

)(a
)(b

210
194

 -2-3ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﺑﺎﻋﺚ ﻛﺎﻫﺶ  pHﻣﺤﻴﻂ ،اﻧﺤﻼل ﻓﺎزﻫﺎي ﺟﺎﻣﺪ ﺣﺎوي ﻛﻠﺮ ﻣﻘﻴﺪ در ﻣﺤﻠﻮل ﺣﻔﺮه اي ،آزاد ﺷـﺪن ﻛﻠـﺮ
ﻣﻘﻴﺪ و اﻳﺠﺎد ﻛﻠﺮ آزاد ﻣﻲﺷﻮد .ﻛﻠﺮ آزاد ﺷﺪه ﻣﻲﺗﻮاﻧﺪ وارد ﻗﺴﻤﺖﻫﺎي ﻛﺮﺑﻨﺎﺗﻪ ﻧﺸﺪه ﺑﺘﻦ ﺷﻮد .اﻳـﻦ ﭘﺪﻳـﺪه ﻣﻮﺟـﺐ
اﻓﺰاﻳﺶ ﻏﻠﻈﺖ ﻛﻠﺮ آزاد در ﺿﺨﺎﻣﺖ ﺑﺘﻦ ﭘﻮﺷﺸﻲ روي آرﻣﺎﺗﻮر ﺷﺪه و ﻣﻤﻜﻦ اﺳﺖ ﻛﻠﺮ را در ﺳﻄﺢ ﻣﻴﻠﮕﺮد ﺑﻪ ﻣﻘـﺪار
ﺑﺤﺮاﻧﻲ ﺑﺮﺳﺎﻧﺪ .ﺑﻨﺎﺑﺮاﻳﻦ ﺳﺎزهﻫﺎي ﺣﺎوي ﻛﻠﺮ ﻛﻪ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن در آﻧﻬﺎ رخ داده اﺳﺖ ﻧﺴﺒﺖ ﺑﻪ ﺳﺎزهﻫﺎﻳﻲ ﻛﻪ ﻓﻘـﻂ از
ﻳﻚ ﻣﻌﻀﻞ رﻧﺞ ﻣﻲﺑﺮﻧﺪ ،ﺑﻴﺸﺘﺮ در ﻣﻌﺮض ﺧﻮردﮔﻲ ﻗﺮار دارﻧﺪ ].[5 ،4
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ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن را ﻣﻲﺗﻮان ﺑﺎ ﭘﺎﺷﻴﺪن ﻣﺤﻠﻮل ﻓﻨﻞﻓﺘﺎﻟﺌﻴﻦ ﺑﺮ روي ﻣﻘﻄﻊ ﺑﺘﻦ ﺗـﺸﺨﻴﺺ داد .در ﻣﻨـﺎﻃﻘﻲ ﻛـﻪ ﺗﺤـﺖ
ﺗﺎﺛﻴﺮ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻧﺒﻮده ،ﻣﻘﺪار  pHﺑﺘﻦ ﺗﻘﺮﻳﺒﺎ" ﺑﻴﺸﺘﺮ از  8/5و ﻓﻨﻞﻓﺘﺎﻟﺌﻴﻦ در اﻳﻦ ﻣﻨﺎﻃﻖ ﺑﻪ رﻧﮓ ارﻏﻮاﻧﻲ در ﻣﻲآﻳﺪ.
ﺟﺪول  :2ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن
ﺣﺎﻟﺖ ﺧﻮردﮔﻲ

ﻣﺘﻮﺳﻂ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن )(mm

)(a

30

)(b

50

ﻣﺘﻮﺳﻂ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﺳﻄﻮح ﺑﺘﻦ ﻣﺴﻠﺢ در ﺟﺪول ﺷﻤﺎره ) (2ﻧـﺸﺎن داده ﺷـﺪه اﺳـﺖ .ﻣﻄـﺎﺑﻖ ﺟـﺪول ) (2در
ﺳﻄﻮﺣﻲ از ﺑﺘﻦ ﻛﻪ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﻣﺸﺎﻫﺪه ﺷﺪه اﺳﺖ) ،(bﻣﺘﻮﺳﻂ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن  50ﻣﻴﻠﻴﻤﺘﺮ ﺑﻮده ﻛﻪ ﺑﺎ ﺗﻮﺟﻪ
ﺑﻪ اﻳﻨﻜﻪ ﻣﺘﻮﺳﻂ ﺿﺨﺎﻣﺖ ﭘﻮﺷﺶ ﺑﺘﻨﻲ روي آرﻣﺎﺗﻮر در ﭘﻞﻫﺎ  30ﻣﻴﻠﻴﻤﺘﺮ ﻣﻲﺑﺎﺷـﺪ ،ﻣـﻲﺗـﻮان ﻧﺘﻴﺠـﻪ ﮔﺮﻓـﺖ ﻛـﻪ
آرﻣﺎﺗﻮرﻫــﺎ در اﻳــﻦ ﻧﺎﺣﻴــﻪ ﺗﺤــﺖ ﺗــﺎﺛﻴﺮ ﭘﺪﻳــﺪه ﻛﺮﺑﻨﺎﺗﺎﺳــﻴﻮن ﻗــﺮار ﮔﺮﻓﺘــﻪ اﻧــﺪ .در ﻧﺎﺣﻴــﻪ) (aﻣﺘﻮﺳــﻂ ﻋﻤــﻖ
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن30ﻣﻴﻠﻴﻤﺘﺮ و ﻣﺴﺎوي ﻣﻘﺪار ﭘﻮﺷﺶ ﺑﺘﻨﻲ روي آرﻣـﺎﺗﻮر ﻣـﻲﺑﺎﺷـﺪ .در اﻳـﻦ ﻧﺎﺣﻴـﻪ آرﻣﺎﺗﻮرﻫـﺎ در آﺳـﺘﺎﻧﻪ
ﻗﺮارﮔﻴﺮي در ﻣﻌﺮض ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻫﺴﺘﻨﺪ.
 -3-3ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ
ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻘﺪار ﻛﻠﺮ در ﺑﺘﻦ ،از ﺑﺨﺶﻫﺎي ﻣﺨﺘﻠﻒ ﻋﺮﺷﻪ ﭘﻞﻫﺎ ﻧﻤﻮﻧﻪ ﺑﺮداري اﻧﺠﺎم ﺷﺪ .ﻣﻴﺰان ﻛﻠﺮ ﻛـﻞ ) Total
 (Chlorideﻣﻮﺟﻮد ،ﻃﺒﻖ اﺳﺘﺎﻧﺪارد  ASTM C114اﻧﺪازهﮔﻴﺮي ﺷﺪ .ﭘﺮوﻓﻴﻞﻫـﺎي ﻳـﻮن ﻛﻠـﺮ ﺳـﻄﻮح ) (aو ) (bدر
ﺷﻜﻞ ) (1ﺑﻪ ﻃﻮر ﻧﻤﻮﻧﻪ ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ دﻳﺪه ﻣﻲﺷﻮد ،ﻣﻘﺪار ﻳﻮن ﻛﻠﺮ در ﻧﺰدﻳﻜﻲ آرﻣﺎﺗﻮر )ﻋﻤﻖ
30ﻣﻴﻠﻲﻣﺘﺮ( در ﺳﻄﺢ ) (aﻛﻤﺘﺮ از ﻣﻘﺪار ﻛﻠﺮ آﺳﺘﺎﻧﻪ ﺧﻮردﮔﻲ )ﺣﺪود  (0/07ﻣـﻲﺑﺎﺷـﺪ] . [6در ﻧﺘﻴﺠـﻪ در ﺳـﻄﺢ )(a
اﺣﺘﻤﺎل ﺧﻮردﮔﻲ ﺗﺤﺖ اﺛﺮ ﻳﻮن ﻛﻠﺮ ﺑﺴﻴﺎر ﻛﻢ اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ در ﺳﻄﺢ ) (bﻣﻘﺪار ﻛﻠﺮ در ﻧﺰدﻳﻜﻲ آرﻣﺎﺗﻮر ﺑﻪ ﻣﻘﺪار
ﻛﻠﺮ ﺑﺤﺮاﻧﻲ ﻧﺰدﻳﻜﺘﺮ اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ در اﻳﻦ ﺳﻄﺢ ﺧﻮردﮔﻲ ﺗﺤﺖ اﺛﺮ ﻳﻮن ﻛﻠﺮ ﺑﺴﻴﺎر ﻣﺤﺘﻤﻞ اﺳـﺖ و ﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ
ﻣﻴﺰان ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﻣﻘﺪار ﻳﻮن ﻛﻠﺮ در ﻧﺰدﻳﻜﻲ آرﻣﺎﺗﻮر ﻣﻲﺗـﻮان ﻧﺘﻴﺠـﻪ ﮔﻴـﺮي ﻧﻤـﻮد ﻛـﻪ ﻛﺮﺑﻨﺎﺗﺎﺳـﻴﻮن در
ﺗﺮﻛﻴﺐ ﺑﺎ ﻳﻮن ﻛﻠﺮ ﻣﻨﺠﺮ ﺑﻪ ﻛﺎﻫﺶ ﻣﻘﺪار ﻛﻠﺮ آﺳﺘﺎﻧﻪ ﺧﻮردﮔﻲ و ﺗﻮﺳﻌﻪ وﮔﺴﺘﺮش ﺧﺮاﺑﻲﻫﺎ ﺷﺪه اﺳﺖ.
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ﺷﻜﻞ  -1ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ ﺗﻬﻴﻪ ﺷﺪه در دو ﺳﻄﺢ ) (aو )(b
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ﺑﺮ اﺳﺎس ﭘﺮوﻓﻴﻞﻫﺎي اراﺋﻪ ﺷﺪه ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻣﻘﺪار ﻛﻠﺮ اوﻟﻴﻪ در ﺑﺘﻦ در ﺣﺪود  0/01ﺗﺎ  0/02درﺻـﺪ وزﻧـﻲ ﺑـﺘﻦ
ﺑﻮده و در ﻣﺤﺪوده ﻣﺠﺎز ﻣﻲﺑﺎﺷﺪ .اﻳﻦ در ﺣﺎﻟﻲاﺳﺖ ﻛﻪ ﻛﻠﺮ ﻣﻮﺟﻮد در ﺑﺘﻦ ﺗﺎ ﻋﻤﻖ  3-4ﺳﺎﻧﺘﻴﻤﺘﺮ از ﻣﺤﻴﻂ ﭘﻴﺮاﻣﻮن
وارد ﺑﺘﻦ ﺷﺪه اﺳﺖ و ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻣﻨﺸﺎ آن ﻛﻠﺮ ﻣﻮﺟﻮد در ﺷﻦﻫﺎي روان و اﺗﻤﺴﻔﺮ در ﻣﻨﻄﻘﻪ ﻛﻮﻳﺮي و ﺧـﺼﻮﺻﺎ
در ﻓﺼﻮل و ﻣﻮاﻗﻌﻲ ﻛﻪ ﺑﺎ ﺷﺒﻨﻢ و رﻃﻮﺑﺖ ﻫﻤﺮاه اﺳﺖ ﻣﻲﺑﺎﺷﺪ .ﻋﻼوه ﺑـﺮ آن اﻓـﺖ ﻣﻘـﺪار ﻛﻠـﺮ در ﻧﺰدﻳﻜـﻲ ﺳـﻄﺢ
ﺧﺎرﺟﻲ ﻛﻪ ﻣﺸﺨﺼﺎ در ﺷﻜﻞ ) (b-1ﻣﻼﺣﻈﻪ ﻣﻲﺷﻮد ﺑﻪ دﻟﻴﻞ ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﻣﻮﺟﺐ ﺗﺠﺰﻳﻪ ﻧﻤـﻚ
ﻓﺮﻳﺪل و ﻛﻢ ﺷﺪن ﻛﻠﺮ ﻣﻘﻴﺪ و آزاد ﺷﺪن آن و ﺣﺮﻛﺖ ﻧﻤﻚﻫﺎ ﺑﻪ ﺳﻤﺖ داﺧﻞ ﺑﺘﻦ ﻣﻲﺷﻮد.
 -4-3آزﻣﺎﻳﺶ ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ
آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ ،آزﻣﺎﻳﺸﻲ ﻏﻴﺮ ﻣﺨﺮب و اﺳﺘﺎﻧﺪارد ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﺑﻪ ﻃﻮر ﮔﺴﺘﺮده در ارزﻳـﺎﺑﻲ وﺿـﻌﻴﺖ
ﺧﻮردﮔﻲ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﻣﻲﮔﻴﺮد .اﻳﻦ آزﻣﺎﻳﺶ ﻣﻄـﺎﺑﻖ ﺑـﺎ اﺳـﺘﺎﻧﺪارد  ASTM C876و ﺑـﺎ اﺳـﺘﻔﺎده از اﻟﻜﺘـﺮود
 Ag/AgClاﻧﺠﺎم ﺷﺪه اﺳﺖ.
ﺑﺎﻳﺪ ﺗﻮﺟﻪ داﺷﺖ ﻛﻪ ﺣﻀﻮر اﻛﺴﻴﮋن ،ﻏﻠﻈﺖ ﻛﻠﺮ و ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﺗﺎﺛﻴﺮ زﻳﺎدي ﺑﺮ روي ﻗﺮاﺋﺖﻫﺎي ﻧﺎﺷـﻲ از
ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ دارﻧﺪ .در اﻳﻦ آزﻣﺎﻳﺶ ﻣﻌﻴﺎر ﺑﺮرﺳﻲ ﺧﻮردﮔﻲ ﻃﺒﻖ اﻟﻜﺘﺮود  Ag/AgClآرﻣﺎﺗﻮر ﭼﻨﻴﻦ ﻣﻲﺑﺎﺷﺪ:
 > -83 mVﭘﺘﺎﻧﺴﻴﻞ :ﺑﺎ اﺣﺘﻤﺎل ﺑﻴﺶ از  90درﺻﺪ ،ﻫﻴﭻ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در زﻣﺎن آزﻣﺎﻳﺶ وﺟﻮد ﻧﺪارد.
 < -83 mVﭘﺘﺎﻧﺴﻴﻞ <  : -233 mVﻓﻌﺎﻟﻴﺖ ﺧﻮردﮔﻲ ﻧﺎﻣﺸﺨﺺ اﺳﺖ.
 < -233 mVﭘﺘﺎﻧﺴﻴﻞ :ﺑﺎ اﺣﺘﻤﺎل ﺑﻴﺶ از  90درﺻﺪ ﺧﻮردﮔﻲ رخ داده اﺳﺖ.
در ﺷﻜﻞ ) (2ﺑﻪ ﻋﻨﻮان ﻧﻤﻮﻧﻪ ،ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﭘﺘﺎﻧﺴﻴﻞ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﺑﺮاي دو ﺳﻄﺢ ﻣـﺬﻛﻮر ارﺋـﻪ ﺷـﺪه اﺳـﺖ .در
ﺷﻜﻞ ) (2ﻣﻨﻔﻲﺗﺮﻳﻦ ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ در ﻧﺎﺣﻴﻪ ﺑﺎ ﺧﻮردﮔﻲ زﻳﺎد)ﺷﻜﻞ -320 ،(2-bﻣﻴﻠﻲ وﻟﺖ اﺳﺖ .در ﺣﺎﻟﻴﻜـﻪ در
ﻧﺎﺣﻴﻪ ﺑﺪون ﺧﻮردﮔﻲ) (aاﻳﻦ ﻣﻘﺪار  -140ﻣﻴﻠﻲ وﻟﺖ ﻣﻲﺑﺎﺷﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﻮﺿﻴﺤﺎت اراﺋﻪ ﺷﺪه در ﻗﺒﻞ ،در ﺳﻄﺢ )(b
ﺑﺎ اﺣﺘﻤﺎل ﺑﻴﺶ از  90درﺻﺪ ،ﺧﻮردﮔﻲ رخ داده اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ در ﺳﻄﺢ ) (aﻓﻌﺎﻟﻴﺖ ﺧﻮردﮔﻲ ﻧﺎﻣﺸﺨﺺ اﺳﺖ.
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 -5-3آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر
اﻧﺪازهﮔﻴﺮي ﺑﺎ دﺳﺘﮕﺎه ﮔﺎﻟﻮاﭘﺎﻟﺲ ﻳﻚ روش ﭘﻼرﻳﺰاﺳﻴﻮن ﺳﺮﻳﻊ ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻴﺰان ﺧﻮردﮔﻲ در ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ
ﺑﻪ ﺣﺴﺎب ﻣﻲآﻳﺪ .اﻳﻦ روش ﺑﺨﺎﻃﺮ ﻣﺸﻜﻼت اﻧﺪازهﮔﻴﺮيﻫﺎي ﻧﻴﻢ ﭘﻴﻞ در ﻣﺤﻴﻂﻫﺎي ﻣﺮﻃﻮب و ﻳـﺎ ﻧﻴﻤـﻪ ﻣﺮﻃـﻮب
ﺑﻌﻠﺖ ﻛﻤﺒﻮد اﻛﺴﻴﮋن و ﻫﻤﻴﻨﻄﻮر ﺳﺮﻋﺖ زﻳﺎد آن در ﺑﺪﺳﺖ آوردن ﻣﻴﺰان ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر در ﺑـﺘﻦ ،ﺗﻮﺳـﻌﻪ ﻳﺎﻓﺘـﻪ
اﺳﺖ .ﺑﺎ اﺳﺘﻔﺎده از دﺳﺘﮕﺎه ﮔﺎﻟﻮاﭘـﺎس ،ﭘﺘﺎﻧـﺴﻴﻞ ﻧـﻴﻢ ﭘﻴـﻞ و ﺳـﺮﻋﺖ ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر ﻗﺎﺑـﻞ ﺗﻌﻴـﻴﻦ ﻣـﻲﺑﺎﺷـﻨﺪ.
ﻣﺤﺪودﻳﺖﻫﺎي ﺑﺤﺮاﻧﻲ ﺑﺮاي ﻃﺒﻘﻪ ﺑﻨﺪي رﻳﺴﻚ ﭘﺬﻳﺮي ﻣﻴﺰان ﺧﻮردﮔﻲ در ﺟﺪول ) (3ﻧﺸﺎن داده ﺷﺪه اﺳﺖ ].[7
ﺟﺪول  :3ﺗﺨﻤﻴﻦ ﻣﻘﺪار ﺧﻮردﮔﻲ ﻗﺎﺑﻞ ﻣﺸﺎﻫﺪه از روي ﻗﺮاﺋﺖﻫﺎي اﻧﺠﺎم ﺷﺪه ﺑﺎ دﺳﺘﮕﺎه ﮔﺎﻟﻮاﭘﺎﻟﺲ
ﻣﻘﺪار ﺧﻮردﮔﻲ

ﻣﻘﺪار اﻧﺪازهﮔﻴﺮي ﺷﺪه )(µA/cm2

در ﺣﺎﻟﺖ ﻣﻘﺎوم
ﻛﻢ

<0/5
0/5 – 5

ﻣﺘﻮﺳﻂ

5 - 15

زﻳﺎد

>15

ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﺑﻪ ﻃﻮر ﻧﻤﻮﻧﻪ در ﺷﻜﻞ ) (3ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻫﻤﺎﻧﻄﻮر ﻛﻪ در اﻳﻦ
ﺷﻜﻞ دﻳﺪه ﻣﻲﺷﻮد ،ﻧﻘﺸﻪ ﺧﻄﻮط ﻫﻤﺘﺮاز ﺳﺮﻋﺖ ﺧﻮردﮔﻲ در ﺳﻄﻮح ﻣﻮرد ﻧﻈﺮ ) aو  (bﻗﺎﺑﻞ ﻣﻘﺎﻳـﺴﻪ ﺑـﺎ ﻧﺘـﺎﻳﺞ ﺑـﻪ
دﺳﺖ آﻣﺪه از ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ )اراﺋﻪ ﺷﺪه در ﺷﻜﻞ ) ((2اﺳﺖ .ﺣﺪاﻛﺜﺮ ﺳﺮﻋﺖ ﺧـﻮردﮔﻲ در ﺳـﻄﺢ ) (bﺑـﻴﺶ از 16
ﻣﻴﻜﺮو آﻣﭙﺮ ﺑﺮ ﺳﺎﻧﺘﻲ ﻣﺘﺮ ﻣﺮﺑﻊ ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﻃﺒﻖ ﺟﺪول ) (3ﻣﻘﺪار ﺧﻮردﮔﻲ در اﻳﻦ ﺳﻄﺢ زﻳﺎد اﺳﺖ و آزﻣـﺎﻳﺶ ﻧـﻴﻢ
ﭘﻴﻞ ﻧﻴﺰ اﺣﺘﻤﺎل ﺧﻮردﮔﻲ را ﺑﻴﺶ از 90درﺻﺪ ﻧﺸﺎن ﻣﻲدﻫﺪ .اﻳﻦ در ﺣﺎﻟﻴﺴﺖ ﻛﻪ ﻧﺘﺎﻳﺞ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ در ﺳـﻄﺢ a
ﺣﺪاﻛﺜﺮ  2/5ﻣﻴﻜﺮو آﻣﭙﺮ ﺑﺮ ﺳﺎﻧﺘﻴﻤﺘﺮ ﻣﺮﺑﻊ اﺳﺖ ﻛﻪ ﻧﺸﺎن دﻫﻨﺪه ﺳـﺮﻋﺖ ﺧـﻮردﮔﻲ ﻛـﻢ ﻣـﻲﺑﺎﺷـﺪ .ﺿـﻤﻨﺎ ﻣﻘـﺎدﻳﺮ
ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ در ﻣﺤﺪوده ﻋﺪم ﻗﻄﻌﻴﺖ ﻗﺮار دارد.
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 -4ﻧﺘﻴﺠﻪﮔﻴﺮي
 -١ارزﻳﺎﺑﻲ ﺧﺮاﺑﻲ ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﺑﻪ ﻣﻨﻈﻮر ﺗﺮﻣﻴﻢ آن ،ﺑﺎﻳﺪ در ﻳﻚ ﻧﻈﺎم ﻣﻨﻄﻘﻲ اﺟﺮا ﺷﻮد .ﻳـﻚ ﺗـﺮﻣﻴﻢ ﺑـﺎ
ﻛﻴﻔﻴﺖ ﻧﻴﺎزﻣﻨﺪ ﺷﻨﺎﺧﺖ ﻋﻠﺖ وﻗﻮع ﺧﺮاﺑﻲ ،ﻣﺸﺎﻫﺪات ﻛﺎﻣﻞ آﺳﻴﺐﻫﺎ ،ﻣﺸﺨﺼﺎت دﻗﻴﻖ ﻣﺤﻞﻫﺎي آﺳﻴﺐ دﻳﺪه
اﺳﺖ.
 -٢ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه ﻋﺎﻣﻞ اﺻـﻠﻲ وﻗـﻮع ﺧـﻮردﮔﻲ در ﺑـﺘﻦ ﻣـﺴﻠﺢ ﻋﺮﺷـﻪ ﭘـﻞﻫـﺎ وﻗـﻮع ﭘﺪﻳـﺪه
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﻲﺑﺎﺷﺪ.
 -٣ﻣﻘﺪار ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ ﺗﻨﻬﺎ اﺣﺘﻤﺎل ﺧﻮردﮔﻲ را ﻧﺸﺎن ﻣﻲدﻫﺪ و ﺣﺘﻲ در ﺑﺮﺧﻲ از ﺣﺎﻟﺘﻬﺎ اﺳﺘﻔﺎده از اﻳﻦ روش
ﺑﺎ ﻣﺤﺪودﻳﺖﻫﺎﻳﻲ ﻫﻤﺮاه اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ ﺑﺎ اﺳﺘﻔﺎده از روش ﺳﺮﻋﺖ ﺧﻮردﮔﻲ ﻣﻲﺗﻮان ﻣﻘﺪار ﺧـﻮردﮔﻲ را در
ﻧﻮاﺣﻲ ﺧﻮرده ﻧﺸﺪه و ﺧﻮرده ﺷﺪه و ﻳﺎ ﺣﺘﻲ ﻧﻮاﺣﻲ ﻣﺸﻜﻮك ﺑﻪ ﺧﻮردﮔﻲ ﺗﻌﻴﻴﻦ ﻧﻤﻮد.
 -۴ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن در ﺗﺮﻛﻴﺐ ﺑﺎ ﻳﻮن ﻛﻠﺮ ﻣﻨﺠﺮ ﺑﻪ ﺗﻮﺳﻌﻪ وﮔﺴﺘﺮش وﺳﻌﺖ ﺧﺮاﺑﻲﻫﺎ و ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر در
ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﻣﻲﺷﻮد .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ دﻳﺪه ﺷﺪ ،در ﺳﻄﻮح داراي ﺷﺪت ﺧﺮاﺑﻲ زﻳﺎد ،ﺧﻮردﮔﻲ ﺗﺤﺖ اﺛـﺮ
ﺗﻮام ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﻳﻮن ﻛﻠﺮ رخ داده اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ در ﺳﻄﻮح داراي ﺷﺪت ﺧـﻮردﮔﻲ ﻛـﻢ ﺧـﻮردﮔﻲ ﺗﻨﻬـﺎ
ﻧﺎﺷﻲ از ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﺤﺘﻤﻞ ﻣﻲﺑﺎﺷﺪ.
 -۵ﺑﺮ اﺳﺎس ﻣﻄﺎﻟﻌﺎت اﻧﺠﺎم ﺷﺪه در ﻗﺎﻟﺐ اﻳﻦ ﺗﺤﻘﻴﻖ ﻣﺸﺨﺺ ﻣﻲﺷﻮد ﻛﻪ ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻧﻔﻮذ ﻳﻮن ﻛﻠـﺮ در
ﻛﺸﻮر ﻣﺤﺪود ﺑﻪ ﺳﻮاﺣﻞ و ﺟﺰاﻳﺮ ﺧﻠﻴﺞ ﻓﺎرس ﻧﻤﻲﺷﻮد و در ﻧﻮاﺣﻲ ﻣﺮﻛﺰي ﻛﺸﻮر ﺧﺼﻮﺻﺎ در ﻧﻮاﺣﻲ ﻛﻮﻳﺮي
اﻳﻦ ﻧﻮع ﺧﺮاﺑﻲﻫﺎ وﺟﻮد دارد .ﺑﺪﻳﻬﻲاﺳﺖ اﺟﺮاي ﺳﺎزهﻫﺎ و اﺑﻨﻴﻪ ﺑﺘﻨﻲ ﺑﺎ ﻛﻴﻔﻴﺖ ﻧـﺎزل و ﻧـﺴﺒﺖ آب ﺑـﻪ ﻣـﻮاد
ﺳﻴﻤﺎﻧﻲ زﻳﺎد ﻣﻮﺟﺐ ﺑﺮوز ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﺗﺸﺪﻳﺪ ﻓﺮاﻳﻨﺪ ﺧﻮردﮔﻲ و آﺳﻴﺐدﻳﺪﮔﻲ ﺑﺘﻦ ﺧﻮاﻫﺪ ﺷﺪ.
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ﺑﺘﻦ رﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺑﺘﻨﻲ
ﺑﺎ ﺳﻴﺴﺘﻢ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ
ﺳﻌﻴﺪ اﺳﻌﺪي

ﭼﻜﻴﺪه
از آﻧﺠﺎﺋﻴﻜﻪ در ﺳﻴﺴﺘﻢ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ ﻫﻤﻮاره ﻣﻮﺿﻮع ﻣﺪﻳﺮﻳﺖ زﻣﺎن ﻣﻄﺮح ﻣﻲﺑﺎﺷﺪ ﻟﺬا ﺑﺘﻦ رﻳﺰي در ﻫـﻮاي ﺳـﺮد از
اﻫﻤﻴﺖ ﺧﺎﺻﻲ ﺑﺮﺧﻮردار ﺑﻮده و ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺳﺮﻣﺎي ﺷﺪﻳﺪ در ﻣﻨﻄﻘـﻪ آذرﺑﺎﻳﺠـﺎن ﻛـﻪ ﻣﻌﻤـﻮﻻ ﺑـﺘﻦ رﻳـﺰي در اﻛﺜـﺮ
ﭘﺮوژهﻫﺎ ﻣﺘﻮﻗﻒ ﻣﻲﺷﻮد ،ﺑﺎ اﺟﺮاي ﺗﻤﻬﻴﺪاﺗﻲ از ﻗﺒﻴﻞ ﺳﺎﺧﺖ و ﻧـﺼﺐ ﻫﻴﺘﺮﻫـﺎي ﺑﺮﻗـﻲ ﻓـﻦ دار در داﺧـﻞ ﺗﻮﻧﻠﻬـﺎ و
ﭘﻮﺷﺶﻫﺎي ﻣﻨﺎﺳﺐ و اﺳﺘﻔﺎده از ﻣﺸﻌﻞ و ﻟﻮﻟﻪ ﮔﺮﻣﺎﻳﺸﻲ و ...اﻣﻜﺎن ﺑﺘﻦ رﻳﺰي در ﻫﻮاي ﺳﺮد و ﺑـﺎﻻﺑﺮدن ﻣﻘﺎوﻣـﺖ
ﺑﺘﻦ ﻣﻴﺴﺮ ﻣﻲﮔﺮدد.
 - 1ﺗﺎﻣﻴﻦ ﺿﻮاﺑﻂ آﻳﻴﻦ ﻧﺎﻣﻪ اي
ﻣﻄﺎﺑﻖ ﻣﺒﺤﺚ  9ﻣﻘﺮرات ﻣﻠﻲ ﺳﺎﺧﺘﻤﺎن ﻫﻮاي ﺳﺮد ﺑﻪ وﺿﻌﻴﺘﻲ اﻃﻼق ﻣﻲﺷﻮد ﻛﻪ ﺑﺮاي  3روز ﻣﺘﻮاﻟﻲ ﺷـﺮاﻳﻂ زﻳـﺮ
ﺑﺮﻗﺮار ﺑﺎﺷﺪ.
اﻟﻒ – دﻣﺎي ﻣﺘﻮﺳﻂ ﻫﻮا در ﺷﺒﺎﻧﻪ روز ﻛﻤﺘﺮ از  5درﺟﻪ ﺳﻠﺴﻴﻮس ﺑﺎﺷﺪ.
ب – دﻣﺎي ﻫﻮا ﺑﺮاي ﺑﻴﺸﺘﺮ از ﻧﺼﻒ روز از  10درﺟﻪ ﺳﻠﺴﻴﻮس زﻳﺎدﺗﺮ ﻧﺒﺎﺷﺪ.
ﺑﻪ ﻣﻨﻈﻮر اﻃﻤﻴﻨﺎن ﻛﺎﻓﻲ از وﺿﻌﻴﺖ ﻧﮕﻬﺪاري ﺑﺘﻦ در ﭘﺮوژه آذران دﻣﺎي ﺑـﺘﻦ در ﻃـﻮل ﺷـﺒﺎﻧﻪ روز  2ﺑـﺎر در ﻧﻘـﺎط
ﻣﺨﺘﻠﻒ ﺳﺎزه ﺛﺒﺖ ﻣﻲﺷﻮد.
ﺑﺮاي رﺳﺎﻧﺪن دﻣﺎي ﺑﺘﻦ ﺑﻪ ﺣﺪ ﻣﻄﻠﻮب ﻫﻨﮕﺎم اﺧﺘﻼط ﺑﺘﻦ از آب ﮔﺮم اﺳﺘﻔﺎده ﺷﺪه و ﻣﻄﺎﺑﻖ آﻳﻴﻦ ﻧﺎﻣـﻪ ،از ﺗﻤـﺎس
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ﻣﺴﺘﻘﻴﻢ آب ﮔﺮم ﺑﺎ ﺳﻴﻤﺎن در ﺻﻮرﺗﻲ ﻛﻪ دﻣﺎي آن ﺑﻴﺶ از  40درﺟﻪ ﺳﻠﺴﻴﻮس ﺑﺎﺷﺪ در ﺣـﻴﻦ رﻳﺨـﺘﻦ ﻣـﺼﺎﻟﺢ در
ﻣﺨﻠﻮط ﻛﻦ ،ﻛﻨﺘﺮل ﻻزم ﺑﻪ ﻋﻤﻞ ﻣﻲآﻳﺪ.
اﻧﺘﺨﺎب ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ روﻧﺪ ﻛﺴﺐ ﻣﻘﺎوﻣﺖ در دﻣﺎي ﻣﺤﻴﻂ ﺑﻮده و ﻛﻤﺘﺮ از  0/4ﻣﻲﺑﺎﺷﺪ.
ﻋﻤﻞ آوردن ﺑﺘﻦ ﺗﺎزه ﺣﺪاﻗﻞ ﺑﻪ ﻣﺪت  24ﺳﺎﻋﺖ و ﺗﺎ رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣﺖ  5ﻣﮕﺎﭘﺎﺳﻜﺎل اداﻣﻪ ﻣﻲﻳﺎﺑﺪ.
ﻋﻤﻞ آوري ﺑﺘﻦ ﺑﺎ اﺳﺘﻔﺎده از ﭘﻮﺷﺶ )روﻟﻬﺎي ﭘﺸﻢ ﺷﻴﺸﻪ ﻛﻪ در داﺧﻞ ﻧﺎﻳﻠﻮن ﻗﺮار داده ﻣﻲﺷﻮد( و ﮔﺮم ﻛﺮدن داﺧﻞ
ﺗﻮﻧﻠﻬﺎ ﺑﺎ ﻫﻴﺘﺮﻫﺎي ﺑﺮﻗﻲ و ﮔﺎزي ﺗﺎ  15درﺟﻪ ﺳﺎﻧﺘﻲ ﮔﺮاد اﻧﺠﺎم ﻣﻲﮔﻴﺮد.
ﻣﺰﻳﺖ اﺳﺘﻔﺎده از ﻫﻴﺘﺮﻫﺎي ﺑﺮﻗﻲ و ﮔﺎزي ﻧﺴﺒﺖ ﺑﻪ ﮔﺮم ﻛﻨﻨﺪهﻫﺎ ﺑﺎ ﻣﻮاد ﺳﻮﺧﺘﻲ ﻧﻈﻴﺮ ﻧﻔﺖ و ﮔﺎزوﺋﻴﻞ ﺑﻪ اﻳـﻦ ﻋﻠـﺖ
اﺳﺖ ﻛﻪ از اﺣﺘﻤﺎل ﺗﺒﺨﻴﺮ آب و ﻛﺮﺑﻨﺎﺗﻲ ﺷﺪن ﺳﻄﻮح ﺑﺘﻨﻲ در اﺛﺮ اﺣﺘﺮاق ،ﺟﻠﻮﮔﻴﺮي ﺑﻪ ﻋﻤﻞ آﻳﺪ.
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ در ﺳﻴﺴﺘﻢ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ ﺑﻪ ﺟﻬﺖ اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﻋﻤﻠﻴﺎت اﺟﺮاﻳﻲ ،ﺑﺎز ﻛﺮدن ﻗﺎﻟﺐﻫﺎ در ﻣﺪت زﻣﺎن
ﻛﻤﺘﺮي از زﻣﺎن ﺗﻌﺮﻳﻒ ﺷﺪه در ﻣﺒﺤﺚ  9ﻣﻘـﺮرات ﻣﻠـﻲ اﻧﺠـﺎم ﻣـﻲﺷـﻮد ،ﻟـﺬا از ﻣـﻮاد روان ﻛﻨﻨـﺪه ﻛـﻪ ﺧﺎﺻـﻴﺖ
ﺗﻨﺪﮔﻴﺮﻛﻨﻨﺪه دارﻧﺪ اﺳﺘﻔﺎده و ﺑﺮاي ﻣﺮاﻗﺒﺖ ﺑﺘﻦ ﺑﻌﺪ از ﻗﺎﻟﺐ ﺑﺮداري از ﭘﺎﻳﻪﻫﺎي اﻃﻤﻴﻨﺎن در وﺳﻂ دﻫﺎﻧـﻪﻫـﺎ اﺳـﺘﻔﺎده
ﺷﺪه و دﻗﺖ ﻻزم ﺑﻌﻤﻞ ﻣﻲآﻳﺪ ﺗﺎ ﻫﻤﻴﺸﻪ ﭘﺎﻳﻪﻫﺎي اﻃﻤﻴﻨﺎن در دو ﻃﺒﻘﻪ ﻣﺘﻮاﻟﻲ وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﻨﺪ و ﺗـﺎ ﺣـﺪ اﻣﻜـﺎن
ﻫﺮ دو ﭘﺎﻳﻪ اﻃﻤﻴﻨﺎن ﻧﻈﻴﺮ در دو ﻃﺒﻘﻪ ،روي ﻫﻢ و در اﻣﺘﺪادي واﺣﺪ ﻗﺮار ﮔﻴﺮﻧﺪ.

ﺑﻠﻮك  - A1زﻣﺴﺘﺎن 86

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 71 /....

ﺑﻠﻮك  - B1زﻣﺴﺘﺎن 86

 –2ﺗﻬﻴﻪ آﺑﮕﺮم ﺑﭽﻴﻨﮓ
ﺑﺮاي ﺗﻬﻴﻪ آﺑﮕﺮم ﻻزم در ﺑﭽﻴﻨﮓ از ﺗﺎﻧﻜﺮ آب و اﺳﺘﺘﺎر ﻛﺮدن آن و ﻣﺠﻬﺰ ﻧﻤﻮدن ﺑـﻪ ﺳﻴـﺴﺘﻢ ﮔـﺮ ﻣـﺎﻳﺶ ﺑﻮﺳـﻴﻠﻪ
ﻣﺸﻌﻞﻫﺎي ﮔﺎزي ،ﻫﻤﺮاه ﺑﺎ ﻧﺼﺐ ﺗﺮﻣﻮﺳﺘﺎت ﺟﻬﺖ رﺳﺎﻧﻴﺪن دﻣﺎي آب ﺑﺘﻦ ﺑﻪ  ،60ċاﺳﺘﻔﺎده ﻣﻲﺷﻮد.

ﻣﺸﻌﻞ ﮔﺮﻣﺎﻳﺸﻲ ﺟﻬﺖ ﺣﺮارت ﺑﻪ ﻗﺴﻤﺖ ﭘﺎﻳﻴﻦ ﺗﺎﻧﻜﺮ آب ﺑﭽﻴﻨﮓ

ﺑﭽﻴﻨﮓ ﺑﺘﻦ زﻣﺴﺘﺎن 87

ﺟﻠﻮﮔﻴﺮي از ﻳﺦ زدن ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ
ﺑﺎ اﺟﺮاي ﻟﻮﻟﻪﻛﺸﻲ در ﻣﺤﻞ دﭘﻮي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ و ﻧﺼﺐ ﮔﺮم ﻛﻦ ﺑﺎ ﻣﺸﻌﻞ ﮔﺎزو ﺋﻴﻠﻲ و ﻋﺒﻮر دادن ﻫﻮاي ﮔـﺮم از
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داﺧﻞ ﻟﻮﻟﻪﻫﺎ ،از ﻳﺦ زدﮔﻲ ﻣﺼﺎﻟﺢ ﺟﻠﻮﮔﻴﺮي ﻣﻲﺷﻮد.

ﻣﺸﻌﻞ ﮔﺮﻣﺎﻳﺸﻲ

ﻟﻮﻟﻪ ﮔﺮﻣﺎﻳﺸﻲ

ﺟﻬﺖ ﺣﻔﻆ ﺣﺮارت در ﻣﺤﻞ دﭘﻮي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ ،ﺳﻄﺢ ﻣﺼﺎﻟﺢ را ﺑﺎ رولﻫـﺎي ﭘـﺸﻢ ﺷﻴـﺸﻪ )ﺑـﺎ ﻛـﺎور ﻧـﺎﻳﻠﻮﻧﻲ(
ﭘﻮﺷﺎﻧﻴﺪه و ﺑﺮ روي آن ﭼﺎدر ﺑﺮزﻧﺘﻲ ﻛﺸﻴﺪه ﻣﻲﺷﻮد.
در ﻗﺴﻤﺖ ﭘﺎﻳﻴﻦ ﺑﺎ ﮔﺬاﺷﺘﻦ ﻳﻚ ﺧﺮك و اﻳﺠﺎد اﺧﺘﻼف ارﺗﻔﺎع ،ﺑﺎ ﻗﺮار دادن ﻫﻴﺘﺮﻫﺎي ﺑﺮﻗﻲ ﻓﻦ دار ،ﺳﻄﺢ ﻓﻮﻗـﺎﻧﻲ
ﻣﺼﺎﻟﺢ ﮔﺮم ﻧﮕﻪ داﺷﺘﻪ ﻣﻲﺷﻮد.

ﭘﻮﺷﺶ دﭘﻮي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ

 -4ﺗﺎﻣﻴﻦ ﮔﺮﻣﺎﻳﺶ داﺧﻞ ﻗﺎﻟﺐﻫﺎي ﺗﻮﻧﻠﻲ

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 73 /....

ﺟﻬﺖ ﺟﻠﻮﮔﻴﺮي از اﻓﺖ دﻣﺎي ﺑﺘﻦ ﻫﻨﮕﺎم ﺑﺘﻦ رﻳﺰي ﺣﺪود  12ﺳﺎﻋﺖ ﻗﺒﻞ از ﺑﺘﻦ رﻳـﺰي ﺑـﺎ ﻗـﺮار دادن ﻫﻴﺘﺮﻫـﺎي
ﺑﺮﻗﻲ ﻓﻦ دار در داﺧﻞ ﻗﺎﻟﺐﻫﺎي ﺗﻮﻧﻠﻲ و اﺳﺘﺘﺎر آﻧﻬﺎ در ﻗﺴﻤﺖ ﺧﺮوﺟﻲ ﺑﺎ ﭼﺎدر ،ﮔﺮﻣﺎﻳﺶ داﺧﻞ ﻗﺎﻟﺐ ﺗـﻮﻧﻠﻲ ﺗـﺎﻣﻴﻦ
ﺷﺪه و دﻣﺎي ﻗﺎﻟﺐﻫﺎ ﺑﻪ  10°Cﻣﻲرﺳﺪ.

ﻫﻴﺘﺮ ﺑﺮﻗﻲ ﻓﻦدار

اﺳﺘﺘﺎر ﻗﺴﻤﺖ ﺧﺮوﺟﻲ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ

 –5ﻋﻤﻞ آوري و ﻛﻨﺘﺮل دﻣﺎي ﺑﺘﻦ
ﺑﻪ ﻣﻨﻈﻮر ﺟﻠﻮﮔﻴﺮي از اﻓﺖ دﻣﺎي ﺑﺘﻦ در ﻣﺤﻞ ﺑـﺘﻦ رﻳـﺰي ،ﻣﻘـﺪار ﺗﻬﻴـﻪ ﺑـﺘﻦ در ﺑﭽﻴﻨـﮓ در ﻫـﺮ ﻣﺮﺣﻠـﻪ ،ﺑـﻪ 2
ﻣﺘﺮﻣﻜﻌﺐ ﺗﻘﻠﻴﻞ و ﺑﺪﻳﻦ ﺗﺮﺗﻴﺐ ﻣﺪت زﻣﺎن ﺣﻤﻞ ﻣﺼﺮف ﺑﺘﻦ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.

ﭘﻮﺷﺶ روي ﺑﺘﻦ ﺗﻮﺳﻂ ﭘﺸﻢ ﺷﻴﺸﻪ و ﺑﺮزﻧﺖ

ﭘﺲ از اﺗﻤﺎم ﺑﺘﻦ رﻳﺰي ،ﮔﺮﻣﺎﻳﺶ داﺧﻞ ﻗﺎﻟﺐﻫﺎي ﺗﻮﻧﻠﻲ ﺗﺎ ﻣﺪت  48ﺳﺎﻋﺖ ﺑﻌﺪ از ﺑﺘﻦ رﻳﺰي اداﻣﻪ ﻳﺎﻓﺘـﻪ و ﺳـﻄﺢ
ﺑﺘﻦ ﺑﺎ ﭘﺸﻢ ﺷﻴﺸﻪ ﭘﻮﺷﺎﻧﻴﺪه و ﺑﺮ روي ﭘﺸﻢ ﺷﻴﺸﻪ ﻧﻴﺰ ﻫﻤﺎﻧﻨﺪ ﭘﻮﺷﺶ روي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ ،ﭼﺎدر ﻛﺸﻴﺪه ﻣﻲﺷﻮد ،و
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آرﻣﺎﺗﻮرﻫﺎي اﻧﺘﻈﺎر رﻳﺸﻪ دﻳﻮارﻫﺎ ﺑﺎ ﻧﺎﻳﻠﻮن ﭘﻮﺷﺎﻧﺪه ﻣﻲﺷﻮد .ﺑﺎ رﻋﺎﻳﺖ ﻣﻮارد ﻓﻮق اﻟﺬﻛﺮ ﺗﺎ دﻣﺎي  -18 ċﻧﻴـﺰ ﺑـﺘﻦ
رﻳﺰي اﻧﺠﺎم ﮔﺮدﻳﺪ .در زﻣﺴﺘﺎن ﺳﺎل  86ﻛﻪ ﻣﺘﻮﺳﻂ دﻣﺎي ﺷﻬﺮ ﺟﺪﻳﺪ ﺳﻬﻨﺪ ﺑﻪ دﻣﺎي  -15 ċرﺳﻴﺪ ،ﻛﻞ ﺗﻌﻄﻴﻠـﻲ
ﭘﺮوژه ﺑﻪ ﻣﺪت  8روز آن ﻫﻢ ﺑﺪﻟﻴﻞ ﻛﻮﻻك ﺷﺪﻳﺪ ﺑﻮد.

ﺑﺘﻦرﻳﺰي در ﺷﺐ

ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺑﺘﻨﻲ و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ

 – 1اﻗﺪاﻣﺎت اﻧﺠﺎم ﮔﺮﻓﺘﻪ ﺟﻬﺖ ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺑﺘﻨﻲ
در راﺳﺘﺎي ﺗﺤﻘﻖ و ﻧﻴﻞ ﺑﻪ اﻫﺪاف ﻛﻴﻔﻲ ﺗﻌﻴﻴﻦ ﺷﺪه از ﻃﺮف ﺷﺮﻛﺖ ﻣﺎدر در ﺳﺎل  87ﻛﻪ ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي
اﺳﻜﻠﺖ ﺑﺘﻨﻲ ﭘﺮوژه آذران ﺑﻪ ﻣﻴﺰان  50درﺻﺪ ﻧﺴﺒﺖ ﺑﻪ ﺳﺎل  86ﻣﺪ ﻧﻈﺮ ﻗﺮار ﮔﺮﻓﺘـﻪ ،از ﻫﻤـﺎن اﺑﺘـﺪاي ﺳـﺎل 87
ﺑﺮاي ﻫﺮ ﻳﻚ از ﺑﻠﻮكﻫﺎ ،ﻣﻄﺎﺑﻖ ﻧﻤﻮدارﻫﺎي ﭘﻴﻮﺳﺘﻲ )ﺻـﻔﺤﺎت  52اﻟـﻲ  (64ﺟﻬـﺖ ﻣﻘﺎﻳـﺴﻪ ﻣـﺪت زﻣـﺎن اﺟـﺮا،
ﺷﻨﺎﺳﻨﺎﻣﻪ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺗﻬﻴﻪ ﮔﺮدﻳﺪ ﺑﻪ ﻃﻮرﻳﻜﻪ ﺑﻴﺸﺘﺮﻳﻦ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﻣﺮﺑـﻮط ﺑـﻪ ﺑﻠـﻮك
 A1در ﻣﺪت  128روز و ﻛﻤﺘﺮﻳﻦ ﻣﺪت اﺟﺮا ﻣﺮﺑﻮط ﺑﻪ ﺑﻠﻮك  A3در ﻣﺪت  73روز اﻧﺠﺎم ﮔﺮﻓﺘﻪ اﺳﺖ.
ﺑﻴﺸﺘﺮﻳﻦ زﻣﺎن اﺟﺮاي ﻳﻚ ﻧﻴﻢ ﺳﺖ در ﺑﻠﻮك  A1ﺑﻪ ﻣﺪت  8روز و ﺑﺎ ﻣﻄﺎﻟﻌﻪ و رﻓﻊ ﻣﻮاﻧﻊ ،در ﺑﻠﻮك  B3ﺑـﻪ  2روز
رﺳﻴﺪ
ﺑﻄﻮر ﺧﻼﺻﻪ ﻣﻮاردﻳﻜﻪ در ﺳﺮﻋﺖ دادن ﻛﺎر اﺟﺮا ي اﺳﻜﻠﺖ ﻧﻘﺶ اﺳﺎﺳﻲ داﺷﺘﻪ اﻧﺪ ﺑﻪ ﺷﺮح زﻳﺮ ﻣﻲﺑﺎﺷﺪ:

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 75 /....

 -1اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﺑﺘﻦ رﻳﺰي ﺑﺎ اﺿﺎﻓﻪ ﻛﺮدن ﺣﺠﻢ ﭘﺎﻛﺖ ﺑﻪ ﻣﻴﺰان  0/8ﻣﺘﺮﻣﻜﻌﺐ

اﻓﺰاﻳﺶ ﺣﺠﻢ ﭘﺎﻛﺖ ﺑﺘﻦ ﺑﻪ ﻣﻘﺪار  0/8ﻣﺘﺮﻣﻜﻌﺐ

 -2ﻛﻮﺗﺎه ﻧﻤﻮدن ﻣﺴﻴﺮ ﺣﻤﻞ ﺑﺘﻦ و اﺿﺎﻓﻪ ﻧﻤﻮدن ﺗﺮاك ﻣﻴﻜﺴﺮ ﺟﻬﺖ ﺣﻤﻞ ﺑﺘﻦ.
 -3اﻓﺰودن ﺗﻌﺪاد ﻧﻔﺮات ﭘﻴﻤﺎﻧﻜﺎر
 -4ﺑﻪ ﻣﻨﻈﻮر ﺟﺎﺑﺠﺎﻳﻲ ﻗﺎﻟﺐﻫﺎي ﻛﻨﺎري ،ﻣﻴﺎﻧﻲ و Plat formﻫﺎ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﺧﺘﻼف ﻣﺤﻞ ﺑـﺴﺖ ﻗﺎﻟـﺐ ،از ﺳـﻴﻢ
ﺑﻜﺴﻞ ﺟﺪاﮔﺎﻧﻪ ﻣﺨﺼﻮص ﺑﻪ ﻫﻤﺎن ﻗﺎﻟﺐ اﺳﺘﻔﺎده ﻣﻲﺷﺪ ﻛﻪ ﺑﺎز و ﺑﺴﺘﻪ ﻛﺮدن ﻣﺠﺪد ﺳﻴﻢ ﺑﻜﺴﻞﻫـﺎ ﺑﺎﻋـﺚ ﻛﻨـﺪي
ﻋﻤﻠﻴﺎت ﻣﻲﮔﺮدﻳﺪ ،ﺑﺎ ﺗﺠﻤﻴﻊ ﻛﻞ ﺳﻴﻢ ﺑﻜﺴﻞﻫﺎ در ﻗﻼب ﺗﺎورﻛﺮﻳﻦ و ﺗﻌﻮﻳﺾ از ﻫﻤﺎن ﻗـﺴﻤﺖ ﺳـﺮﻋﺖ ﺟﺎﺑﺠـﺎﻳﻲ
ﻗﺎﻟﺐﻫﺎ اﻓﺰاﻳﺶ ﻳﺎﻓﺖ.

ﺗﺠﻤﻴﻊ ﺳﻴﻢ ﺑﻜﺴﻞﻫﺎ در ﻗﻼب ﺗﺎور ﺟﻬﺖ ﺟﺎﺑﺠﺎﻳﻲ ﺳﺮﻳﻊ ﻗﺎﻟﺐﻫﺎ

 -5اﻧﺠﺎم ﻋﻤﻠﻴﺎت ﺗﻤﻴﺰ ﻛﺎري و روﻏﻦ ﻛﺎري ﻗﺎﻟﺐﻫﺎ ﺑﻪ ﻫﻨﮕـﺎم ﺧـﺮوج ﺑـﺮروي ﭘﻠـﺖ ﻓـﺮم ) (PLAT FORMو
اﻧﺘﻘﺎل ﺑﻪ ﻧﻴﻢ ﺳﺖ دﻳﮕﺮ )ﺗﻮﺿﻴﺢ اﻳﻨﻜﻪ ﻗﺒﻼ ﻛﺎر ﺗﻤﻴﺰ ﻛﺎري و روﻏﻦ ﻛﺎري ﻗﺎﻟﺐﻫﺎ ﭘﺲ از اﻧﺘﻘﺎل آﻧﻬﺎ ﺑﻪ ﺳﻄﺢ زﻣﻴﻦ
ﺻﻮرت ﻣﻲﮔﺮﻓﺖ و ﺳﭙﺲ ﺑﻪ ﻧﻴﻢ ﺳﺖ ﺑﻌﺪي اﻧﺘﻘﺎل داده ﻣﻲﺷﺪ(
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ﺗﻤﻴﺰﻛﺎري و روﻏﻦ ﻛﺎري ﻗﺎﻟﺐﻫﺎ در روي ﭘﻠﺖ ﻓﺮمﻫﺎ

 -6ﺗﻌﻠﻴﻢ و آﻣﻮزش ﻛﺎرﮔﺮان و اﺳﺘﺎدﻛﺎران ﺟﻬﺖ اﻓﺰاﻳﺶ ﺑﻴﻨﺶ آﻧﻬﺎ ﺑﻪ اﺣﺪاث ﺳﺎﺧﺘﻤﺎن ﺑﺎ دﻳﺪ ﺻﻨﻌﺘﻲ
 -7ﺗﻌﺮﻳﻒ وﻇﻴﻔﻪ و ﺗﺨﺼﺺ ﺧﺎص ﺑﺮاي ﻫﺮ ﻧﻔﺮ )ﻣﺜﻼ ﻧﺼﺎب ﺑﺎز ﺷﻮ ،ﻧﺼﺎب ﻗﺎﻟﺐﻫﺎي ﻛﻨﺎري و ﻏﻴﺮه(
 -8اﻓﺰاﻳﺶ ﺳﺎﻋﺎت ﻛﺎري ﻛﺎرﮔﺎه )ﺷﺮوع ﺗﺎﻳﻢ ﻛﺎري در ﺗﺎﺑﺴﺘﺎن از ﺳﺎﻋﺖ  6ﺻﺒﺢ ﺗﺎ  20ﺷﺐ(
 -9اﻧﺘﺨﺎب ﭘﻴﻤﺎﻧﻜﺎر ﺟﺪاﮔﺎﻧﻪ ﺟﻬﺖ اﺟﺮاي ﻛﻠﻴﻪ ﻋﻤﻠﻴﺎت ﺟﻮﺷﻜﺎري در دﻳﻮارﻫﺎ و ﺳﻘﻒﻫﺎ
 -2ﻣﻄﺎﻟﻌﻪ و ﺑﺮرﺳﻲ در ﺳﺮﻋﺖ دادن ﺑﻪ ﻋﻤﻠﻴﺎت اﻟﻜﺘﺮﻳﻜﻲ
 -1ﻟﻮﻟﻪﻫﺎي ﺗﻮﻟﻴﺪي ﻛﺎرﺧﺎﻧﻪ ﻳﺰد ﭘﻮﻟﻴﻜﺎ از ﻧﻮع  PVCﻃﻮﺳﻲ ﻧﺴﻮز ﻛﻪ ﻗﺒﻼ اﺳـﺘﻔﺎده ﻣـﻲﺷـﺪ و ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري
ﻋﻤﻮدي ﻛﺎﻓﻲ ﻧﺪاﺷﺖ ﺑﺎ ﻧﻮع ﭘﻠﻴﻜﺎي  PVCﺳﺨﺖ ﻧﺴﻮز ﺳﻔﻴﺪ ﺗﻮﻟﻴﺪي ﻛﺎرﺧﺎﻧﻪ ﺛﺎﺑﺖ ﭘﻠﻲ اﺗﻴﻠﻦ ﺗﻌﻮﻳﺾ ﺷﺪ ﻛﻪ اﻳﻦ
اﻣﺮ ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﺗﻌﺪاد ﻟﻮﻟﻪﻫﺎي ﺷﻜﺴﺘﻪ ﺷﺪه در ﻣﺮﺣﻠﻪ اﺟﺮاي ﻣﺶ دوم ﺳﻘﻒ و ﺑﺘﻦ رﻳﺰي ﮔﺮدﻳﺪ.
 -2ﺗﻬﻴﻪ ﻧﻘﺸﻪ ﺛﺎﺑﺖ SHOP DRAWING
 -3ﺗﻬﻴﻪ ﺷﺎﺑﻠﻦ و ﻓﻨﺮ ﺧﻢ ﻣﺘﻨﺎﺳﺐ ﺑﺎ ﺳﺎﻳﺰ ﻟﻮﻟﻪ ﺟﻬﺖ اﻳﺠﺎد ﺧﻢ ﻟﻮﻟﻪﻫﺎي ﺑﺮق دﻳﻮارﻫﺎ

ﺧﻢ ﻛﺎري ﻟﻮﻟﻪﻫﺎ ﺑﺎ اﺳﺘﻔﺎده از ﻓﻨﺮ و ﺷﺎﺑﻠﻦ ﺧﻢ

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 77 /....

 -4ﺗﻬﻴﻪ ﺷﺎﺑﻠﻦ ﺟﻬﺖ ﺳﺎﺧﺖ ﺑﻮﺷﻨﻬﺎي ﺳﺮ ﻟﻮﻟﻪﻫﺎي ﺑﺮق دﻳﻮارﻫﺎ ﺑﺼﻮرت ﺳﺮي
 -5ﺳﻮراخ ﻛﺎري ﻣﺤﻞ ورود ﻟﻮﻟﻪﻫﺎ ﺑﻪ ﻗﻮﻃﻲﻫﺎي ﻛﻠﻴﺪ و ﭘﺮﻳﺰ ﺑﻪ ﺻﻮرت ﺳﺮي
 -6ﺗﻬﻴﻪ ﭘﻼ ﺳﺘﻔﻮم ﺟﻬﺖ ﻣﺤﻞ ﻗﺮارﮔﻴﺮي ﻟﻮﻟﻪﻫﺎي اﻧﺘﻈﺎر ﺳﻘﻒ و دﻳﻮار و ﻣﺤﻞ ﺑﺎز ﺷﻮﻫﺎ ﺑﺎ ﺗﻮﺟﻪ ﺑـﻪ اﺑﻌـﺎد آﻧﻬـﺎ و
اﻳﺠﺎد ﺳﻮراﺧﻬﺎي ﻻزم در آﻧﻬﺎ ﺑﻪ ﺻﻮرت ﺳﺮي.

اﺳﺘﻔﺎده از ﭘﻼ ﺳﺘﻔﻮم ﺟﻬﺖ ﻣﺤﻞ ﻗﺮارﮔﻴﺮي ﻟﻮﻟﻪﻫﺎي اﻧﺘﻈﺎر ﺳﻘﻒ

اﺳﺘﻔﺎده از ﭘﻼ ﺳﺘﻔﻮم ﺟﻬﺖ ﻣﺤﻞ ﻗﺮارﮔﻴﺮي ﻟﻮﻟﻪﻫﺎي اﻧﺘﻈﺎر دﻳﻮار

 -7ﻋﻼﻣﺖ ﮔﺬاري ﻟﻮﻟﻪﻫﺎ ﺑﺎ رﻧﮕﻬﺎي ﻣﺘﻨﻮع ﺑﺮاي ﺷﻨﺎﺳﺎﻳﻲ ﻣﺤﻞ ﺳﻴﺴﺘﻤﻬﺎي ﻣﺨﺘﻠﻒ از ﺟﻤﻠﻪ روﺷﻨﺎﺋﻲ ﭘﺮﻳﺰ ﺑـﺮق و
ﺗﻠﻔﻦ و آﻧﺘﻦ و درب ﺑﺎز ﻛﻦ ﺑﺮاي ﺗﺴﺮﻳﻊ در ﻟﻮﻟﻪ ﮔﺬاري ﺳﻘﻒ درﻛﺎرﮔﺎه ﻣﻮﻗﺖ.
 -8ﻛﺪ ﮔﺬاري و دﺳﺘﻪ ﺑﻨﺪي ﻟﻮﻟﻪﻫﺎي ﺧﻢ و ﻏﻼﻓﻬﺎي ﺟﻔﺖ و ﺗﻜﻲ و ﻗﻮﻃﻲﻫﺎي ﺳﻮراخ ﺷﺪه ﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﺗﻌـﺪاد
ﺳﺎﻳﺰ آﻧﻬﺎ در ﻧﻘﺸﻪ  SHOP DRAWINGﺟﻬﺖ ﺟﻠﻮ ﮔﻴﺮي از اﺷﺘﺒﺎه ﻧﻔﺮات ﭘﻴﻤﺎﻧﻜﺎر در ﻣﺮﺣﻠﻪ اﺟﺮا.
 -9ﻛﺪﮔﺬاري و دﺳﺘﻪ ﺑﻨﺪي ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﻌﺪاد آﻧﻬـﺎ در ﻧﻘـﺸﻪ  SHOP DRAWINGﺟﻬـﺖ ﺟﻠـﻮﮔﻴﺮي از اﺷـﺘﺒﺎه
ﻧﻔﺮات ﭘﻴﻤﺎﻧﻜﺎر در ﻣﺮﺣﻠﻪ اﺟﺮا ﺻﻮرت ﻣﻲﮔﻴﺮد.
 -10ﺳﺎﺧﺖ ﻏﻼف ﻓﻠﺰي ﻗﻮﻃﻲﻫﺎي ﻛﻠﻴﺪ و ﭘﺮﻳﺰ از ﻟﻮﻟﻪ ﺳﺒﻚ ﻧﺮده اي ﺑﻪ ﻗﻄﺮ  2 1/4اﻳﻨﭻ و ﺟﻮش  2ﻋﺪد ﻣﻴﻠﮕﺮد
ﻧﻤﺮه  5ﺑﻄﻮل  40ﺳﺎﻧﺘﻲ ﻣﺘﺮ و ﺑﺴﺘﻦ آن ﺑﺎ ﺳﻴﻢ آرﻣﺎﺗﻮرﺑﻨﺪي ﺑﻪ ﻣﺶ دﻳﻮارﻫﺎ ،ﺟﻬﺖ ﻗﺮارﮔﻴﺮي ﻣﺤﻞ دﻗﻴﻖ ﻗـﻮﻃﻲ
ﻛﻠﻴﺪ و ﭘﺮﻳﺰ و ﻓﺎﺻﻠﻪ از دﻳﻮاره ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ
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ﻏﻼف ﻗﻮﻃﻲﻫﺎي ﻛﻠﻴﺪ و ﭘﺮﻳﺰ

 -11ﺣﻀﻮر ﻣﺴﺘﻤﺮ ﻧﺎﻇﺮ ﺗﺎﺳﻴﺴﺎت ﺑﺮﻗﻲ در زﻣﺎن ﺑﺘﻦ رﻳﺰي و آﻣﻮزش ﻳﻚ ﻧﻔﺮ ﺑﻪ ﻋﻨﻮان ﻛﺎرﮔﺮ ﻓﻨﻲ ﺟﻬﺖ ﻛﻨﺘـﺮل
و ﺗﺮﻣﻴﻢ ﻟﻮﻟﻪﻫﺎ در ﺻﻮرت ﺷﻜﺴﺘﮕﻲ ﻟﻮﻟﻪﻫﺎ در ﺣﻴﻦ ﺑﺘﻦ رﻳﺰي

ﺗﺮﻣﻴﻢ ﺷﻜﺴﺘﮕﻲ ﻟﻮﻟﻪﻫﺎ در ﺣﻴﻦ ﺑﺘﻦ رﻳﺰي

 -3ﻣﻄﺎﻟﻌﻪ و ﺑﺮرﺳﻲ در ﺳﺮﻋﺖ دادن ﺑﻪ ﻋﻤﻠﻴﺎت ﻣﻜﺎﻧﻴﻜﻲ
 -1ﻟﻮﻟﻪﻛﺸﻲ ﺳﻴﺴﺘﻢ ﻓﺎﺿﻼب و وﻧﺖ )ﻟﻮﻟﻪﻫﺎي ﺑﻪ ﻗﻄﺮ  50اﻟﻲ  63ﻣﻴﻠﻴﻤﺘﺮي( ﻣﻌﻤﻮﻻٌ ﺑﺎ اﻧﺠﺎم ﺷﻴﺎرﻛﻨﻲ و ﺑﺮش
ﻛﺎري دﻳﻮارﻫﺎي داﺧﻠﻲ و ﺧﺎرﺟﻲ ﺻﻮرت ﻣﻲﮔﺮﻓﺖ ﻛﻪ ﻣﻮﺟﺐ ﺗﺨﺮﻳﺐ دﻳﻮارﻫﺎ و اﻓﺰاﻳﺶ ﻧﺨﺎﻟﻪ ﻣﻲﺷـﺪ .در ﭘـﺮوژه
آذران ﻳﻚ ﻏﻼف از ﺟﻨﺲ ﻟﻮﻟﻪ  PVCﺑﺎ ﻳﻚ ﺳﺎﻳﺰ ﺑﺰرﮔﺘﺮ از ﻟﻮﻟﻪ ﻣﻮرد ﻧﻈﺮ ﻫﻤﺰﻣﺎن ﺑﺎ اﺟﺮاي دﻳﻮارﻫـﺎ در داﺧـﻞ
دﻳﻮار ﻗﺮار داده و ﺑﻌﺪ از اﺗﻤﺎم دﻳﻮارﭼﻴﻨﻲ ﻏﻼف را ﺑﺮداﺷﺘﻪ و ﺑﺮاي اﺳﺘﻔﺎده ﻣﺠﺪد ﺑﻪ ﻃﺒﻘﻪ دﻳﮕﺮ اﻧﺘﻘﺎل ﻣﻲﻳﺎﺑـﺪ ﻛـﻪ
ﺑﺪﻳﻦ ﺗﺮﺗﻴﺐ از ﺗﺨﺮﻳﺐ دﻳﻮار ﺟﻠﻮﮔﻴﺮي ﻣﻲﺷﻮد.

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 79 /....

اﺳﺘﻔﺎده از ﻏﻼف ﺟﻬﺖ ﺟﻠﻮﮔﻴﺮي از ﺗﺨﺮﻳﺐ دﻳﻮارﻫﺎ در ﻫﻨﮕﺎم ﻟﻮﻟﻪ ﻛﺸﻲ

 -2ﻣﺤﻞ ﻋﺒﻮر ﻟﻮﻟﻪﻫﺎي آب ﺷﻬﺮي ﺑﻪ داﺧﻞ واﺣﺪﻫﺎ ،ﻣﻄﺎﺑﻖ ﻧﻘﺸﻪﻫﺎي اﺟﺮاﻳـﻲ در ﻣـﺸﺎﻋﺎت و داﺧـﻞ واﺣـﺪﻫﺎ ﺑـﻪ
ﺻﻮرت زﻳﺮﺳﻘﻔﻲ ﻣﺸﺨﺺ و از ﻧﻈﺮ ﻣﻌﻤﺎري ﻧﻴﺎز ﺑﻪ اﺟﺮاي ﺳﻘﻒ ﻛﺎذب دارد .در ﺑﻠﻮكﻫـﺎي ﺗﻴـﭗ  Aﻟﻮﻟـﻪﻫـﺎي
ﻧﻤﺎﻳﺎن ﺑﻪ ﻣﻘﺪار  4032ﻣﺘﺮﻃﻮل و در ﺗﻴﭗ  Bﺑﻪ ﻣﻘﺪار  1620ﻣﺘﺮﻃﻮل ﻣﻲﺑﺎﺷـﺪ .ﺑـﺎ ﺗﻐﻴﻴـﺮ ﻧﻘـﺸﻪﻫـﺎي اﺟﺮاﻳـﻲ و
اﺟﺮاي ﻟﻮﻟﻪﻫﺎ ﺑﺼﻮرت ﺗﻮﻛﺎر از ﻫﺰﻳﻨﻪ ﻣﺮﺑﻮط ﺑﻪ ﺧﺮﻳﺪ ﻣﺼﺎﻟﺢ و دﺳﺘﻤﺰد اﺟﺮاي ﺳﻘﻒ ﻛﺎذب ﺷﺎﻣﻞ )ﺧﺮﻳﺪ ﻣﺼﺎﻟﺢ از
ﻗﺮار ﻫﺮ ﻣﺘﺮﻃﻮل ﺑﻪ ﻣﺒﻠﻎ  50000رﻳﺎل – راﺑﻴﺘﺲ ﺑﻨﺪي  5000رﻳﺎل – ﮔﭻ و ﺧﺎك  25000رﻳﺎل – دﺳـﺘﻤﺰد آﻫـﻦ
ﻛﺸﻲ ﺑﻪ ﻣﺒﻠﻎ  30000رﻳﺎل( ﺟﻤﻌﺎً ﺑﻪ ازاي ﻫﺮ ﻣﺘﺮﻃﻮل ﺑﻪ ﻣﺒﻠﻎ  100000رﻳﺎل ،ﺑﻪ ﻣﺒﻠﻎ ﻛﻞ  565/200/000رﻳـﺎل
ﺻﺮﻓﻪ ﺟﻮﻳﻲ ﮔﺮدﻳﺪ.
 -3اﺟﺮاي ﺳﺎﭘﻮرت ﻟﻮﻟﻪﻫﺎ در داﻛﺘﻬﺎي ﺗﺎﺳﻴﺴﺎﺗﻲ ﻣﻌﻤﻮﻻٌ ﭘﺲ از اﺗﻤـﺎم اﺳـﻜﻠﺖ اﻧﺠـﺎم ﻣـﻲﺷـﻮد .در ﭘـﺮوژه آذران
ﻋﻤﻠﻴﺎت آﻫﻦ ﻛﺸﻲ داﻛﺘﻬﺎ ﺑﺎ اﺳﺘﻔﺎده از ﻣﺼﺎﻟﺢ ﭘﺮت ﺣﺎﺻﻞ از ﻧﺒﺸﻲ ﻛﺸﻲ دﻳﻮارﻫﺎي ﺧﺎرﺟﻲ ،ﻫﻤﺰﻣـﺎن ﺑـﺎ اﺟـﺮاي
اﺳﻜﻠﺖ ﺑﺎ ﻗﺮار ﮔﺮﻓﺘﻦ ﺷﺎﺧﻜﻬﺎي ﻓﻠﺰي در داﺧﻞ ﺑﺘﻦ اﺟﺮا ﻣﻲﺷﻮد.

آﻫﻦﻛﺸﻲ داﻛﺘﻬﺎ در ﺣﻴﻦ ﺑﺘﻦ رﻳﺰي

 -4ﺟﻬﺖ ﻛﺎﻫﺶ ﻋﻤﻠﻴﺎت آﻫﻦ ﻛﺸﻲ در ﭼﺎﻫﻚﻫﺎي آﺳﺎﻧـﺴﻮر ﺑﻠـﻮكﻫـﺎي ﺗﻴـﭗ  Aو  ،Bدﻳﻮارﻫـﺎي ﺑﺮﺷـﻲ در
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ﻃﺒﻘﺎت )ﻳﻚ ﺿﻠﻊ در ﺑﻠﻮك  Aو ﺳﻪ ﺿﻠﻊ در ﺑﻠﻮك  (Bﭘﻠﻴﺖﮔﺬاري ﺷﺪه و از ﺣﺠﻢ ﻋﻤﻠﻴﺎت آﻫﻦ ﻛﺸﻲ ﺑـﻪ ﻣﻘـﺪار
 60درﺻﺪ در ﺑﻠﻮكﻫﺎي ﺗﻴﭗ  Bو  30درﺻﺪ در ﺑﻠﻮكﻫﺎي ﺗﻴﭗ  Aﻛﺎﺳﺘﻪ ﺷﺪه اﺳﺖ.

ﭘﻠﻴﺖ ﮔﺬاري دﻳﻮار ﺑﺘﻨﻲ ﭼﺎﻫﻚﻫﺎي آﺳﺎﻧﺴﻮر

 -5ﻧﻘﺸﻪﻫﺎي ﺗﺎﺳﻴﺴﺎت ﻣﻜﺎﻧﻴﻜﻲ در راﺑﻄﻪ ﺑﺎ ﻫﻤﺎﻫﻨﮕﻲ ﻣﺤﻞ اوﭘﻨﻴﻨـﮓﻫـﺎ )داﻛﺘﻬـﺎي ﺗﺎﺳﻴـﺴﺎﺗﻲ( ﺑـﺎ ﻧﻘـﺸﻪﻫـﺎي
ﻣﻌﻤﺎري و ﺳﺎزه و ﺑﺎ در ﻧﻈﺮ ﮔﺮﻓﺘﻦ ﻃﻮل اﺗﺼﺎﻻت ﻣﺼﺎﻟﺢ ﻣﺼﺮﻓﻲ در ﻟﻮﻟﻪ ﻛﺸﻲ ﺳﻴـﺴﺘﻢ ﻓﺎﺿـﻼب ﺳـﺮوﻳﺲﻫـﺎ و
راﻳﺰرﻫﺎي آب ﺑﺎران اﺻﻼح ﺷﺪه و در اﻳﻦ راﺑﻄﻪ ﻧﻘﺸﻪﻫﺎي ازﺑﻴﻠﺖ  SHOP-DROWINGﺗﻬﻴﻪ ﮔﺮدﻳﺪ.
 -6ﺟﻬﺖ اﺟﺮاي ﺑﺎزﺷﻮﻫﺎي ﻣﺮﺑﻮط ﺑﻪ ﺗﺎﺳﻴﺴﺎت ﻣﻜﺎﻧﻴﻜﻲ در ﺳﻘﻒﻫﺎ در زﻣﺎن ﺑﺘﻦ رﻳﺰي ﺳﻘﻒ ،ﻧﺴﺒﺖ ﺑـﻪ ﺳـﺎﺧﺖ
ﻗﺎﻟﺐﻫﺎي ﻓﻠﺰي ﻣﺮﺑﻮط ﺑﻪ ﻣﺤﻞ ﻋﺒﻮر ﻟﻮﻟﻪ ﺑﺎ دو ﺳﺎﻳﺰ ﺑﻴﺸﺘﺮ از ﻗﻄﺮ ﻟﻮﻟﻪﻫﺎ ﺑﻪ ﺷﻜﻞ ﻛﻮﻧﻴﻚ اﻗﺪام ﮔﺮدﻳﺪ.
ﺑﺮاي اﻳﻨﻜﻪ ﻣﺤﻞ ﺑﺎزﺷﻮﻫﺎ در ﻃﺒﻘﺎت در اﻣﺘﺪاد ﻫﻢ ﻗﺮار ﺑﮕﻴﺮﻧﺪ ،ﻣﺨﺘﺼﺎت ﻣﺮﻛﺰ ﺑﺎزﺷﻮ در ﺳﻘﻒ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ ﺳـﻮراخ
ﻛﺎري ﺷﺪه و ﺑﺎ ﻗﺮار ﮔﻴﺮي ﭘﻴﻦ ﻗﺎﻟﺐ ﺑﺎزﺷﻮ )ﻣﻴﻠﮕﺮد ﻧﻤﺮه  (16در ﺳﻮراخ ﻣﺬﻛﻮر و ﺑﻌﺪ از ﮔﻴـﺮش اوﻟﻴـﻪ ﺑـﺘﻦ ،ﻗﺎﻟـﺐ
ﻣﺬﻛﻮر ﺑﺮاي اﺳﺘﻔﺎده در ﺳﻘﻒ ﻃﺒﻘﻪ ﺑﻌﺪي ﺑﺮداﺷﺘﻪ ﻣﻲﺷﻮد.

ﻗﺎﻟﺐ ﻓﻠﺰي ﻣﺤﻞ ﻋﺒﻮر ﻟﻮﻟﻪﻫﺎ از ﺳﻘﻒ ﺑﺘﻨﻲ

CD03-009

ﺑﺮرﺳﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در ﻋﺮﺷﻪ ﺗﻌﺪادي از ﭘﻞﻫﺎي راهآﻫﻦ واﻗﻊ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي اﻳﺮان
ﻣﺤﻤﺪ ﺷﻜﺮﭼﻲ زاده ،1ﺳﻴﺪ رﺣﻤﺎن ﻃﺎﻫﺮي ،2ﻣﺤﺴﻦ ﺗﺪﻳﻦ ،3ﻓﺮﻫﺎد ﭘﺮﮔﺮ  ،4ﻣﺼﻄﻔﻲ ﺣﻖ ﻃﻠﺐ
 .1ﻋﻀﻮ ﻫﻴﺌﺖ ﻋﻠﻤﻲداﻧﺸﻜﺪة ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،ﭘﺮدﻳﺲ داﻧﺸﻜﺪهﻫﺎي ﻓﻨﻲ داﻧﺸﮕﺎه ﺗﻬﺮان
 .2داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،ﭘﺮدﻳﺲ داﻧﺸﻜﺪهﻫﺎي ﻓﻨﻲ داﻧﺸﮕﺎه ﺗﻬﺮان
 .3ﻋﻀﻮ ﻫﻴﺌﺖ ﻋﻠﻤﻲداﻧﺸﻜﺪه ﻓﻨﻲ ،داﻧﺸﮕﺎه ﺑﻮﻋﻠﻲ ﺳﻴﻨﺎ ﻫﻤﺪان
 .4ﻛﺎرﺷﻨﺎس ارﺷﺪ اﻧﺴﺘﻴﺘﻮ ﻣﺼﺎﻟﺢ ﺳﺎﺧﺘﻤﺎﻧﻲ داﻧﺸﻜﺪه ﻓﻨﻲ داﻧﺸﮕﺎه ﺗﻬﺮان
 .5ﻋﻀﻮ ﻫﻴﺌﺖ ﻋﻠﻤﻲﮔﺮوه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﻜﺪه ﻓﻨﻲ داﻧﺸﮕﺎه ﻣﻼﻳﺮ

5

ﭼﻜﻴﺪه

در ﺳﺎلﻫﺎي اﺧﻴﺮ ﺗﻌﺪاد زﻳﺎدي از ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ در ﻣﻨﺎﻃﻖ ﻣﺨﺘﻠﻒ ﻛﺸﻮر در اﺛﺮ ﻋﻮاﻣﻞ ﮔﻮﻧﺎﮔﻮن دﭼﺎر آﺳﻴﺐدﻳﺪﮔﻲ
و ﻳﺎ ﺧﺮاﺑﻲ زودرس ﺷﺪهاﻧﺪ .ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮدﻫﺎ در ﺑﺘﻦ از ﺟﻤﻠﻪ راﻳﺞ ﺗﺮﻳﻦ اﻳﻦ ﺧﺮاﺑﻲﻫﺎ در ﺳـﺎزهﻫـﺎي ﺑـﺘﻦ ﻣـﺴﻠﺢ
ﺑﻮده و ﻳﻜﻲ از ﻣﻬﻤﺘﺮﻳﻦ ﻣﺸﻜﻼﺗﻲ اﺳﺖ ﻛﻪ اﻣﺮوزه ﻣﻬﻨﺪﺳﺎن ﻋﻤﺮان در ﻧﮕﻬﺪاري ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﺑﺎ آن ﻣﻮاﺟﻪ
ﻣﻲﺑﺎﺷﻨﺪ .در ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ ﻛﻪ ﭼﻨﺪﻳﻦ ﺳﺎل از ﺳﺎﺧﺖ آﻧﻬﺎ ﻣﻲﮔﺬرد ﺗﻌﻴﻴﻦ ﻣﻴﺰان و ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﻳﻜﻲ از
ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻮﺛﺮ در ﻣﻘﺎومﺳﺎزي ﺳﺎزه ﻣﻲﺑﺎﺷﻨﺪ.
در اﻳﻦ ﺗﺤﻘﻴﻖ ﺑﻪ ﻣﻨﻈﻮر ارزﻳﺎﺑﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮرﻫﺎ در ﭘﻞﻫﺎي راهآﻫﻦ واﻗﻊ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي ،آزﻣﺎﻳﺶﻫﺎي ﻣﻘﺎوﻣﺖ
ﻓﺸﺎري ،ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ،ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ ،ﭘﺘﺎﻧﺴﻴﻞ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر و ﺳﺮﻋﺖ ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر ﺑـﺮ روي
ﻋﺮﺷﻪ ﭘﻞﻫﺎ اﻧﺠﺎم ﺷﺪ .در ﻧﻬﺎﻳﺖ ﺑﺎ ﻣﻘﺎﻳﺴﻪ ﻧﺘﺎﻳﺞ و ارزﻳﺎﺑﻲ ﻇﺎﻫﺮي ،دﻟﻴﻞ اﺻﻠﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﺗﻌﻴﻴﻦ ﮔﺮدﻳـﺪ .ﺑـﺮ
اﺳﺎس ﻧﺘﺎﻳﺞ ﺑﺪﺳﺖ آﻣﺪه ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي اﻳﺮان ﻣﺸﺎﺑﻪ ﺳﻮاﺣﻞ ﺧﻠﻴﺞ ﻓـﺎرس ﺧﺮاﺑـﻲﻫـﺎي ﻧﺎﺷـﻲ از
ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ وﺟﻮد داﺷﺘﻪ و ﻛﻴﻔﻴﺖ ﻧﺎزل ﺑﺘﻦ ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن را ﺗﺴﻬﻴﻞ و آﺳﻴﺐدﻳﺪﮔﻲ را ﺗﺸﺪﻳﺪ ﻣﻲﻛﻨﺪ.
ﻛﻠﻴﺪواژهﻫﺎ :ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ،ﻧﻴﻢ ﭘﻴﻞ ،ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر،ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ،ﻳﻮن ﻛﻠﺮ
 -1ﻣﻘﺪﻣﻪ
در ﺳﺎلﻫﺎي اﺧﻴﺮ در ﻣﻨﺎﻃﻖ ﻣﺨﺘﻠﻒ دﻧﻴﺎ ،ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي در ﺑﺘﻦ ﺑـﻪ ﻋﻨـﻮان دﻟﻴـﻞ اﺻـﻠﻲ ﺧﺮاﺑـﻲﻫـﺎي
زودرس و در ﺑﺮﺧﻲ ﻣﻮارد ﺗﺨﺮﻳﺐ ﻛﻠﻲ ﺳﺎزه ﺑﺘﻦ ﻣﺴﻠﺢ ﺷﻨﺎﺧﺘﻪ ﻣﻲﺷﻮد ] .[1ﻫﻤﭽﻨﻴﻦ ﺑﺮرﺳﻲ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر
ﺑﻪ ﻣﻨﻈﻮر ﻣﻄﺎﻟﻌﻪ ﻋﻤﻠﻜﺮد آرﻣﺎﺗﻮرﻫﺎ در ﺗﻌﻴﻴﻦ ﻃﻮل ﻋﻤﺮ ﻣﻔﻴﺪ ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ ﻣﺴﻠﺢ اﻫﻤﻴﺖ دارد.
در اﻳﻦ ﻣﻘﺎﻟﻪ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در ﻋﺮﺷﻪ ﭘﻞﻫﺎي راهآﻫﻦ ﺑﺎ ﻋﻤﺮ ﺗﻘﺮﻳﺒﻲ  30ﺳﺎل ﻣﻮرد ﺑﺮرﺳـﻲ ﻗـﺮار ﮔﺮﻓـﺖ .ﺑـﺎ اﻧﺠـﺎم
ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي و آزﻣﺎﻳﺶﻫﺎي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ،ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ ،ﭘﺘﺎﻧﺴﻴﻞ ﻧـﻴﻢ ﭘﻴـﻞ و ﺳـﺮﻋﺖ
ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ،ﻋﻠﺖ ﺧﺮاﺑﻲ در ﻫﺮ دﺳﺘﻪ از ﭘﻞﻫﺎ ﺗﻌﻴﻴﻦ ﮔﺮدﻳﺪ .ﺑﺮ اﺳـﺎس ﺳـﻮاﺑﻖ و ﺷـﻮاﻫﺪ و ﻣﻘـﺎﻻت ﻣﻨﺘـﺸﺮ

ﺷﺪه ،آﺳﻴﺐدﻳﺪﮔﻲﻫﺎي ﻧﺎﺷﻲ از ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ در ﻧﻮاﺣﻲ ﺟﻨﻮﺑﻲ و ﺣﺎﺷﻴﻪ ﺧﻠﻴﺞ ﻓﺎرس ﮔﺰارش ﺷﺪه اﺳﺖ .اﻳﻦ
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در ﺣﺎﻟﻲ اﺳﺖ ﻛﻪ در ﺗﺤﻘﻴﻖ ﺣﺎﺿﺮ ﺑﻪ اﻳﻦ ﻧﻮع آﺳﻴﺐدﻳﺪﮔﻲ در ﻧﺎﺣﻴﻪ ﻛﻮﻳﺮي اﻳﺮان ﭘﺮداﺧﺘﻪ ﺷﺪه اﺳﺖ.
 -2ﺧﻮردﮔﻲ ﻓﻮﻻد در ﺑﺘﻦ
ﺧﻮردﮔﻲ ﻓﻮﻻد در ﺑﺘﻦ ﻋﻤﺪﺗﺎ ﺑﻪدﻟﻴﻞ ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ و ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﻲﺑﺎﺷﺪ .اﮔﺮ ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي ﺑﻪ ﻃـﻮر
آزاد در ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ ﻣﺮﻃﻮب و داراي اﻛﺴﻴﮋن ﻣﺤﺼﻮر ﺷﺪه ﺑﺎﺷﻨﺪ ،ﺧﻮرده ﺧﻮاﻫﻨﺪ ﺷﺪ .ﻫﻨﮕـﺎﻣﻲﻛـﻪ ﻣﻴﻠﮕـﺮد در
ﺑﺘﻦ ﻣﺪﻓﻮن ﻣﻲﮔﺮدد pH ،زﻳﺎد ﻣﺤﻴﻂ ﺑﺘﻦ ﺳﺒﺐ اﻳﺠﺎد ﻳـﻚ ﻻﻳـﻪ ﻣﺤـﺎﻓﻆ اﻛـﺴﻴﺪ آﻫـﻦ ﺑـﺮ روي ﺳـﻄﺢ آرﻣـﺎﺗﻮر
ﻣﻲﮔﺮدد ﻛﻪ آن را از ﺧﻮردﮔﻲ ﺣﻔﻆ ﻣﻲﻛﻨﺪ .ﻻﻳﻪ اﻛﺴﻴﺪ آﻫﻦ ،ﭘﻮﺷﺶ ﻣﺘﺮاﻛﻢ و ﻏﻴﺮ ﻗﺎﺑﻞ ﻧﻔﻮذي را اﻳﺠﺎد ﻣـﻲﻛﻨـﺪ
ﻛﻪ ﺑﺎ ﻣﺤﺪود ﻛﺮدن ﺣﺮﻛﺖ ﻛﺎﺗﻴﻮنﻫﺎ و آﻧﻴﻮنﻫﺎ در ﻧﺰدﻳﻚ ﺳﻄﺢ ﻓﻮﻻد ،ﺧـﻮردﮔﻲ را ﻣﺘﻮﻗـﻒ ﻣـﻲﻛﻨـﺪ .اﻳـﻦ ﻻﻳـﻪ
ﻣﺤﺎﻓﻆ ﺑﺎ ﻛﺎﻫﺶ  pHﻣﺤﻴﻂ)ﺑﻪ ﻃﻮر ﻋﻤﺪه ﺑﻪ دﻟﻴﻞ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن( و ﻳﺎ ﺣـﻀﻮر ﻳـﻮنﻫـﺎي ﻛﻠـﺮ و ﺳـﻮﻟﻔﺎت از ﺑـﻴﻦ
ﻣﻲرود ].[2
 -1-2ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن
زﻣﺎﻧﻲ ﻛﻪ  pHﻣﺤﻴﻂ اﻃﺮاف ﻣﻴﻠﮕﺮد از  11/5ﺑﺒﺸﺘﺮ ﺑﺎﺷﺪ ﻻﻳﻪ ﻣﺤﺎﻓﻂ روي ﻣﻴﻠﮕﺮد ﺳﺎﻟﻢ ﺑﺎﻗﻲ ﻣﻲﻣﺎﻧﺪ و ﻣﻴﻠﮕـﺮد را
از ﺧﻮردﮔﻲ ﺣﻔﻆ ﻣﻲﻛﻨﺪ .زﻣﺎﻧﻲ ﻛﻪ  pHاز اﻳﻦ ﻣﻘﺪار ﻛﻤﺘﺮ ﻣﻲﺷﻮد ﻻﻳﻪ ﻣﺤﺎﻓﻆ ﻧﺎﭘﺎﻳﺪار ﻣﻲﺷﻮد و ﺣﻔﺎﻇﺖ ﺑﻪ ﻋﻤﻞ
آﻣﺪه از ﻣﻴﻠﮕﺮدﻫﺎ از ﺑﻴﻦ ﻣﻲرود .ﻛﺮﺑﻨﺎﺗﺎﺳـﻴﻮن ﺑـﺘﻦ دﻟﻴـﻞ اﺻـﻠﻲ ﺑـﺮاي ﻛـﺎﻫﺶ  pHدر ﺑـﺘﻦ ﺷـﻨﺎﺧﺘﻪ ﻣـﻲﺷـﻮد.
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﻛﺎﻫﺶ  pHﻧﺎﺷﻲ از آن ﺑﻪ ﻃﻮر ﻣﻌﻤﻮل از ﺳﻄﺢ ﺑﺘﻦ آﻏﺎز ﻣﻲﺷﻮد و ﺑﻪ ﺷﻜﻞ ﺟﺒﻬﻪ ﻛﺮﺑﻨﺎﺗﻪ ﺷﺪه ﺑـﻪ
ﺳﻤﺖ ﻣﺮﻛﺰ ﺑﺘﻦ ﭘﻴﺶ ﻣﻲرود .ﺳﺮﻋﺖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﺑﻪ ﻋﻮاﻣﻞ ﻣﺤﻴﻄﻲ )رﻃﻮﺑﺖ ،دﻣﺎ و ﻏﻠﻈﺖ دي اﻛﺴﻴﺪ ﻛﺮﺑﻦ ﻫﻮا(
و ﻣﺸﺨﺼﺎت ﺑﺘﻦ)ﻧﻔﻮذ ﭘﺬﻳﺮي و ﻗﻠﻴﺎﻳﻴﺖ( ﺑﺴﺘﮕﻲ دارد .در ﻳﻚ ﺑﺘﻦ ﺑﺎ ﻛﻴﻔﻴﺖ ﻣﻨﺎﺳﺐ ،ﺳﺮﻋﺖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن در ﺣﺪود
 1ﻣﻴﻠﻲ ﻣﺘﺮ ﺑﺮ ﺳﺎل ﻣﻲﺑﺎﺷﺪ ].[3
 -2-2ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ
ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻳﻮن ﻛﻠﺮ ﻳﻜﻲ از دﻻﻳﻞ اﺻﻠﻲ ﺧﻮردﮔﻲ در ﻧﻘﺎط ﻣﺨﺘﻠﻒ دﻧﻴﺎ ﺷﻨﺎﺧﺘﻪ ﻣﻲﺷﻮد .ﺣﻀﻮر ﻳﻮن ﻛﻠـﺮ در
ﺳﺎزه ﺑﺘﻨﻲ ،زﻣﺎﻧﻲ ﻛﻪ اﻛﺴﻴﮋن و رﻃﻮﺑﺖ ﻻزم در دﺳﺘﺮس ﺑﺎﺷﺪ ﻣﻲﺗﻮاﻧﺪ ﺑﺎﻋﺚ ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي ﮔﺮدد.
ﻳﻮن ﻛﻠﺮ ﺑﻪ دو روش اﺻﻠﻲ وارد ﺑﺘﻦ ﻣﻲﺷﻮد:
روش اول،ﻛﻠﺮ ﻣﻮﺟﻮد در ﻣﺼﺎﻟﺢ ﺑﺘﻦ )ﺳﻨﮕﺪاﻧﻪﻫﺎ ،اﻓﺰودﻧﻲﻫﺎ.(...
روش دوم ،ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮ از ﻣﺤﻴﻂ ﭘﻴﺮاﻣﻮن ﺑﻪ داﺧﻞ ﺑﺘﻦ )آب درﻳﺎ ،ﻧﻤﻚﻫﺎي ﻳﺦزدا.(...
ﻳﻮن ﻛﻠﺮ در داﺧﻞ ﺑﺘﻦ ﻣﻲﺗﻮاﻧﺪ ﺑﻪ دو ﺻﻮرت وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﺪ .ﻳﻮﻧﻲ ﻛﻪ ﺑﺎ اﻧﺠﺎم واﻛﻨﺶﻫﺎي ﺷﻴﻤﻴﺎﻳﻲ ﻣﻘﻴﺪ ﺷـﻮد
ﻛﻪ در ﻧﺘﻴﺠﻪ ﻫﻴﭻ ﺗﺎﺛﻴﺮي ﺑﺮ ﻓﺮآﻳﻨﺪ ﺧﻮردﮔﻲ ﻓﻮﻻد در ﺑﺘﻦ ﻧﺪارد و ﻳﺎ ﺑﻪ ﺻﻮرت آزاد ﺑﺎﺷﺪ.
روش ارزﻳﺎﺑﻲ ﺳﺎزه
ﺑﺮرﺳﻲ وﺿﻌﻴﺖ ﻳﻚ ﺳﺎزه ﺑﺘﻦ ﻣﺴﻠﺢ اوﻟﻴﻦ ﮔﺎم ﺑﺮاي ﺑﺎزﺳﺎزي و ﺗﺮﻣﻴﻢ آن ﻣﻲﺑﺎﺷﺪ .ﺑﺮاي ﺗﻌﻴﻴﻦ ﻋﻠـﻞ ﺧﺮاﺑـﻲﻫـﺎ و
ﮔﺴﺘﺮدﮔﻲ آن ،ﺑﺮرﺳﻲ ﻣﻘﺪار ﺧﻮردﮔﻲ و ارزﻳﺎﺑﻲ وﺿﻌﻴﺖ ﻛﻨﻮﻧﻲ ﺳﺎزه ﺿﺮوري ﻣﻲﺑﺎﺷﺪ .ﻳﻚ ﺑﺮرﺳﻲ دﻗﻴـﻖ ﺷـﺎﻣﻞ
دو ﻣﺮﺣﻠﻪ اﺳﺖ .ﻣﺮﺣﻠﻪ اول ارزﻳﺎﺑﻲ و ﻣﻄﺎﻟﻌﻪ اوﻟﻴﻪ ﺳﺎزه ﺑﺮ اﺳﺎس ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي اﺳﺖ ﻛﻪ ﺑﺎﻳﺪ ﻣﺎﻫﻴﺖ ﺧﺮاﺑﻲﻫﺎ

––––––––––––––––––––––– ﺑﺮرﺳﻲ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در ﻋﺮﺷﻪ ﺗﻌﺪادي از ﭘﻞﻫﺎي راهآﻫﻦ 63 /....

را ﻣﺸﺨﺺ ﻧﻤﺎﻳﺪ و ﭘﺎﻳﻪ اي ﺑﺮاي ﻣﻄﺎﻟﻌﺎت دﻗﻴﻖ ﺗﺮ ﺑﺎﺷﺪ .در ﺣﺎﻟﻲ ﻛﻪ اﺳﺘﻔﺎده از آزﻣـﺎﻳﺶﻫـﺎي اﻟﻜﺘﺮوﺷـﻴﻤﻴﺎﻳﻲ در
ﻣﺮﺣﻠﻪ ﺑﻌﺪ ﺑﺮاي ﻣﻄﺎﻟﻌﻪ وﺿﻌﻴﺖ دﻗﻴﻖ ﻣﻴﻠﮕﺮدﻫﺎ و ﺑﺮآورد ﺳﺮﻋﺖ ﺧﻮردﮔﻲ ﺿﺮوري اﺳﺖ.
اﻟﻒ -ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي
ﺧﺮاﺑﻲﻫﺎي ﻧﺎﺷﻲ از ﺧﻮردﮔﻲ ﺑﺎ اﺳﺘﻔﺎده از ﻣﺸﺎﻫﺪه ﻇﺎﻫﺮي ﺑﺮﻧﺎﻣﻪ رﻳﺰي ﺷﺪه ﻗﺎﺑﻞ ﺗﺸﺨﻴﺺ ﻣﻲﺑﺎﺷﻨﺪ .ﻃﺒﻘﻪ ﺑﻨـﺪي
ﺧﺮاﺑﻲﻫﺎ ﺑﺮﭘﺎﻳﻪ وﺿﻌﻴﺖ ﻇﺎﻫﺮي ،ﻣﺤﻞ و ﻋﻠﺖ آن ﺗﻌﺮﻳﻒ ﻣﻲﺷﻮد .ﺧﺮاﺑﻲﻫﺎ ﺑﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﮔـﺴﺘﺮش ﺗـﺮك ﻧﺎﺷـﻲ از
ﺧﻮردﮔﻲ ﺗﻌﺮﻳﻒ ﺷﺪه اﻧﺪ .در ﭘﺮوژه ﺣﺎﺿﺮ ﻛﻪ ﺷﺎﻣﻞ ﺑﺮرﺳﻲ ﺣـﺪود  30ﭘـﻞ راهآﻫـﻦ در ﻧﺎﺣﻴـﻪ ﻛـﻮﻳﺮي اﻳـﺮان ﺑـﻮد
ﻣﺴﺎﺣﺘﻲ در ﺣﺪود  400ﻣﺘﺮ ﻣﺮﺑﻊ ارزﻳﺎﺑﻲ ﻇﺎﻫﺮي ﺷﺪ و ﻣﺤﻞ ﺟﺪاﺷـﺪﮔﻲﻫـﺎ ﻣـﺸﺨﺺ ﮔﺮدﻳـﺪ .در اﻳـﻦ ﻣﺤـﻞﻫـﺎ
ﺗﺮكﻫﺎي ﻣﻮازي ﺳﻄﺢ در ﻧﻮاﺣﻲ ﻛﻪ ﭘﻮﺷﺶ روي آرﻣﺎﺗﻮر از ﺑﺘﻦ اﺻﻠﻲ ﺟﺪا ﺷﺪه اﺳﺖ ﻗﺎﺑﻞ ﺷﻨﺎﺳﺎﻳﻲ ﻣﻲﺑﺎﺷﻨﺪ .اﻳﻦ
ﺧﺮاﺑﻲﻫﺎ ﺑﻴﺸﺘﺮ در ﻧﻮاﺣﻲ ﻛﻪ ﺑﺘﻦ در ﻣﻌﺮض رﻃﻮﺑﺖ ﻗﺮار دارد ،روﻳﺖ ﻣـﻲﺷـﻮﻧﺪ .ﻣﺘﻮﺳـﻂ ﺿـﺨﺎﻣﺖ ﭘﻮﺷـﺶ ﺑﺘﻨـﻲ
ﻋﺮﺷﻪ ﭘﻞﻫﺎ در ﺣﺪود  25-30ﻣﻴﻠﻲﻣﺘﺮ ﻣﻲﺑﺎﺷﺪ.
ب( آزﻣﺎﻳﺶﻫﺎي اﻧﺠﺎم ﺷﺪه
ﺑﺮ ﭘﺎﻳﻪ ﻣﺸﺎﻫﺪات ﻇﺎﻫﺮي ،ﻋﺮﺷﻪ ﭘﻞﻫﺎ ﺑﻪ دو دﺳﺘﻪ ﺑﺪون ﺧﻮردﮔﻲ ) (aو ﺧﻮردﮔﻲ زﻳﺎد ) (bﺗﻘﺴﻴﻢ ﺷﺪﻧﺪ .در اداﻣـﻪ
ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي اﻧﺠﺎم ﺷﺪه اراﺋﻪ ﻣﻲﺷﻮد.

 -1-3ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
ﺑﺮاي ارزﻳﺎﺑﻲ ﻣﺸﺨﺼﺎت ﺳﺎزه اي ﻣﺼﺎﻟﺢ ﻣﻮﺟﻮد ،ﻣﻐﺰهﻫﺎﻳﻲ ﺑﺎ ﻗﻄـﺮ  10ﺳـﺎﻧﺘﻲ ﻣﺘـﺮ از ﺳـﺎزه ﺗﻬﻴـﻪ ﺷـﺪه و ﻣـﻮرد
آزﻣﺎﻳﺶ ﻗﺮار ﮔﺮﻓﺘﻨﺪ .ﻣﺘﻮﺳﻂ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻐﺰهﻫﺎ در دو ﺳﻄﺢ ) (aو ) (bدر ﺟﺪول ) (1اراﺋـﻪ ﺷـﺪه اﺳـﺖ .اﻳـﻦ
ﻣﻘﺎدﻳﺮ ﻣﺘﻮﺳﻂ  3ﻧﻤﻮﻧﻪ آزﻣﺎﻳﺶ ﺷﺪه ﻣﻲﺑﺎﺷﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻲﺗﻮان ﺑﻪ ﻃﻮر ﺗﻘﺮﻳﺒﻲ ﻧﺴﺒﺖ آب
ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ در ﺑﺘﻦ را ﺑﻴﻦ  0/55ﺗﺎ  0/6ارزﻳﺎﺑﻲ ﻧﻤﻮد .اﻳﻦ ﻣﻴﺰان ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﺮاي اﺟـﺮاي اﺑﻨﻴـﻪ
ﻓﻨﻲ زﻳﺎد ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ و ﻗﻄﻌﺎ ﻣﻼﺣﻈﺎت دوام و ﭘﺎﻳﺎﻳﻲ ﺑﺘﻦ ﻣﻮرد ﻋﻨﺎﻳﺖ ﻗﺮار ﻧﮕﺮﻓﺘﻪ اﺳﺖ.
ﺟﺪول  :1ﻧﺘﺎﻳﺞ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻐﺰهﻫﺎ
2

ﺳﻄﺢ ﺧﻮردﮔﻲ

ﻣﺘﻮﺳﻂ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻐﺰهﻫﺎ ) (kg/cm

)(a
)(b

210
194

 -2-3ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﺑﺎﻋﺚ ﻛﺎﻫﺶ  pHﻣﺤﻴﻂ ،اﻧﺤﻼل ﻓﺎزﻫﺎي ﺟﺎﻣﺪ ﺣﺎوي ﻛﻠﺮ ﻣﻘﻴﺪ در ﻣﺤﻠﻮل ﺣﻔﺮه اي ،آزاد ﺷـﺪن ﻛﻠـﺮ
ﻣﻘﻴﺪ و اﻳﺠﺎد ﻛﻠﺮ آزاد ﻣﻲﺷﻮد .ﻛﻠﺮ آزاد ﺷﺪه ﻣﻲﺗﻮاﻧﺪ وارد ﻗﺴﻤﺖﻫﺎي ﻛﺮﺑﻨﺎﺗﻪ ﻧﺸﺪه ﺑﺘﻦ ﺷﻮد .اﻳـﻦ ﭘﺪﻳـﺪه ﻣﻮﺟـﺐ
اﻓﺰاﻳﺶ ﻏﻠﻈﺖ ﻛﻠﺮ آزاد در ﺿﺨﺎﻣﺖ ﺑﺘﻦ ﭘﻮﺷﺸﻲ روي آرﻣﺎﺗﻮر ﺷﺪه و ﻣﻤﻜﻦ اﺳﺖ ﻛﻠﺮ را در ﺳﻄﺢ ﻣﻴﻠﮕﺮد ﺑﻪ ﻣﻘـﺪار
ﺑﺤﺮاﻧﻲ ﺑﺮﺳﺎﻧﺪ .ﺑﻨﺎﺑﺮاﻳﻦ ﺳﺎزهﻫﺎي ﺣﺎوي ﻛﻠﺮ ﻛﻪ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن در آﻧﻬﺎ رخ داده اﺳﺖ ﻧﺴﺒﺖ ﺑﻪ ﺳﺎزهﻫﺎﻳﻲ ﻛﻪ ﻓﻘـﻂ از
ﻳﻚ ﻣﻌﻀﻞ رﻧﺞ ﻣﻲﺑﺮﻧﺪ ،ﺑﻴﺸﺘﺮ در ﻣﻌﺮض ﺧﻮردﮔﻲ ﻗﺮار دارﻧﺪ ].[5 ،4
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ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن را ﻣﻲﺗﻮان ﺑﺎ ﭘﺎﺷﻴﺪن ﻣﺤﻠﻮل ﻓﻨﻞﻓﺘﺎﻟﺌﻴﻦ ﺑﺮ روي ﻣﻘﻄﻊ ﺑﺘﻦ ﺗـﺸﺨﻴﺺ داد .در ﻣﻨـﺎﻃﻘﻲ ﻛـﻪ ﺗﺤـﺖ
ﺗﺎﺛﻴﺮ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻧﺒﻮده ،ﻣﻘﺪار  pHﺑﺘﻦ ﺗﻘﺮﻳﺒﺎ" ﺑﻴﺸﺘﺮ از  8/5و ﻓﻨﻞﻓﺘﺎﻟﺌﻴﻦ در اﻳﻦ ﻣﻨﺎﻃﻖ ﺑﻪ رﻧﮓ ارﻏﻮاﻧﻲ در ﻣﻲآﻳﺪ.
ﺟﺪول  :2ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن
ﺣﺎﻟﺖ ﺧﻮردﮔﻲ

ﻣﺘﻮﺳﻂ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن )(mm

)(a

30

)(b

50

ﻣﺘﻮﺳﻂ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﺳﻄﻮح ﺑﺘﻦ ﻣﺴﻠﺢ در ﺟﺪول ﺷﻤﺎره ) (2ﻧـﺸﺎن داده ﺷـﺪه اﺳـﺖ .ﻣﻄـﺎﺑﻖ ﺟـﺪول ) (2در
ﺳﻄﻮﺣﻲ از ﺑﺘﻦ ﻛﻪ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﻣﺸﺎﻫﺪه ﺷﺪه اﺳﺖ) ،(bﻣﺘﻮﺳﻂ ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن  50ﻣﻴﻠﻴﻤﺘﺮ ﺑﻮده ﻛﻪ ﺑﺎ ﺗﻮﺟﻪ
ﺑﻪ اﻳﻨﻜﻪ ﻣﺘﻮﺳﻂ ﺿﺨﺎﻣﺖ ﭘﻮﺷﺶ ﺑﺘﻨﻲ روي آرﻣﺎﺗﻮر در ﭘﻞﻫﺎ  30ﻣﻴﻠﻴﻤﺘﺮ ﻣﻲﺑﺎﺷـﺪ ،ﻣـﻲﺗـﻮان ﻧﺘﻴﺠـﻪ ﮔﺮﻓـﺖ ﻛـﻪ
آرﻣﺎﺗﻮرﻫــﺎ در اﻳــﻦ ﻧﺎﺣﻴــﻪ ﺗﺤــﺖ ﺗــﺎﺛﻴﺮ ﭘﺪﻳــﺪه ﻛﺮﺑﻨﺎﺗﺎﺳــﻴﻮن ﻗــﺮار ﮔﺮﻓﺘــﻪ اﻧــﺪ .در ﻧﺎﺣﻴــﻪ) (aﻣﺘﻮﺳــﻂ ﻋﻤــﻖ
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن30ﻣﻴﻠﻴﻤﺘﺮ و ﻣﺴﺎوي ﻣﻘﺪار ﭘﻮﺷﺶ ﺑﺘﻨﻲ روي آرﻣـﺎﺗﻮر ﻣـﻲﺑﺎﺷـﺪ .در اﻳـﻦ ﻧﺎﺣﻴـﻪ آرﻣﺎﺗﻮرﻫـﺎ در آﺳـﺘﺎﻧﻪ
ﻗﺮارﮔﻴﺮي در ﻣﻌﺮض ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻫﺴﺘﻨﺪ.
 -3-3ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ
ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻘﺪار ﻛﻠﺮ در ﺑﺘﻦ ،از ﺑﺨﺶﻫﺎي ﻣﺨﺘﻠﻒ ﻋﺮﺷﻪ ﭘﻞﻫﺎ ﻧﻤﻮﻧﻪ ﺑﺮداري اﻧﺠﺎم ﺷﺪ .ﻣﻴﺰان ﻛﻠﺮ ﻛـﻞ ) Total
 (Chlorideﻣﻮﺟﻮد ،ﻃﺒﻖ اﺳﺘﺎﻧﺪارد  ASTM C114اﻧﺪازهﮔﻴﺮي ﺷﺪ .ﭘﺮوﻓﻴﻞﻫـﺎي ﻳـﻮن ﻛﻠـﺮ ﺳـﻄﻮح ) (aو ) (bدر
ﺷﻜﻞ ) (1ﺑﻪ ﻃﻮر ﻧﻤﻮﻧﻪ ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ دﻳﺪه ﻣﻲﺷﻮد ،ﻣﻘﺪار ﻳﻮن ﻛﻠﺮ در ﻧﺰدﻳﻜﻲ آرﻣﺎﺗﻮر )ﻋﻤﻖ
30ﻣﻴﻠﻲﻣﺘﺮ( در ﺳﻄﺢ ) (aﻛﻤﺘﺮ از ﻣﻘﺪار ﻛﻠﺮ آﺳﺘﺎﻧﻪ ﺧﻮردﮔﻲ )ﺣﺪود  (0/07ﻣـﻲﺑﺎﺷـﺪ] . [6در ﻧﺘﻴﺠـﻪ در ﺳـﻄﺢ )(a
اﺣﺘﻤﺎل ﺧﻮردﮔﻲ ﺗﺤﺖ اﺛﺮ ﻳﻮن ﻛﻠﺮ ﺑﺴﻴﺎر ﻛﻢ اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ در ﺳﻄﺢ ) (bﻣﻘﺪار ﻛﻠﺮ در ﻧﺰدﻳﻜﻲ آرﻣﺎﺗﻮر ﺑﻪ ﻣﻘﺪار
ﻛﻠﺮ ﺑﺤﺮاﻧﻲ ﻧﺰدﻳﻜﺘﺮ اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ در اﻳﻦ ﺳﻄﺢ ﺧﻮردﮔﻲ ﺗﺤﺖ اﺛﺮ ﻳﻮن ﻛﻠﺮ ﺑﺴﻴﺎر ﻣﺤﺘﻤﻞ اﺳـﺖ و ﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ
ﻣﻴﺰان ﻋﻤﻖ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﻣﻘﺪار ﻳﻮن ﻛﻠﺮ در ﻧﺰدﻳﻜﻲ آرﻣﺎﺗﻮر ﻣﻲﺗـﻮان ﻧﺘﻴﺠـﻪ ﮔﻴـﺮي ﻧﻤـﻮد ﻛـﻪ ﻛﺮﺑﻨﺎﺗﺎﺳـﻴﻮن در
ﺗﺮﻛﻴﺐ ﺑﺎ ﻳﻮن ﻛﻠﺮ ﻣﻨﺠﺮ ﺑﻪ ﻛﺎﻫﺶ ﻣﻘﺪار ﻛﻠﺮ آﺳﺘﺎﻧﻪ ﺧﻮردﮔﻲ و ﺗﻮﺳﻌﻪ وﮔﺴﺘﺮش ﺧﺮاﺑﻲﻫﺎ ﺷﺪه اﺳﺖ.

0.05
0.04
0.03
0.02
0.01

)CL (weight of concrete

0.06

0.06
0.05
0.04
0.03
0.02
0.01

0
60

50

40

20

30

10

)Depth (mm

) (aﺳﻄﺢ ﺑﺪون ﺧﻮردﮔﻲ

0

0
60

50

40

30

20

10

)Depth (mm

) (bﺳﻄﺢ ﺑﺎ ﺧﻮردﮔﻲ زﻳﺎد

ﺷﻜﻞ  -1ﭘﺮوﻓﻴﻞ ﻳﻮن ﻛﻠﺮ ﺗﻬﻴﻪ ﺷﺪه در دو ﺳﻄﺢ ) (aو )(b

0

)CL (weight of concrete

0.07

0.07
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ﺑﺮ اﺳﺎس ﭘﺮوﻓﻴﻞﻫﺎي اراﺋﻪ ﺷﺪه ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻣﻘﺪار ﻛﻠﺮ اوﻟﻴﻪ در ﺑﺘﻦ در ﺣﺪود  0/01ﺗﺎ  0/02درﺻـﺪ وزﻧـﻲ ﺑـﺘﻦ
ﺑﻮده و در ﻣﺤﺪوده ﻣﺠﺎز ﻣﻲﺑﺎﺷﺪ .اﻳﻦ در ﺣﺎﻟﻲاﺳﺖ ﻛﻪ ﻛﻠﺮ ﻣﻮﺟﻮد در ﺑﺘﻦ ﺗﺎ ﻋﻤﻖ  3-4ﺳﺎﻧﺘﻴﻤﺘﺮ از ﻣﺤﻴﻂ ﭘﻴﺮاﻣﻮن
وارد ﺑﺘﻦ ﺷﺪه اﺳﺖ و ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ﻣﻨﺸﺎ آن ﻛﻠﺮ ﻣﻮﺟﻮد در ﺷﻦﻫﺎي روان و اﺗﻤﺴﻔﺮ در ﻣﻨﻄﻘﻪ ﻛﻮﻳﺮي و ﺧـﺼﻮﺻﺎ
در ﻓﺼﻮل و ﻣﻮاﻗﻌﻲ ﻛﻪ ﺑﺎ ﺷﺒﻨﻢ و رﻃﻮﺑﺖ ﻫﻤﺮاه اﺳﺖ ﻣﻲﺑﺎﺷﺪ .ﻋﻼوه ﺑـﺮ آن اﻓـﺖ ﻣﻘـﺪار ﻛﻠـﺮ در ﻧﺰدﻳﻜـﻲ ﺳـﻄﺢ
ﺧﺎرﺟﻲ ﻛﻪ ﻣﺸﺨﺼﺎ در ﺷﻜﻞ ) (b-1ﻣﻼﺣﻈﻪ ﻣﻲﺷﻮد ﺑﻪ دﻟﻴﻞ ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﻣﻮﺟﺐ ﺗﺠﺰﻳﻪ ﻧﻤـﻚ
ﻓﺮﻳﺪل و ﻛﻢ ﺷﺪن ﻛﻠﺮ ﻣﻘﻴﺪ و آزاد ﺷﺪن آن و ﺣﺮﻛﺖ ﻧﻤﻚﻫﺎ ﺑﻪ ﺳﻤﺖ داﺧﻞ ﺑﺘﻦ ﻣﻲﺷﻮد.
 -4-3آزﻣﺎﻳﺶ ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ
آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ ،آزﻣﺎﻳﺸﻲ ﻏﻴﺮ ﻣﺨﺮب و اﺳﺘﺎﻧﺪارد ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﺑﻪ ﻃﻮر ﮔﺴﺘﺮده در ارزﻳـﺎﺑﻲ وﺿـﻌﻴﺖ
ﺧﻮردﮔﻲ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﻣﻲﮔﻴﺮد .اﻳﻦ آزﻣﺎﻳﺶ ﻣﻄـﺎﺑﻖ ﺑـﺎ اﺳـﺘﺎﻧﺪارد  ASTM C876و ﺑـﺎ اﺳـﺘﻔﺎده از اﻟﻜﺘـﺮود
 Ag/AgClاﻧﺠﺎم ﺷﺪه اﺳﺖ.
ﺑﺎﻳﺪ ﺗﻮﺟﻪ داﺷﺖ ﻛﻪ ﺣﻀﻮر اﻛﺴﻴﮋن ،ﻏﻠﻈﺖ ﻛﻠﺮ و ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺑﺘﻦ ﺗﺎﺛﻴﺮ زﻳﺎدي ﺑﺮ روي ﻗﺮاﺋﺖﻫﺎي ﻧﺎﺷـﻲ از
ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ دارﻧﺪ .در اﻳﻦ آزﻣﺎﻳﺶ ﻣﻌﻴﺎر ﺑﺮرﺳﻲ ﺧﻮردﮔﻲ ﻃﺒﻖ اﻟﻜﺘﺮود  Ag/AgClآرﻣﺎﺗﻮر ﭼﻨﻴﻦ ﻣﻲﺑﺎﺷﺪ:
 > -83 mVﭘﺘﺎﻧﺴﻴﻞ :ﺑﺎ اﺣﺘﻤﺎل ﺑﻴﺶ از  90درﺻﺪ ،ﻫﻴﭻ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر در زﻣﺎن آزﻣﺎﻳﺶ وﺟﻮد ﻧﺪارد.
 < -83 mVﭘﺘﺎﻧﺴﻴﻞ <  : -233 mVﻓﻌﺎﻟﻴﺖ ﺧﻮردﮔﻲ ﻧﺎﻣﺸﺨﺺ اﺳﺖ.
 < -233 mVﭘﺘﺎﻧﺴﻴﻞ :ﺑﺎ اﺣﺘﻤﺎل ﺑﻴﺶ از  90درﺻﺪ ﺧﻮردﮔﻲ رخ داده اﺳﺖ.
در ﺷﻜﻞ ) (2ﺑﻪ ﻋﻨﻮان ﻧﻤﻮﻧﻪ ،ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﭘﺘﺎﻧﺴﻴﻞ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﺑﺮاي دو ﺳﻄﺢ ﻣـﺬﻛﻮر ارﺋـﻪ ﺷـﺪه اﺳـﺖ .در
ﺷﻜﻞ ) (2ﻣﻨﻔﻲﺗﺮﻳﻦ ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ در ﻧﺎﺣﻴﻪ ﺑﺎ ﺧﻮردﮔﻲ زﻳﺎد)ﺷﻜﻞ -320 ،(2-bﻣﻴﻠﻲ وﻟﺖ اﺳﺖ .در ﺣﺎﻟﻴﻜـﻪ در
ﻧﺎﺣﻴﻪ ﺑﺪون ﺧﻮردﮔﻲ) (aاﻳﻦ ﻣﻘﺪار  -140ﻣﻴﻠﻲ وﻟﺖ ﻣﻲﺑﺎﺷﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﻮﺿﻴﺤﺎت اراﺋﻪ ﺷﺪه در ﻗﺒﻞ ،در ﺳﻄﺢ )(b
ﺑﺎ اﺣﺘﻤﺎل ﺑﻴﺶ از  90درﺻﺪ ،ﺧﻮردﮔﻲ رخ داده اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ در ﺳﻄﺢ ) (aﻓﻌﺎﻟﻴﺖ ﺧﻮردﮔﻲ ﻧﺎﻣﺸﺨﺺ اﺳﺖ.
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ﺷﻜﻞ  -2ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﭘﺘﺎﻧﺴﻴﻞ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر
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 -5-3آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر
اﻧﺪازهﮔﻴﺮي ﺑﺎ دﺳﺘﮕﺎه ﮔﺎﻟﻮاﭘﺎﻟﺲ ﻳﻚ روش ﭘﻼرﻳﺰاﺳﻴﻮن ﺳﺮﻳﻊ ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻴﺰان ﺧﻮردﮔﻲ در ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ
ﺑﻪ ﺣﺴﺎب ﻣﻲآﻳﺪ .اﻳﻦ روش ﺑﺨﺎﻃﺮ ﻣﺸﻜﻼت اﻧﺪازهﮔﻴﺮيﻫﺎي ﻧﻴﻢ ﭘﻴﻞ در ﻣﺤﻴﻂﻫﺎي ﻣﺮﻃﻮب و ﻳـﺎ ﻧﻴﻤـﻪ ﻣﺮﻃـﻮب
ﺑﻌﻠﺖ ﻛﻤﺒﻮد اﻛﺴﻴﮋن و ﻫﻤﻴﻨﻄﻮر ﺳﺮﻋﺖ زﻳﺎد آن در ﺑﺪﺳﺖ آوردن ﻣﻴﺰان ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر در ﺑـﺘﻦ ،ﺗﻮﺳـﻌﻪ ﻳﺎﻓﺘـﻪ
اﺳﺖ .ﺑﺎ اﺳﺘﻔﺎده از دﺳﺘﮕﺎه ﮔﺎﻟﻮاﭘـﺎس ،ﭘﺘﺎﻧـﺴﻴﻞ ﻧـﻴﻢ ﭘﻴـﻞ و ﺳـﺮﻋﺖ ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر ﻗﺎﺑـﻞ ﺗﻌﻴـﻴﻦ ﻣـﻲﺑﺎﺷـﻨﺪ.
ﻣﺤﺪودﻳﺖﻫﺎي ﺑﺤﺮاﻧﻲ ﺑﺮاي ﻃﺒﻘﻪ ﺑﻨﺪي رﻳﺴﻚ ﭘﺬﻳﺮي ﻣﻴﺰان ﺧﻮردﮔﻲ در ﺟﺪول ) (3ﻧﺸﺎن داده ﺷﺪه اﺳﺖ ].[7
ﺟﺪول  :3ﺗﺨﻤﻴﻦ ﻣﻘﺪار ﺧﻮردﮔﻲ ﻗﺎﺑﻞ ﻣﺸﺎﻫﺪه از روي ﻗﺮاﺋﺖﻫﺎي اﻧﺠﺎم ﺷﺪه ﺑﺎ دﺳﺘﮕﺎه ﮔﺎﻟﻮاﭘﺎﻟﺲ
ﻣﻘﺪار ﺧﻮردﮔﻲ

ﻣﻘﺪار اﻧﺪازهﮔﻴﺮي ﺷﺪه )(µA/cm2

در ﺣﺎﻟﺖ ﻣﻘﺎوم
ﻛﻢ

<0/5
0/5 – 5

ﻣﺘﻮﺳﻂ

5 - 15

زﻳﺎد

>15

ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر ﺑﻪ ﻃﻮر ﻧﻤﻮﻧﻪ در ﺷﻜﻞ ) (3ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻫﻤﺎﻧﻄﻮر ﻛﻪ در اﻳﻦ
ﺷﻜﻞ دﻳﺪه ﻣﻲﺷﻮد ،ﻧﻘﺸﻪ ﺧﻄﻮط ﻫﻤﺘﺮاز ﺳﺮﻋﺖ ﺧﻮردﮔﻲ در ﺳﻄﻮح ﻣﻮرد ﻧﻈﺮ ) aو  (bﻗﺎﺑﻞ ﻣﻘﺎﻳـﺴﻪ ﺑـﺎ ﻧﺘـﺎﻳﺞ ﺑـﻪ
دﺳﺖ آﻣﺪه از ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ )اراﺋﻪ ﺷﺪه در ﺷﻜﻞ ) ((2اﺳﺖ .ﺣﺪاﻛﺜﺮ ﺳﺮﻋﺖ ﺧـﻮردﮔﻲ در ﺳـﻄﺢ ) (bﺑـﻴﺶ از 16
ﻣﻴﻜﺮو آﻣﭙﺮ ﺑﺮ ﺳﺎﻧﺘﻲ ﻣﺘﺮ ﻣﺮﺑﻊ ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﻃﺒﻖ ﺟﺪول ) (3ﻣﻘﺪار ﺧﻮردﮔﻲ در اﻳﻦ ﺳﻄﺢ زﻳﺎد اﺳﺖ و آزﻣـﺎﻳﺶ ﻧـﻴﻢ
ﭘﻴﻞ ﻧﻴﺰ اﺣﺘﻤﺎل ﺧﻮردﮔﻲ را ﺑﻴﺶ از 90درﺻﺪ ﻧﺸﺎن ﻣﻲدﻫﺪ .اﻳﻦ در ﺣﺎﻟﻴﺴﺖ ﻛﻪ ﻧﺘﺎﻳﺞ ﺳﺮﻋﺖ ﺧﻮردﮔﻲ در ﺳـﻄﺢ a
ﺣﺪاﻛﺜﺮ  2/5ﻣﻴﻜﺮو آﻣﭙﺮ ﺑﺮ ﺳﺎﻧﺘﻴﻤﺘﺮ ﻣﺮﺑﻊ اﺳﺖ ﻛﻪ ﻧﺸﺎن دﻫﻨﺪه ﺳـﺮﻋﺖ ﺧـﻮردﮔﻲ ﻛـﻢ ﻣـﻲﺑﺎﺷـﺪ .ﺿـﻤﻨﺎ ﻣﻘـﺎدﻳﺮ
ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ در ﻣﺤﺪوده ﻋﺪم ﻗﻄﻌﻴﺖ ﻗﺮار دارد.
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 -4ﻧﺘﻴﺠﻪﮔﻴﺮي
 -١ارزﻳﺎﺑﻲ ﺧﺮاﺑﻲ ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﺑﻪ ﻣﻨﻈﻮر ﺗﺮﻣﻴﻢ آن ،ﺑﺎﻳﺪ در ﻳﻚ ﻧﻈﺎم ﻣﻨﻄﻘﻲ اﺟﺮا ﺷﻮد .ﻳـﻚ ﺗـﺮﻣﻴﻢ ﺑـﺎ
ﻛﻴﻔﻴﺖ ﻧﻴﺎزﻣﻨﺪ ﺷﻨﺎﺧﺖ ﻋﻠﺖ وﻗﻮع ﺧﺮاﺑﻲ ،ﻣﺸﺎﻫﺪات ﻛﺎﻣﻞ آﺳﻴﺐﻫﺎ ،ﻣﺸﺨﺼﺎت دﻗﻴﻖ ﻣﺤﻞﻫﺎي آﺳﻴﺐ دﻳﺪه
اﺳﺖ.
 -٢ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه ﻋﺎﻣﻞ اﺻـﻠﻲ وﻗـﻮع ﺧـﻮردﮔﻲ در ﺑـﺘﻦ ﻣـﺴﻠﺢ ﻋﺮﺷـﻪ ﭘـﻞﻫـﺎ وﻗـﻮع ﭘﺪﻳـﺪه
ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﻲﺑﺎﺷﺪ.
 -٣ﻣﻘﺪار ﭘﺘﺎﻧﺴﻴﻞ ﻧﻴﻢ ﭘﻴﻞ ﺗﻨﻬﺎ اﺣﺘﻤﺎل ﺧﻮردﮔﻲ را ﻧﺸﺎن ﻣﻲدﻫﺪ و ﺣﺘﻲ در ﺑﺮﺧﻲ از ﺣﺎﻟﺘﻬﺎ اﺳﺘﻔﺎده از اﻳﻦ روش
ﺑﺎ ﻣﺤﺪودﻳﺖﻫﺎﻳﻲ ﻫﻤﺮاه اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ ﺑﺎ اﺳﺘﻔﺎده از روش ﺳﺮﻋﺖ ﺧﻮردﮔﻲ ﻣﻲﺗﻮان ﻣﻘﺪار ﺧـﻮردﮔﻲ را در
ﻧﻮاﺣﻲ ﺧﻮرده ﻧﺸﺪه و ﺧﻮرده ﺷﺪه و ﻳﺎ ﺣﺘﻲ ﻧﻮاﺣﻲ ﻣﺸﻜﻮك ﺑﻪ ﺧﻮردﮔﻲ ﺗﻌﻴﻴﻦ ﻧﻤﻮد.
 -۴ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن در ﺗﺮﻛﻴﺐ ﺑﺎ ﻳﻮن ﻛﻠﺮ ﻣﻨﺠﺮ ﺑﻪ ﺗﻮﺳﻌﻪ وﮔﺴﺘﺮش وﺳﻌﺖ ﺧﺮاﺑﻲﻫﺎ و ﺧـﻮردﮔﻲ آرﻣـﺎﺗﻮر در
ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ ﻣﻲﺷﻮد .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ دﻳﺪه ﺷﺪ ،در ﺳﻄﻮح داراي ﺷﺪت ﺧﺮاﺑﻲ زﻳﺎد ،ﺧﻮردﮔﻲ ﺗﺤﺖ اﺛـﺮ
ﺗﻮام ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﻳﻮن ﻛﻠﺮ رخ داده اﺳﺖ .در ﺣﺎﻟﻴﻜﻪ در ﺳﻄﻮح داراي ﺷﺪت ﺧـﻮردﮔﻲ ﻛـﻢ ﺧـﻮردﮔﻲ ﺗﻨﻬـﺎ
ﻧﺎﺷﻲ از ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن ﻣﺤﺘﻤﻞ ﻣﻲﺑﺎﺷﺪ.
 -۵ﺑﺮ اﺳﺎس ﻣﻄﺎﻟﻌﺎت اﻧﺠﺎم ﺷﺪه در ﻗﺎﻟﺐ اﻳﻦ ﺗﺤﻘﻴﻖ ﻣﺸﺨﺺ ﻣﻲﺷﻮد ﻛﻪ ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از ﻧﻔﻮذ ﻳﻮن ﻛﻠـﺮ در
ﻛﺸﻮر ﻣﺤﺪود ﺑﻪ ﺳﻮاﺣﻞ و ﺟﺰاﻳﺮ ﺧﻠﻴﺞ ﻓﺎرس ﻧﻤﻲﺷﻮد و در ﻧﻮاﺣﻲ ﻣﺮﻛﺰي ﻛﺸﻮر ﺧﺼﻮﺻﺎ در ﻧﻮاﺣﻲ ﻛﻮﻳﺮي
اﻳﻦ ﻧﻮع ﺧﺮاﺑﻲﻫﺎ وﺟﻮد دارد .ﺑﺪﻳﻬﻲاﺳﺖ اﺟﺮاي ﺳﺎزهﻫﺎ و اﺑﻨﻴﻪ ﺑﺘﻨﻲ ﺑﺎ ﻛﻴﻔﻴﺖ ﻧـﺎزل و ﻧـﺴﺒﺖ آب ﺑـﻪ ﻣـﻮاد
ﺳﻴﻤﺎﻧﻲ زﻳﺎد ﻣﻮﺟﺐ ﺑﺮوز ﭘﺪﻳﺪه ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن و ﺗﺸﺪﻳﺪ ﻓﺮاﻳﻨﺪ ﺧﻮردﮔﻲ و آﺳﻴﺐدﻳﺪﮔﻲ ﺑﺘﻦ ﺧﻮاﻫﺪ ﺷﺪ.
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ﺑﺘﻦ رﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺑﺘﻨﻲ
ﺑﺎ ﺳﻴﺴﺘﻢ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ
ﺳﻌﻴﺪ اﺳﻌﺪي

ﭼﻜﻴﺪه
از آﻧﺠﺎﺋﻴﻜﻪ در ﺳﻴﺴﺘﻢ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ ﻫﻤﻮاره ﻣﻮﺿﻮع ﻣﺪﻳﺮﻳﺖ زﻣﺎن ﻣﻄﺮح ﻣﻲﺑﺎﺷﺪ ﻟﺬا ﺑﺘﻦ رﻳﺰي در ﻫـﻮاي ﺳـﺮد از
اﻫﻤﻴﺖ ﺧﺎﺻﻲ ﺑﺮﺧﻮردار ﺑﻮده و ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺳﺮﻣﺎي ﺷﺪﻳﺪ در ﻣﻨﻄﻘـﻪ آذرﺑﺎﻳﺠـﺎن ﻛـﻪ ﻣﻌﻤـﻮﻻ ﺑـﺘﻦ رﻳـﺰي در اﻛﺜـﺮ
ﭘﺮوژهﻫﺎ ﻣﺘﻮﻗﻒ ﻣﻲﺷﻮد ،ﺑﺎ اﺟﺮاي ﺗﻤﻬﻴﺪاﺗﻲ از ﻗﺒﻴﻞ ﺳﺎﺧﺖ و ﻧـﺼﺐ ﻫﻴﺘﺮﻫـﺎي ﺑﺮﻗـﻲ ﻓـﻦ دار در داﺧـﻞ ﺗﻮﻧﻠﻬـﺎ و
ﭘﻮﺷﺶﻫﺎي ﻣﻨﺎﺳﺐ و اﺳﺘﻔﺎده از ﻣﺸﻌﻞ و ﻟﻮﻟﻪ ﮔﺮﻣﺎﻳﺸﻲ و ...اﻣﻜﺎن ﺑﺘﻦ رﻳﺰي در ﻫﻮاي ﺳﺮد و ﺑـﺎﻻﺑﺮدن ﻣﻘﺎوﻣـﺖ
ﺑﺘﻦ ﻣﻴﺴﺮ ﻣﻲﮔﺮدد.
 - 1ﺗﺎﻣﻴﻦ ﺿﻮاﺑﻂ آﻳﻴﻦ ﻧﺎﻣﻪ اي
ﻣﻄﺎﺑﻖ ﻣﺒﺤﺚ  9ﻣﻘﺮرات ﻣﻠﻲ ﺳﺎﺧﺘﻤﺎن ﻫﻮاي ﺳﺮد ﺑﻪ وﺿﻌﻴﺘﻲ اﻃﻼق ﻣﻲﺷﻮد ﻛﻪ ﺑﺮاي  3روز ﻣﺘﻮاﻟﻲ ﺷـﺮاﻳﻂ زﻳـﺮ
ﺑﺮﻗﺮار ﺑﺎﺷﺪ.
اﻟﻒ – دﻣﺎي ﻣﺘﻮﺳﻂ ﻫﻮا در ﺷﺒﺎﻧﻪ روز ﻛﻤﺘﺮ از  5درﺟﻪ ﺳﻠﺴﻴﻮس ﺑﺎﺷﺪ.
ب – دﻣﺎي ﻫﻮا ﺑﺮاي ﺑﻴﺸﺘﺮ از ﻧﺼﻒ روز از  10درﺟﻪ ﺳﻠﺴﻴﻮس زﻳﺎدﺗﺮ ﻧﺒﺎﺷﺪ.
ﺑﻪ ﻣﻨﻈﻮر اﻃﻤﻴﻨﺎن ﻛﺎﻓﻲ از وﺿﻌﻴﺖ ﻧﮕﻬﺪاري ﺑﺘﻦ در ﭘﺮوژه آذران دﻣﺎي ﺑـﺘﻦ در ﻃـﻮل ﺷـﺒﺎﻧﻪ روز  2ﺑـﺎر در ﻧﻘـﺎط
ﻣﺨﺘﻠﻒ ﺳﺎزه ﺛﺒﺖ ﻣﻲﺷﻮد.
ﺑﺮاي رﺳﺎﻧﺪن دﻣﺎي ﺑﺘﻦ ﺑﻪ ﺣﺪ ﻣﻄﻠﻮب ﻫﻨﮕﺎم اﺧﺘﻼط ﺑﺘﻦ از آب ﮔﺮم اﺳﺘﻔﺎده ﺷﺪه و ﻣﻄﺎﺑﻖ آﻳﻴﻦ ﻧﺎﻣـﻪ ،از ﺗﻤـﺎس
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ﻣﺴﺘﻘﻴﻢ آب ﮔﺮم ﺑﺎ ﺳﻴﻤﺎن در ﺻﻮرﺗﻲ ﻛﻪ دﻣﺎي آن ﺑﻴﺶ از  40درﺟﻪ ﺳﻠﺴﻴﻮس ﺑﺎﺷﺪ در ﺣـﻴﻦ رﻳﺨـﺘﻦ ﻣـﺼﺎﻟﺢ در
ﻣﺨﻠﻮط ﻛﻦ ،ﻛﻨﺘﺮل ﻻزم ﺑﻪ ﻋﻤﻞ ﻣﻲآﻳﺪ.
اﻧﺘﺨﺎب ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ روﻧﺪ ﻛﺴﺐ ﻣﻘﺎوﻣﺖ در دﻣﺎي ﻣﺤﻴﻂ ﺑﻮده و ﻛﻤﺘﺮ از  0/4ﻣﻲﺑﺎﺷﺪ.
ﻋﻤﻞ آوردن ﺑﺘﻦ ﺗﺎزه ﺣﺪاﻗﻞ ﺑﻪ ﻣﺪت  24ﺳﺎﻋﺖ و ﺗﺎ رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣﺖ  5ﻣﮕﺎﭘﺎﺳﻜﺎل اداﻣﻪ ﻣﻲﻳﺎﺑﺪ.
ﻋﻤﻞ آوري ﺑﺘﻦ ﺑﺎ اﺳﺘﻔﺎده از ﭘﻮﺷﺶ )روﻟﻬﺎي ﭘﺸﻢ ﺷﻴﺸﻪ ﻛﻪ در داﺧﻞ ﻧﺎﻳﻠﻮن ﻗﺮار داده ﻣﻲﺷﻮد( و ﮔﺮم ﻛﺮدن داﺧﻞ
ﺗﻮﻧﻠﻬﺎ ﺑﺎ ﻫﻴﺘﺮﻫﺎي ﺑﺮﻗﻲ و ﮔﺎزي ﺗﺎ  15درﺟﻪ ﺳﺎﻧﺘﻲ ﮔﺮاد اﻧﺠﺎم ﻣﻲﮔﻴﺮد.
ﻣﺰﻳﺖ اﺳﺘﻔﺎده از ﻫﻴﺘﺮﻫﺎي ﺑﺮﻗﻲ و ﮔﺎزي ﻧﺴﺒﺖ ﺑﻪ ﮔﺮم ﻛﻨﻨﺪهﻫﺎ ﺑﺎ ﻣﻮاد ﺳﻮﺧﺘﻲ ﻧﻈﻴﺮ ﻧﻔﺖ و ﮔﺎزوﺋﻴﻞ ﺑﻪ اﻳـﻦ ﻋﻠـﺖ
اﺳﺖ ﻛﻪ از اﺣﺘﻤﺎل ﺗﺒﺨﻴﺮ آب و ﻛﺮﺑﻨﺎﺗﻲ ﺷﺪن ﺳﻄﻮح ﺑﺘﻨﻲ در اﺛﺮ اﺣﺘﺮاق ،ﺟﻠﻮﮔﻴﺮي ﺑﻪ ﻋﻤﻞ آﻳﺪ.
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ در ﺳﻴﺴﺘﻢ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ ﺑﻪ ﺟﻬﺖ اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﻋﻤﻠﻴﺎت اﺟﺮاﻳﻲ ،ﺑﺎز ﻛﺮدن ﻗﺎﻟﺐﻫﺎ در ﻣﺪت زﻣﺎن
ﻛﻤﺘﺮي از زﻣﺎن ﺗﻌﺮﻳﻒ ﺷﺪه در ﻣﺒﺤﺚ  9ﻣﻘـﺮرات ﻣﻠـﻲ اﻧﺠـﺎم ﻣـﻲﺷـﻮد ،ﻟـﺬا از ﻣـﻮاد روان ﻛﻨﻨـﺪه ﻛـﻪ ﺧﺎﺻـﻴﺖ
ﺗﻨﺪﮔﻴﺮﻛﻨﻨﺪه دارﻧﺪ اﺳﺘﻔﺎده و ﺑﺮاي ﻣﺮاﻗﺒﺖ ﺑﺘﻦ ﺑﻌﺪ از ﻗﺎﻟﺐ ﺑﺮداري از ﭘﺎﻳﻪﻫﺎي اﻃﻤﻴﻨﺎن در وﺳﻂ دﻫﺎﻧـﻪﻫـﺎ اﺳـﺘﻔﺎده
ﺷﺪه و دﻗﺖ ﻻزم ﺑﻌﻤﻞ ﻣﻲآﻳﺪ ﺗﺎ ﻫﻤﻴﺸﻪ ﭘﺎﻳﻪﻫﺎي اﻃﻤﻴﻨﺎن در دو ﻃﺒﻘﻪ ﻣﺘﻮاﻟﻲ وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﻨﺪ و ﺗـﺎ ﺣـﺪ اﻣﻜـﺎن
ﻫﺮ دو ﭘﺎﻳﻪ اﻃﻤﻴﻨﺎن ﻧﻈﻴﺮ در دو ﻃﺒﻘﻪ ،روي ﻫﻢ و در اﻣﺘﺪادي واﺣﺪ ﻗﺮار ﮔﻴﺮﻧﺪ.

ﺑﻠﻮك  - A1زﻣﺴﺘﺎن 86

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 71 /....

ﺑﻠﻮك  - B1زﻣﺴﺘﺎن 86

 –2ﺗﻬﻴﻪ آﺑﮕﺮم ﺑﭽﻴﻨﮓ
ﺑﺮاي ﺗﻬﻴﻪ آﺑﮕﺮم ﻻزم در ﺑﭽﻴﻨﮓ از ﺗﺎﻧﻜﺮ آب و اﺳﺘﺘﺎر ﻛﺮدن آن و ﻣﺠﻬﺰ ﻧﻤﻮدن ﺑـﻪ ﺳﻴـﺴﺘﻢ ﮔـﺮ ﻣـﺎﻳﺶ ﺑﻮﺳـﻴﻠﻪ
ﻣﺸﻌﻞﻫﺎي ﮔﺎزي ،ﻫﻤﺮاه ﺑﺎ ﻧﺼﺐ ﺗﺮﻣﻮﺳﺘﺎت ﺟﻬﺖ رﺳﺎﻧﻴﺪن دﻣﺎي آب ﺑﺘﻦ ﺑﻪ  ،60ċاﺳﺘﻔﺎده ﻣﻲﺷﻮد.

ﻣﺸﻌﻞ ﮔﺮﻣﺎﻳﺸﻲ ﺟﻬﺖ ﺣﺮارت ﺑﻪ ﻗﺴﻤﺖ ﭘﺎﻳﻴﻦ ﺗﺎﻧﻜﺮ آب ﺑﭽﻴﻨﮓ

ﺑﭽﻴﻨﮓ ﺑﺘﻦ زﻣﺴﺘﺎن 87

ﺟﻠﻮﮔﻴﺮي از ﻳﺦ زدن ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ
ﺑﺎ اﺟﺮاي ﻟﻮﻟﻪﻛﺸﻲ در ﻣﺤﻞ دﭘﻮي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ و ﻧﺼﺐ ﮔﺮم ﻛﻦ ﺑﺎ ﻣﺸﻌﻞ ﮔﺎزو ﺋﻴﻠﻲ و ﻋﺒﻮر دادن ﻫﻮاي ﮔـﺮم از

 / 72ﺳﻮﻣﻴﻦ ﻛﻨﻔﺮاﻧﺲ ﺑﻴﻦاﻟﻤﻠﻠﻲ ﺑﺘﻦ و ﺗﻮﺳﻌﻪ––––––––––––––––––––––––––––––– 1388 ،

داﺧﻞ ﻟﻮﻟﻪﻫﺎ ،از ﻳﺦ زدﮔﻲ ﻣﺼﺎﻟﺢ ﺟﻠﻮﮔﻴﺮي ﻣﻲﺷﻮد.

ﻣﺸﻌﻞ ﮔﺮﻣﺎﻳﺸﻲ

ﻟﻮﻟﻪ ﮔﺮﻣﺎﻳﺸﻲ

ﺟﻬﺖ ﺣﻔﻆ ﺣﺮارت در ﻣﺤﻞ دﭘﻮي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ ،ﺳﻄﺢ ﻣﺼﺎﻟﺢ را ﺑﺎ رولﻫـﺎي ﭘـﺸﻢ ﺷﻴـﺸﻪ )ﺑـﺎ ﻛـﺎور ﻧـﺎﻳﻠﻮﻧﻲ(
ﭘﻮﺷﺎﻧﻴﺪه و ﺑﺮ روي آن ﭼﺎدر ﺑﺮزﻧﺘﻲ ﻛﺸﻴﺪه ﻣﻲﺷﻮد.
در ﻗﺴﻤﺖ ﭘﺎﻳﻴﻦ ﺑﺎ ﮔﺬاﺷﺘﻦ ﻳﻚ ﺧﺮك و اﻳﺠﺎد اﺧﺘﻼف ارﺗﻔﺎع ،ﺑﺎ ﻗﺮار دادن ﻫﻴﺘﺮﻫﺎي ﺑﺮﻗﻲ ﻓﻦ دار ،ﺳﻄﺢ ﻓﻮﻗـﺎﻧﻲ
ﻣﺼﺎﻟﺢ ﮔﺮم ﻧﮕﻪ داﺷﺘﻪ ﻣﻲﺷﻮد.

ﭘﻮﺷﺶ دﭘﻮي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ

 -4ﺗﺎﻣﻴﻦ ﮔﺮﻣﺎﻳﺶ داﺧﻞ ﻗﺎﻟﺐﻫﺎي ﺗﻮﻧﻠﻲ

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 73 /....

ﺟﻬﺖ ﺟﻠﻮﮔﻴﺮي از اﻓﺖ دﻣﺎي ﺑﺘﻦ ﻫﻨﮕﺎم ﺑﺘﻦ رﻳﺰي ﺣﺪود  12ﺳﺎﻋﺖ ﻗﺒﻞ از ﺑﺘﻦ رﻳـﺰي ﺑـﺎ ﻗـﺮار دادن ﻫﻴﺘﺮﻫـﺎي
ﺑﺮﻗﻲ ﻓﻦ دار در داﺧﻞ ﻗﺎﻟﺐﻫﺎي ﺗﻮﻧﻠﻲ و اﺳﺘﺘﺎر آﻧﻬﺎ در ﻗﺴﻤﺖ ﺧﺮوﺟﻲ ﺑﺎ ﭼﺎدر ،ﮔﺮﻣﺎﻳﺶ داﺧﻞ ﻗﺎﻟﺐ ﺗـﻮﻧﻠﻲ ﺗـﺎﻣﻴﻦ
ﺷﺪه و دﻣﺎي ﻗﺎﻟﺐﻫﺎ ﺑﻪ  10°Cﻣﻲرﺳﺪ.

ﻫﻴﺘﺮ ﺑﺮﻗﻲ ﻓﻦدار

اﺳﺘﺘﺎر ﻗﺴﻤﺖ ﺧﺮوﺟﻲ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ

 –5ﻋﻤﻞ آوري و ﻛﻨﺘﺮل دﻣﺎي ﺑﺘﻦ
ﺑﻪ ﻣﻨﻈﻮر ﺟﻠﻮﮔﻴﺮي از اﻓﺖ دﻣﺎي ﺑﺘﻦ در ﻣﺤﻞ ﺑـﺘﻦ رﻳـﺰي ،ﻣﻘـﺪار ﺗﻬﻴـﻪ ﺑـﺘﻦ در ﺑﭽﻴﻨـﮓ در ﻫـﺮ ﻣﺮﺣﻠـﻪ ،ﺑـﻪ 2
ﻣﺘﺮﻣﻜﻌﺐ ﺗﻘﻠﻴﻞ و ﺑﺪﻳﻦ ﺗﺮﺗﻴﺐ ﻣﺪت زﻣﺎن ﺣﻤﻞ ﻣﺼﺮف ﺑﺘﻦ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.

ﭘﻮﺷﺶ روي ﺑﺘﻦ ﺗﻮﺳﻂ ﭘﺸﻢ ﺷﻴﺸﻪ و ﺑﺮزﻧﺖ

ﭘﺲ از اﺗﻤﺎم ﺑﺘﻦ رﻳﺰي ،ﮔﺮﻣﺎﻳﺶ داﺧﻞ ﻗﺎﻟﺐﻫﺎي ﺗﻮﻧﻠﻲ ﺗﺎ ﻣﺪت  48ﺳﺎﻋﺖ ﺑﻌﺪ از ﺑﺘﻦ رﻳﺰي اداﻣﻪ ﻳﺎﻓﺘـﻪ و ﺳـﻄﺢ
ﺑﺘﻦ ﺑﺎ ﭘﺸﻢ ﺷﻴﺸﻪ ﭘﻮﺷﺎﻧﻴﺪه و ﺑﺮ روي ﭘﺸﻢ ﺷﻴﺸﻪ ﻧﻴﺰ ﻫﻤﺎﻧﻨﺪ ﭘﻮﺷﺶ روي ﻣﺼﺎﻟﺢ ﺑﭽﻴﻨﮓ ،ﭼﺎدر ﻛﺸﻴﺪه ﻣﻲﺷﻮد ،و
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آرﻣﺎﺗﻮرﻫﺎي اﻧﺘﻈﺎر رﻳﺸﻪ دﻳﻮارﻫﺎ ﺑﺎ ﻧﺎﻳﻠﻮن ﭘﻮﺷﺎﻧﺪه ﻣﻲﺷﻮد .ﺑﺎ رﻋﺎﻳﺖ ﻣﻮارد ﻓﻮق اﻟﺬﻛﺮ ﺗﺎ دﻣﺎي  -18 ċﻧﻴـﺰ ﺑـﺘﻦ
رﻳﺰي اﻧﺠﺎم ﮔﺮدﻳﺪ .در زﻣﺴﺘﺎن ﺳﺎل  86ﻛﻪ ﻣﺘﻮﺳﻂ دﻣﺎي ﺷﻬﺮ ﺟﺪﻳﺪ ﺳﻬﻨﺪ ﺑﻪ دﻣﺎي  -15 ċرﺳﻴﺪ ،ﻛﻞ ﺗﻌﻄﻴﻠـﻲ
ﭘﺮوژه ﺑﻪ ﻣﺪت  8روز آن ﻫﻢ ﺑﺪﻟﻴﻞ ﻛﻮﻻك ﺷﺪﻳﺪ ﺑﻮد.

ﺑﺘﻦرﻳﺰي در ﺷﺐ

ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺑﺘﻨﻲ و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ

 – 1اﻗﺪاﻣﺎت اﻧﺠﺎم ﮔﺮﻓﺘﻪ ﺟﻬﺖ ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺑﺘﻨﻲ
در راﺳﺘﺎي ﺗﺤﻘﻖ و ﻧﻴﻞ ﺑﻪ اﻫﺪاف ﻛﻴﻔﻲ ﺗﻌﻴﻴﻦ ﺷﺪه از ﻃﺮف ﺷﺮﻛﺖ ﻣﺎدر در ﺳﺎل  87ﻛﻪ ﻛﺎﻫﺶ ﻣﺪت زﻣﺎن اﺟﺮاي
اﺳﻜﻠﺖ ﺑﺘﻨﻲ ﭘﺮوژه آذران ﺑﻪ ﻣﻴﺰان  50درﺻﺪ ﻧﺴﺒﺖ ﺑﻪ ﺳﺎل  86ﻣﺪ ﻧﻈﺮ ﻗﺮار ﮔﺮﻓﺘـﻪ ،از ﻫﻤـﺎن اﺑﺘـﺪاي ﺳـﺎل 87
ﺑﺮاي ﻫﺮ ﻳﻚ از ﺑﻠﻮكﻫﺎ ،ﻣﻄﺎﺑﻖ ﻧﻤﻮدارﻫﺎي ﭘﻴﻮﺳﺘﻲ )ﺻـﻔﺤﺎت  52اﻟـﻲ  (64ﺟﻬـﺖ ﻣﻘﺎﻳـﺴﻪ ﻣـﺪت زﻣـﺎن اﺟـﺮا،
ﺷﻨﺎﺳﻨﺎﻣﻪ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﺗﻬﻴﻪ ﮔﺮدﻳﺪ ﺑﻪ ﻃﻮرﻳﻜﻪ ﺑﻴﺸﺘﺮﻳﻦ ﻣﺪت زﻣﺎن اﺟﺮاي اﺳﻜﻠﺖ ﻣﺮﺑـﻮط ﺑـﻪ ﺑﻠـﻮك
 A1در ﻣﺪت  128روز و ﻛﻤﺘﺮﻳﻦ ﻣﺪت اﺟﺮا ﻣﺮﺑﻮط ﺑﻪ ﺑﻠﻮك  A3در ﻣﺪت  73روز اﻧﺠﺎم ﮔﺮﻓﺘﻪ اﺳﺖ.
ﺑﻴﺸﺘﺮﻳﻦ زﻣﺎن اﺟﺮاي ﻳﻚ ﻧﻴﻢ ﺳﺖ در ﺑﻠﻮك  A1ﺑﻪ ﻣﺪت  8روز و ﺑﺎ ﻣﻄﺎﻟﻌﻪ و رﻓﻊ ﻣﻮاﻧﻊ ،در ﺑﻠﻮك  B3ﺑـﻪ  2روز
رﺳﻴﺪ
ﺑﻄﻮر ﺧﻼﺻﻪ ﻣﻮاردﻳﻜﻪ در ﺳﺮﻋﺖ دادن ﻛﺎر اﺟﺮا ي اﺳﻜﻠﺖ ﻧﻘﺶ اﺳﺎﺳﻲ داﺷﺘﻪ اﻧﺪ ﺑﻪ ﺷﺮح زﻳﺮ ﻣﻲﺑﺎﺷﺪ:

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 75 /....

 -1اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﺑﺘﻦ رﻳﺰي ﺑﺎ اﺿﺎﻓﻪ ﻛﺮدن ﺣﺠﻢ ﭘﺎﻛﺖ ﺑﻪ ﻣﻴﺰان  0/8ﻣﺘﺮﻣﻜﻌﺐ

اﻓﺰاﻳﺶ ﺣﺠﻢ ﭘﺎﻛﺖ ﺑﺘﻦ ﺑﻪ ﻣﻘﺪار  0/8ﻣﺘﺮﻣﻜﻌﺐ

 -2ﻛﻮﺗﺎه ﻧﻤﻮدن ﻣﺴﻴﺮ ﺣﻤﻞ ﺑﺘﻦ و اﺿﺎﻓﻪ ﻧﻤﻮدن ﺗﺮاك ﻣﻴﻜﺴﺮ ﺟﻬﺖ ﺣﻤﻞ ﺑﺘﻦ.
 -3اﻓﺰودن ﺗﻌﺪاد ﻧﻔﺮات ﭘﻴﻤﺎﻧﻜﺎر
 -4ﺑﻪ ﻣﻨﻈﻮر ﺟﺎﺑﺠﺎﻳﻲ ﻗﺎﻟﺐﻫﺎي ﻛﻨﺎري ،ﻣﻴﺎﻧﻲ و Plat formﻫﺎ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﺧﺘﻼف ﻣﺤﻞ ﺑـﺴﺖ ﻗﺎﻟـﺐ ،از ﺳـﻴﻢ
ﺑﻜﺴﻞ ﺟﺪاﮔﺎﻧﻪ ﻣﺨﺼﻮص ﺑﻪ ﻫﻤﺎن ﻗﺎﻟﺐ اﺳﺘﻔﺎده ﻣﻲﺷﺪ ﻛﻪ ﺑﺎز و ﺑﺴﺘﻪ ﻛﺮدن ﻣﺠﺪد ﺳﻴﻢ ﺑﻜﺴﻞﻫـﺎ ﺑﺎﻋـﺚ ﻛﻨـﺪي
ﻋﻤﻠﻴﺎت ﻣﻲﮔﺮدﻳﺪ ،ﺑﺎ ﺗﺠﻤﻴﻊ ﻛﻞ ﺳﻴﻢ ﺑﻜﺴﻞﻫﺎ در ﻗﻼب ﺗﺎورﻛﺮﻳﻦ و ﺗﻌﻮﻳﺾ از ﻫﻤﺎن ﻗـﺴﻤﺖ ﺳـﺮﻋﺖ ﺟﺎﺑﺠـﺎﻳﻲ
ﻗﺎﻟﺐﻫﺎ اﻓﺰاﻳﺶ ﻳﺎﻓﺖ.

ﺗﺠﻤﻴﻊ ﺳﻴﻢ ﺑﻜﺴﻞﻫﺎ در ﻗﻼب ﺗﺎور ﺟﻬﺖ ﺟﺎﺑﺠﺎﻳﻲ ﺳﺮﻳﻊ ﻗﺎﻟﺐﻫﺎ

 -5اﻧﺠﺎم ﻋﻤﻠﻴﺎت ﺗﻤﻴﺰ ﻛﺎري و روﻏﻦ ﻛﺎري ﻗﺎﻟﺐﻫﺎ ﺑﻪ ﻫﻨﮕـﺎم ﺧـﺮوج ﺑـﺮروي ﭘﻠـﺖ ﻓـﺮم ) (PLAT FORMو
اﻧﺘﻘﺎل ﺑﻪ ﻧﻴﻢ ﺳﺖ دﻳﮕﺮ )ﺗﻮﺿﻴﺢ اﻳﻨﻜﻪ ﻗﺒﻼ ﻛﺎر ﺗﻤﻴﺰ ﻛﺎري و روﻏﻦ ﻛﺎري ﻗﺎﻟﺐﻫﺎ ﭘﺲ از اﻧﺘﻘﺎل آﻧﻬﺎ ﺑﻪ ﺳﻄﺢ زﻣﻴﻦ
ﺻﻮرت ﻣﻲﮔﺮﻓﺖ و ﺳﭙﺲ ﺑﻪ ﻧﻴﻢ ﺳﺖ ﺑﻌﺪي اﻧﺘﻘﺎل داده ﻣﻲﺷﺪ(
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ﺗﻤﻴﺰﻛﺎري و روﻏﻦ ﻛﺎري ﻗﺎﻟﺐﻫﺎ در روي ﭘﻠﺖ ﻓﺮمﻫﺎ

 -6ﺗﻌﻠﻴﻢ و آﻣﻮزش ﻛﺎرﮔﺮان و اﺳﺘﺎدﻛﺎران ﺟﻬﺖ اﻓﺰاﻳﺶ ﺑﻴﻨﺶ آﻧﻬﺎ ﺑﻪ اﺣﺪاث ﺳﺎﺧﺘﻤﺎن ﺑﺎ دﻳﺪ ﺻﻨﻌﺘﻲ
 -7ﺗﻌﺮﻳﻒ وﻇﻴﻔﻪ و ﺗﺨﺼﺺ ﺧﺎص ﺑﺮاي ﻫﺮ ﻧﻔﺮ )ﻣﺜﻼ ﻧﺼﺎب ﺑﺎز ﺷﻮ ،ﻧﺼﺎب ﻗﺎﻟﺐﻫﺎي ﻛﻨﺎري و ﻏﻴﺮه(
 -8اﻓﺰاﻳﺶ ﺳﺎﻋﺎت ﻛﺎري ﻛﺎرﮔﺎه )ﺷﺮوع ﺗﺎﻳﻢ ﻛﺎري در ﺗﺎﺑﺴﺘﺎن از ﺳﺎﻋﺖ  6ﺻﺒﺢ ﺗﺎ  20ﺷﺐ(
 -9اﻧﺘﺨﺎب ﭘﻴﻤﺎﻧﻜﺎر ﺟﺪاﮔﺎﻧﻪ ﺟﻬﺖ اﺟﺮاي ﻛﻠﻴﻪ ﻋﻤﻠﻴﺎت ﺟﻮﺷﻜﺎري در دﻳﻮارﻫﺎ و ﺳﻘﻒﻫﺎ
 -2ﻣﻄﺎﻟﻌﻪ و ﺑﺮرﺳﻲ در ﺳﺮﻋﺖ دادن ﺑﻪ ﻋﻤﻠﻴﺎت اﻟﻜﺘﺮﻳﻜﻲ
 -1ﻟﻮﻟﻪﻫﺎي ﺗﻮﻟﻴﺪي ﻛﺎرﺧﺎﻧﻪ ﻳﺰد ﭘﻮﻟﻴﻜﺎ از ﻧﻮع  PVCﻃﻮﺳﻲ ﻧﺴﻮز ﻛﻪ ﻗﺒﻼ اﺳـﺘﻔﺎده ﻣـﻲﺷـﺪ و ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري
ﻋﻤﻮدي ﻛﺎﻓﻲ ﻧﺪاﺷﺖ ﺑﺎ ﻧﻮع ﭘﻠﻴﻜﺎي  PVCﺳﺨﺖ ﻧﺴﻮز ﺳﻔﻴﺪ ﺗﻮﻟﻴﺪي ﻛﺎرﺧﺎﻧﻪ ﺛﺎﺑﺖ ﭘﻠﻲ اﺗﻴﻠﻦ ﺗﻌﻮﻳﺾ ﺷﺪ ﻛﻪ اﻳﻦ
اﻣﺮ ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﺗﻌﺪاد ﻟﻮﻟﻪﻫﺎي ﺷﻜﺴﺘﻪ ﺷﺪه در ﻣﺮﺣﻠﻪ اﺟﺮاي ﻣﺶ دوم ﺳﻘﻒ و ﺑﺘﻦ رﻳﺰي ﮔﺮدﻳﺪ.
 -2ﺗﻬﻴﻪ ﻧﻘﺸﻪ ﺛﺎﺑﺖ SHOP DRAWING
 -3ﺗﻬﻴﻪ ﺷﺎﺑﻠﻦ و ﻓﻨﺮ ﺧﻢ ﻣﺘﻨﺎﺳﺐ ﺑﺎ ﺳﺎﻳﺰ ﻟﻮﻟﻪ ﺟﻬﺖ اﻳﺠﺎد ﺧﻢ ﻟﻮﻟﻪﻫﺎي ﺑﺮق دﻳﻮارﻫﺎ

ﺧﻢ ﻛﺎري ﻟﻮﻟﻪﻫﺎ ﺑﺎ اﺳﺘﻔﺎده از ﻓﻨﺮ و ﺷﺎﺑﻠﻦ ﺧﻢ

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 77 /....

 -4ﺗﻬﻴﻪ ﺷﺎﺑﻠﻦ ﺟﻬﺖ ﺳﺎﺧﺖ ﺑﻮﺷﻨﻬﺎي ﺳﺮ ﻟﻮﻟﻪﻫﺎي ﺑﺮق دﻳﻮارﻫﺎ ﺑﺼﻮرت ﺳﺮي
 -5ﺳﻮراخ ﻛﺎري ﻣﺤﻞ ورود ﻟﻮﻟﻪﻫﺎ ﺑﻪ ﻗﻮﻃﻲﻫﺎي ﻛﻠﻴﺪ و ﭘﺮﻳﺰ ﺑﻪ ﺻﻮرت ﺳﺮي
 -6ﺗﻬﻴﻪ ﭘﻼ ﺳﺘﻔﻮم ﺟﻬﺖ ﻣﺤﻞ ﻗﺮارﮔﻴﺮي ﻟﻮﻟﻪﻫﺎي اﻧﺘﻈﺎر ﺳﻘﻒ و دﻳﻮار و ﻣﺤﻞ ﺑﺎز ﺷﻮﻫﺎ ﺑﺎ ﺗﻮﺟﻪ ﺑـﻪ اﺑﻌـﺎد آﻧﻬـﺎ و
اﻳﺠﺎد ﺳﻮراﺧﻬﺎي ﻻزم در آﻧﻬﺎ ﺑﻪ ﺻﻮرت ﺳﺮي.

اﺳﺘﻔﺎده از ﭘﻼ ﺳﺘﻔﻮم ﺟﻬﺖ ﻣﺤﻞ ﻗﺮارﮔﻴﺮي ﻟﻮﻟﻪﻫﺎي اﻧﺘﻈﺎر ﺳﻘﻒ

اﺳﺘﻔﺎده از ﭘﻼ ﺳﺘﻔﻮم ﺟﻬﺖ ﻣﺤﻞ ﻗﺮارﮔﻴﺮي ﻟﻮﻟﻪﻫﺎي اﻧﺘﻈﺎر دﻳﻮار

 -7ﻋﻼﻣﺖ ﮔﺬاري ﻟﻮﻟﻪﻫﺎ ﺑﺎ رﻧﮕﻬﺎي ﻣﺘﻨﻮع ﺑﺮاي ﺷﻨﺎﺳﺎﻳﻲ ﻣﺤﻞ ﺳﻴﺴﺘﻤﻬﺎي ﻣﺨﺘﻠﻒ از ﺟﻤﻠﻪ روﺷﻨﺎﺋﻲ ﭘﺮﻳﺰ ﺑـﺮق و
ﺗﻠﻔﻦ و آﻧﺘﻦ و درب ﺑﺎز ﻛﻦ ﺑﺮاي ﺗﺴﺮﻳﻊ در ﻟﻮﻟﻪ ﮔﺬاري ﺳﻘﻒ درﻛﺎرﮔﺎه ﻣﻮﻗﺖ.
 -8ﻛﺪ ﮔﺬاري و دﺳﺘﻪ ﺑﻨﺪي ﻟﻮﻟﻪﻫﺎي ﺧﻢ و ﻏﻼﻓﻬﺎي ﺟﻔﺖ و ﺗﻜﻲ و ﻗﻮﻃﻲﻫﺎي ﺳﻮراخ ﺷﺪه ﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﺗﻌـﺪاد
ﺳﺎﻳﺰ آﻧﻬﺎ در ﻧﻘﺸﻪ  SHOP DRAWINGﺟﻬﺖ ﺟﻠﻮ ﮔﻴﺮي از اﺷﺘﺒﺎه ﻧﻔﺮات ﭘﻴﻤﺎﻧﻜﺎر در ﻣﺮﺣﻠﻪ اﺟﺮا.
 -9ﻛﺪﮔﺬاري و دﺳﺘﻪ ﺑﻨﺪي ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﻌﺪاد آﻧﻬـﺎ در ﻧﻘـﺸﻪ  SHOP DRAWINGﺟﻬـﺖ ﺟﻠـﻮﮔﻴﺮي از اﺷـﺘﺒﺎه
ﻧﻔﺮات ﭘﻴﻤﺎﻧﻜﺎر در ﻣﺮﺣﻠﻪ اﺟﺮا ﺻﻮرت ﻣﻲﮔﻴﺮد.
 -10ﺳﺎﺧﺖ ﻏﻼف ﻓﻠﺰي ﻗﻮﻃﻲﻫﺎي ﻛﻠﻴﺪ و ﭘﺮﻳﺰ از ﻟﻮﻟﻪ ﺳﺒﻚ ﻧﺮده اي ﺑﻪ ﻗﻄﺮ  2 1/4اﻳﻨﭻ و ﺟﻮش  2ﻋﺪد ﻣﻴﻠﮕﺮد
ﻧﻤﺮه  5ﺑﻄﻮل  40ﺳﺎﻧﺘﻲ ﻣﺘﺮ و ﺑﺴﺘﻦ آن ﺑﺎ ﺳﻴﻢ آرﻣﺎﺗﻮرﺑﻨﺪي ﺑﻪ ﻣﺶ دﻳﻮارﻫﺎ ،ﺟﻬﺖ ﻗﺮارﮔﻴﺮي ﻣﺤﻞ دﻗﻴﻖ ﻗـﻮﻃﻲ
ﻛﻠﻴﺪ و ﭘﺮﻳﺰ و ﻓﺎﺻﻠﻪ از دﻳﻮاره ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ
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ﻏﻼف ﻗﻮﻃﻲﻫﺎي ﻛﻠﻴﺪ و ﭘﺮﻳﺰ

 -11ﺣﻀﻮر ﻣﺴﺘﻤﺮ ﻧﺎﻇﺮ ﺗﺎﺳﻴﺴﺎت ﺑﺮﻗﻲ در زﻣﺎن ﺑﺘﻦ رﻳﺰي و آﻣﻮزش ﻳﻚ ﻧﻔﺮ ﺑﻪ ﻋﻨﻮان ﻛﺎرﮔﺮ ﻓﻨﻲ ﺟﻬﺖ ﻛﻨﺘـﺮل
و ﺗﺮﻣﻴﻢ ﻟﻮﻟﻪﻫﺎ در ﺻﻮرت ﺷﻜﺴﺘﮕﻲ ﻟﻮﻟﻪﻫﺎ در ﺣﻴﻦ ﺑﺘﻦ رﻳﺰي

ﺗﺮﻣﻴﻢ ﺷﻜﺴﺘﮕﻲ ﻟﻮﻟﻪﻫﺎ در ﺣﻴﻦ ﺑﺘﻦ رﻳﺰي

 -3ﻣﻄﺎﻟﻌﻪ و ﺑﺮرﺳﻲ در ﺳﺮﻋﺖ دادن ﺑﻪ ﻋﻤﻠﻴﺎت ﻣﻜﺎﻧﻴﻜﻲ
 -1ﻟﻮﻟﻪﻛﺸﻲ ﺳﻴﺴﺘﻢ ﻓﺎﺿﻼب و وﻧﺖ )ﻟﻮﻟﻪﻫﺎي ﺑﻪ ﻗﻄﺮ  50اﻟﻲ  63ﻣﻴﻠﻴﻤﺘﺮي( ﻣﻌﻤﻮﻻٌ ﺑﺎ اﻧﺠﺎم ﺷﻴﺎرﻛﻨﻲ و ﺑﺮش
ﻛﺎري دﻳﻮارﻫﺎي داﺧﻠﻲ و ﺧﺎرﺟﻲ ﺻﻮرت ﻣﻲﮔﺮﻓﺖ ﻛﻪ ﻣﻮﺟﺐ ﺗﺨﺮﻳﺐ دﻳﻮارﻫﺎ و اﻓﺰاﻳﺶ ﻧﺨﺎﻟﻪ ﻣﻲﺷـﺪ .در ﭘـﺮوژه
آذران ﻳﻚ ﻏﻼف از ﺟﻨﺲ ﻟﻮﻟﻪ  PVCﺑﺎ ﻳﻚ ﺳﺎﻳﺰ ﺑﺰرﮔﺘﺮ از ﻟﻮﻟﻪ ﻣﻮرد ﻧﻈﺮ ﻫﻤﺰﻣﺎن ﺑﺎ اﺟﺮاي دﻳﻮارﻫـﺎ در داﺧـﻞ
دﻳﻮار ﻗﺮار داده و ﺑﻌﺪ از اﺗﻤﺎم دﻳﻮارﭼﻴﻨﻲ ﻏﻼف را ﺑﺮداﺷﺘﻪ و ﺑﺮاي اﺳﺘﻔﺎده ﻣﺠﺪد ﺑﻪ ﻃﺒﻘﻪ دﻳﮕﺮ اﻧﺘﻘﺎل ﻣﻲﻳﺎﺑـﺪ ﻛـﻪ
ﺑﺪﻳﻦ ﺗﺮﺗﻴﺐ از ﺗﺨﺮﻳﺐ دﻳﻮار ﺟﻠﻮﮔﻴﺮي ﻣﻲﺷﻮد.

–––––––––––––––––––––––– ﺑﺘﻦرﻳﺰي در ﻫﻮاي ﺳﺮد و اﻗﺪاﻣﺎت اﺻﻼﺣﻲ در ﺟﻬﺖ ﻛﺎﻫﺶ 79 /....

اﺳﺘﻔﺎده از ﻏﻼف ﺟﻬﺖ ﺟﻠﻮﮔﻴﺮي از ﺗﺨﺮﻳﺐ دﻳﻮارﻫﺎ در ﻫﻨﮕﺎم ﻟﻮﻟﻪ ﻛﺸﻲ

 -2ﻣﺤﻞ ﻋﺒﻮر ﻟﻮﻟﻪﻫﺎي آب ﺷﻬﺮي ﺑﻪ داﺧﻞ واﺣﺪﻫﺎ ،ﻣﻄﺎﺑﻖ ﻧﻘﺸﻪﻫﺎي اﺟﺮاﻳـﻲ در ﻣـﺸﺎﻋﺎت و داﺧـﻞ واﺣـﺪﻫﺎ ﺑـﻪ
ﺻﻮرت زﻳﺮﺳﻘﻔﻲ ﻣﺸﺨﺺ و از ﻧﻈﺮ ﻣﻌﻤﺎري ﻧﻴﺎز ﺑﻪ اﺟﺮاي ﺳﻘﻒ ﻛﺎذب دارد .در ﺑﻠﻮكﻫـﺎي ﺗﻴـﭗ  Aﻟﻮﻟـﻪﻫـﺎي
ﻧﻤﺎﻳﺎن ﺑﻪ ﻣﻘﺪار  4032ﻣﺘﺮﻃﻮل و در ﺗﻴﭗ  Bﺑﻪ ﻣﻘﺪار  1620ﻣﺘﺮﻃﻮل ﻣﻲﺑﺎﺷـﺪ .ﺑـﺎ ﺗﻐﻴﻴـﺮ ﻧﻘـﺸﻪﻫـﺎي اﺟﺮاﻳـﻲ و
اﺟﺮاي ﻟﻮﻟﻪﻫﺎ ﺑﺼﻮرت ﺗﻮﻛﺎر از ﻫﺰﻳﻨﻪ ﻣﺮﺑﻮط ﺑﻪ ﺧﺮﻳﺪ ﻣﺼﺎﻟﺢ و دﺳﺘﻤﺰد اﺟﺮاي ﺳﻘﻒ ﻛﺎذب ﺷﺎﻣﻞ )ﺧﺮﻳﺪ ﻣﺼﺎﻟﺢ از
ﻗﺮار ﻫﺮ ﻣﺘﺮﻃﻮل ﺑﻪ ﻣﺒﻠﻎ  50000رﻳﺎل – راﺑﻴﺘﺲ ﺑﻨﺪي  5000رﻳﺎل – ﮔﭻ و ﺧﺎك  25000رﻳﺎل – دﺳـﺘﻤﺰد آﻫـﻦ
ﻛﺸﻲ ﺑﻪ ﻣﺒﻠﻎ  30000رﻳﺎل( ﺟﻤﻌﺎً ﺑﻪ ازاي ﻫﺮ ﻣﺘﺮﻃﻮل ﺑﻪ ﻣﺒﻠﻎ  100000رﻳﺎل ،ﺑﻪ ﻣﺒﻠﻎ ﻛﻞ  565/200/000رﻳـﺎل
ﺻﺮﻓﻪ ﺟﻮﻳﻲ ﮔﺮدﻳﺪ.
 -3اﺟﺮاي ﺳﺎﭘﻮرت ﻟﻮﻟﻪﻫﺎ در داﻛﺘﻬﺎي ﺗﺎﺳﻴﺴﺎﺗﻲ ﻣﻌﻤﻮﻻٌ ﭘﺲ از اﺗﻤـﺎم اﺳـﻜﻠﺖ اﻧﺠـﺎم ﻣـﻲﺷـﻮد .در ﭘـﺮوژه آذران
ﻋﻤﻠﻴﺎت آﻫﻦ ﻛﺸﻲ داﻛﺘﻬﺎ ﺑﺎ اﺳﺘﻔﺎده از ﻣﺼﺎﻟﺢ ﭘﺮت ﺣﺎﺻﻞ از ﻧﺒﺸﻲ ﻛﺸﻲ دﻳﻮارﻫﺎي ﺧﺎرﺟﻲ ،ﻫﻤﺰﻣـﺎن ﺑـﺎ اﺟـﺮاي
اﺳﻜﻠﺖ ﺑﺎ ﻗﺮار ﮔﺮﻓﺘﻦ ﺷﺎﺧﻜﻬﺎي ﻓﻠﺰي در داﺧﻞ ﺑﺘﻦ اﺟﺮا ﻣﻲﺷﻮد.

آﻫﻦﻛﺸﻲ داﻛﺘﻬﺎ در ﺣﻴﻦ ﺑﺘﻦ رﻳﺰي

 -4ﺟﻬﺖ ﻛﺎﻫﺶ ﻋﻤﻠﻴﺎت آﻫﻦ ﻛﺸﻲ در ﭼﺎﻫﻚﻫﺎي آﺳﺎﻧـﺴﻮر ﺑﻠـﻮكﻫـﺎي ﺗﻴـﭗ  Aو  ،Bدﻳﻮارﻫـﺎي ﺑﺮﺷـﻲ در

 / 80ﺳﻮﻣﻴﻦ ﻛﻨﻔﺮاﻧﺲ ﺑﻴﻦاﻟﻤﻠﻠﻲ ﺑﺘﻦ و ﺗﻮﺳﻌﻪ––––––––––––––––––––––––––––––– 1388 ،

ﻃﺒﻘﺎت )ﻳﻚ ﺿﻠﻊ در ﺑﻠﻮك  Aو ﺳﻪ ﺿﻠﻊ در ﺑﻠﻮك  (Bﭘﻠﻴﺖﮔﺬاري ﺷﺪه و از ﺣﺠﻢ ﻋﻤﻠﻴﺎت آﻫﻦ ﻛﺸﻲ ﺑـﻪ ﻣﻘـﺪار
 60درﺻﺪ در ﺑﻠﻮكﻫﺎي ﺗﻴﭗ  Bو  30درﺻﺪ در ﺑﻠﻮكﻫﺎي ﺗﻴﭗ  Aﻛﺎﺳﺘﻪ ﺷﺪه اﺳﺖ.

ﭘﻠﻴﺖ ﮔﺬاري دﻳﻮار ﺑﺘﻨﻲ ﭼﺎﻫﻚﻫﺎي آﺳﺎﻧﺴﻮر

 -5ﻧﻘﺸﻪﻫﺎي ﺗﺎﺳﻴﺴﺎت ﻣﻜﺎﻧﻴﻜﻲ در راﺑﻄﻪ ﺑﺎ ﻫﻤﺎﻫﻨﮕﻲ ﻣﺤﻞ اوﭘﻨﻴﻨـﮓﻫـﺎ )داﻛﺘﻬـﺎي ﺗﺎﺳﻴـﺴﺎﺗﻲ( ﺑـﺎ ﻧﻘـﺸﻪﻫـﺎي
ﻣﻌﻤﺎري و ﺳﺎزه و ﺑﺎ در ﻧﻈﺮ ﮔﺮﻓﺘﻦ ﻃﻮل اﺗﺼﺎﻻت ﻣﺼﺎﻟﺢ ﻣﺼﺮﻓﻲ در ﻟﻮﻟﻪ ﻛﺸﻲ ﺳﻴـﺴﺘﻢ ﻓﺎﺿـﻼب ﺳـﺮوﻳﺲﻫـﺎ و
راﻳﺰرﻫﺎي آب ﺑﺎران اﺻﻼح ﺷﺪه و در اﻳﻦ راﺑﻄﻪ ﻧﻘﺸﻪﻫﺎي ازﺑﻴﻠﺖ  SHOP-DROWINGﺗﻬﻴﻪ ﮔﺮدﻳﺪ.
 -6ﺟﻬﺖ اﺟﺮاي ﺑﺎزﺷﻮﻫﺎي ﻣﺮﺑﻮط ﺑﻪ ﺗﺎﺳﻴﺴﺎت ﻣﻜﺎﻧﻴﻜﻲ در ﺳﻘﻒﻫﺎ در زﻣﺎن ﺑﺘﻦ رﻳﺰي ﺳﻘﻒ ،ﻧﺴﺒﺖ ﺑـﻪ ﺳـﺎﺧﺖ
ﻗﺎﻟﺐﻫﺎي ﻓﻠﺰي ﻣﺮﺑﻮط ﺑﻪ ﻣﺤﻞ ﻋﺒﻮر ﻟﻮﻟﻪ ﺑﺎ دو ﺳﺎﻳﺰ ﺑﻴﺸﺘﺮ از ﻗﻄﺮ ﻟﻮﻟﻪﻫﺎ ﺑﻪ ﺷﻜﻞ ﻛﻮﻧﻴﻚ اﻗﺪام ﮔﺮدﻳﺪ.
ﺑﺮاي اﻳﻨﻜﻪ ﻣﺤﻞ ﺑﺎزﺷﻮﻫﺎ در ﻃﺒﻘﺎت در اﻣﺘﺪاد ﻫﻢ ﻗﺮار ﺑﮕﻴﺮﻧﺪ ،ﻣﺨﺘﺼﺎت ﻣﺮﻛﺰ ﺑﺎزﺷﻮ در ﺳﻘﻒ ﻗﺎﻟﺐ ﺗﻮﻧﻠﻲ ﺳـﻮراخ
ﻛﺎري ﺷﺪه و ﺑﺎ ﻗﺮار ﮔﻴﺮي ﭘﻴﻦ ﻗﺎﻟﺐ ﺑﺎزﺷﻮ )ﻣﻴﻠﮕﺮد ﻧﻤﺮه  (16در ﺳﻮراخ ﻣﺬﻛﻮر و ﺑﻌﺪ از ﮔﻴـﺮش اوﻟﻴـﻪ ﺑـﺘﻦ ،ﻗﺎﻟـﺐ
ﻣﺬﻛﻮر ﺑﺮاي اﺳﺘﻔﺎده در ﺳﻘﻒ ﻃﺒﻘﻪ ﺑﻌﺪي ﺑﺮداﺷﺘﻪ ﻣﻲﺷﻮد.

ﻗﺎﻟﺐ ﻓﻠﺰي ﻣﺤﻞ ﻋﺒﻮر ﻟﻮﻟﻪﻫﺎ از ﺳﻘﻒ ﺑﺘﻨﻲ
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ABSTRACT
The ductility and seismic behavior factor (R) are evaluated for an existing
Reinforced Concrete (RC) frame that has been retrofitted with web-bonded Carbon
Fiber Reinforced Polymer (CFRP) system. For this purpose, firstly using a
nonlinear finite element analysis the flexural stiffness of FRP-retrofitted and
original exterior and interior joints of the frame are determined. The obtained
stiffness is then implemented into another software package in order to analyze the
FRP-retrofitted frame using nonlinear static analyses. Then the R factor
components including ductility reduction factor and over strength factors are
extracted from pushover analyses. The results are compared with the results of the
original RC frame and the same frame that has been retrofitted with steel bracings
reported by other investigators. The results show that the ductility and the seismic
behavior factor of the existing RC frame that has been retrofitted with CFRP sheets
are better than the original frame, and upgrade the ductility of the ordinary RC
frame to the Intermediate and even Special RC frame.
Keywords: seismic behavior factor (R), nonlinear static analysis, pushover,
reinforced concrete frame, web-bonded CFRP-retrofitting, steel bracings
1. INTRODUCTION
Recently, FRP has been utilized for retrofitting or upgrading RC structures. Parvin
& Granata [1] indicated that when joints of an RC frame were reinforced with FRP
laminates, the moment capacity was increased up to 37 percent. Mahini & Ronagh
[2] used a method for strengthening of exterior beam-column joints using webbonded FRP sheets. They tested the effectiveness of web-bonded CFRP on energy
absorption capacity of 1 2.2 scale RC joints, in order to evaluate the possibility of
relocating the plastic hinge location away from the column face. Their
experimental studies showed that the FRP repairing/retrofitting system can
restore/upgrade the integrity of the joint, keeping/upgrading its strength, stiffness
and ductility as well as shifting the plastic hinge from the column facing toward the
beam in such a way that the joint remains elastic. The practicality and effectiveness
of using web-bonded FRPs on plastic hinge relocation has been also reported by
Smith and Shrestha [3]. In another experimental study Balsamo et al. [4] evaluated
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the seismic behavior of a full-scale RC frame repaired using CFRP laminates. They
indicated that the repaired frame had a large displacement capacity without
exhibiting any loss of strength, while providing almost the same energy dissipation
of the original frame.
In this paper, seismic behavior factors affecting parameters for CFRP-retrofitted
ordinary moment-resisting RC frame are evaluated and compared with
corresponding original moment resisting and steel-braced RC frames. The R factor
components including ductility reduction factor and over strength factor are
extracted from nonlinear static analyses of the frames. For this purpose, an eight
storey three bay existing RC moment resisting frame which was retrofitted by
Maheri & Akbari [5] using steel bracing systems is retrofitted again with webbonded CFRP method in order to compare their ductility and seismic behavior
factor.
2. GEOMETRY AND MATERIAL PROPERTIES OF THE RC FRAME
Figure 1 shows the selected frame of this study. The design dead and live loads are
assumed to be 2750kg/m and 1750kg/m respectively. The compressive strength,
f 'c and tensile strength, f t of the concrete are taken as 27.46 MPa and 3.668
MPa, respectively. In addition, the elastic modulus of the concrete Ec is taken as
24.63 GPa and the yield stress of steel reinforcement is assumed to be 412 MPa.

Figure 1. Selected moment resisting frame [5]

Design base shears were determined for a Peak Ground Acceleration (PGA) of
0.3g . The weight of the system is taken as the dead load plus 20 percent of live
load as an estimation of the equivalent earthquake load, based on the Iranian
earthquake code [6]. Initial R factor was assumed to be equal to 6 for this system.
The moment resisting frame was designed based on "weak beam-strong column"
principle using ACI-95 Code [7] and the steel bracings system was designed using

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 589

AISC-LRFD Code [8]. Dimensions and flexural reinforcements of the designed
beam and column sections are shown in Figure 1. In this Figure, ρt , ρ s and ρ 's
are the total steel ratio of column, tensile and compressive steel ratio of the beam
respectively. All members and joints reinforcements have been designed to achieve
the desirable strength and ductility [5].
3. NONLINEAR FINITE ELEMENT ANALYSIS OF RC JOINTS
The models of typical exterior and interior joints are shown in Figure 2. It can be
seen that ten different models have been analyzed by finite element method for
both original and retrofitted joints.

Figure 2. Analytical modeling of exterior and interior joints under lateral loads

The behavior of the RC joint retrofitted with web-bonded CFRP is analyzed using
ANSYS software [9]. Both material and geometric nonlinearities are taken into
account in the nonlinear finite element analysis by ANSYS. In order to model the
characteristics of concrete, ANSYS SOLID65 elements is used. This element is
capable of simulating the cracking and crushing of the concrete. Furthermore, to
model the longitudinal reinforcement and the FRP composites, LINK8 and
SOLID45 elements, are used respectively [1]. The FRP length has been chosen
based on the Paulay and Priestly [10] design approach for obtaining the desirable
plastic hinge relocation. For verification of the modeling and the analysis for the
RC joint, an experimental study conducted on an exterior RC joint by Mahini &
Ronagh [2] was selected. Figure 3 shows the “Beam tip load – Displacement”
curves extracted from the non-linear FE analysis and the experimental data.
Considering satisfactory agreement could be observed between the curves, it is
concluded that the presented FE modeling is reliable. The required FRP thickness
was obtained using nonlinear finite element analysis according to the desirable
plastic hinge relocation. The required FRP thickness in the first level was
calculated to be 4.95 mm, decreasing as the height of the frame increases. Other

590 / Upgrading the Ductility and Seismic Behavior…––––––––––––––––––––

characteristics of CFRP laminates are given in Table 1. Note that the characteristics
given in Table 1 satisfy the consistency conditions which are necessary for a nonisotropic material like ANISO in the analysis as described in reference [9] and
stated by Kachlakev et al. [11]. The numerical models of retrofitted exterior and
interior joints at seventh floor of the selected frame are depicted in Figure 4.
Figures 5 and 6 show the failure mechanism of retrofitted exterior and interior
joints (Isosurface style of concrete strain) at seventh level of the selected frame
before and after retrofitting by web-bonded CFRP sheets. It can be seen that
desirable plastic hinge relocation is achieved successfully thanks to CFRP sheets,
as it was already obtained from an experimental study by Mahini & Ronagh [2].
Figure 7 shows the failure mechanism of an exterior RC joint tested by Mahini &
Ronagh [2] before and after retrofitting by web-bonded FRP sheets.
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Experimental [2]
ANSYS (current study)
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Displacement, Δ (mm)
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Figure 3. “Beam tip load – Displacement” curve for an exterior RC joint from
experiment [2] and calculated from FE analysis

Figure 4. Finite element models of an (a) exterior and (b) interior retrofitted joint
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Table 1: Mechanical properties of CFRP sheets used for FE modeling [9]
Modulus
of
elasticity
(MPa)
Tensile
strength
(MPa)

In fibers
direction
Perpendicular
to fibers
direction
In fibers
direction
Perpendicular
to fibers
direction

Ex=240000
Ey=18581
Ez=18581
σ'x=3900
σ'y=53.7
σ'z=53.7

Compressive
strength
(MPa)

Shear
modulus
(MPa)

In fibers direction
Perpendicular to fibers
direction
Gxy=12576
Gxz=12576
Gyz=7147

Poisson’s
ratio

σx=80
σy=80
σz=80
υxy=0.2
υxz=0.2
υyz=0.3

Figure 5. Failure mechanism of an exterior joint (a) before and (b) after retrofitting
by web-bonded CFRP sheets

Figure 6. Failure mechanism of an interior joint (a) before and (b) after retrofitting by
web-bonded CFRP sheets

Figure 8 shows the "moment-rotation" curves of an exterior original and FRPretrofitted beam-column joint at seventh level of the selected frame. In this Figure,
K13 is the difference between the two curves.
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Figure 7. Failure mechanism of an exterior joint (a) before and (b) after retrofitting
by web-bonded FRP sheets [2]
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Figure 8. “Moment-rotation” curve of an exterior original and FRP-retrofitted joint

3. NONLINEAR STATIC ANALYSIS OF THE FRAMES
• Original Frame: Nonlinear static analysis (pushover) of each system is
carried out using SAP 2000 10.1.0 program [12]. For this purpose, a constant
gravity load equal to the total dead load plus 20 percent of the live load is
applied to each frame, and an inverted triangular distribution over the height is
used as the lateral load pattern. P − Δ effect is also considered in the analysis.
Force-deformation criteria for plastic hinging is defined based on ATC-40 [13]
and FEMA356 [14] patterns.
• Retrofitted Frames: The analytical models of the retrofitted frames with webbonded CFRP system and steel bracings are shown in Figure 9. This frame has
already been retrofitted using steel bracing system (Maheri & Akbari [5]). In
order to model the FRP-retrofitted frame, SAP 2000 Non-Linear Link
(NLLink) elements are used, which can simulate the equivalent additional
stiffness to the beams provided by web-bonded CFRP sheets on the system.
These elements are assumed to be located at a distance of 500 mm away from
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the column face, corresponding to the FRP length. In Figure 9, Ki is the
additional rotational stiffness of each retrofitted beam, which is modeled on the
original frame with a NLLink element. The "moment-rotation" curve of
original and FRP retrofitted joints are extracted from finite element analysis
and the differences are used as the rotational stiffness of retrofitted joints.

Figure 9. Analytical modeling of the (a) web-bonded CFRP (current study) and (b)
steel-braced frame [5]

The base shear versus roof displacement curves of original and retrofitted (both
steel-braced and FRP-retrofitted) frames are shown in Figure 10. In this Figure, Xbrace retrofitting systems examined by Maheri & Akbari [5] have been designed
based on 50% and also 100% of the lateral loading on the RC frames.
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Figure 10. Base shear-roof displacement curves of all frames
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4. SEISMIC BEHAVIOR FACTOR AFFECTING PARAMETERS
In forced-based seismic design procedures, seismic behavior factor, R is a force
reduction factor used to reduce the linear elastic response spectra to the inelastic
response spectra. In other words, seismic behavior factor is the ratio of the strength
required to maintain the structure elastic to the inelastic design strength of the
structure. The seismic behavior factor, R, therefore accounts for the inherent
ductility and over strength of a structure as well as the difference in the level of
stresses considered in its design. Taking into account the above three components,
It is generally expressed in the following,

R = Rμ .Rs .Y

(1)

Where, Rμ is the ductility-dependent component, also known as the ductility
reduction factor, Rs is the over strength factor and Y stands for the allowable stress
factor. With reference to Figure 11, in which the actual "force-displacement"
response curve is idealized by a bilinear "elastic-perfectly plastic" response curve,
the seismic behavior factor parameters may be defined as:

Rμ = Ve Vy , Rs = Vy Vs , Y = Vs Vw

(2)

Where, Ve , Vy , Vs and Vw denote the elastic response strength of the structure,
the idealized yield strength, the first significant yield strength and the allowable
stress design strength, respectively. For structures designed using an ultimate
strength method, the allowable stress factor, Y, becomes unity and the seismic
behavior factor is therefore reduced to:

R = Rμ .Rs = (Ve V y )(
. Vy Vs ) = (Ve Vs )

(3)

The structure ductility, μ , is defined in terms of the maximum structural drift

( )

(Δmax) and the displacement corresponding to the idealized yield strength Δ y as:

μ=

Δ max
Δy

(4)

Many investigators have discussed the two main components of R factor presented
in Eq. (3). In particular, the ductility dependent component, Rμ , has received
considerable attention. Ductility reduction factor Rμ is a function of both of the
characteristics of the structure, including ductility, damping and fundamental
period of vibration (T), and the characteristics of earthquake ground motion.
Nassar and Krawinkler [15] presented a relation for Rμ in the following form:
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Rμ =[c(μ −1)+1]

1c

(5)

Figure 11. Typical pushover response curve for evaluation of behavior factor, R [5]

Where,

c(T , α ) =

Ta
b
+
a
1+ T
T

(6)

In Eq. (6), α is the post-yield stiffness given as a percentage of the initial stiffness
of the system and a and b are parameters given as functions of α that can be
obtained from Table 2 [16].
Table 2: a and b values regarding α [16]
α (%)
a
b
0
1
0.42
2
1
0.37
10
0.8
0.29

5. DETERMINATION OF SEISMIC BEHAVIOR FACTOR
A number of performance parameters may govern the capacity of a structure. In
order to carry out a nonlinear static analysis, one or a number of these parameters
should be considered for determination of the displacement limit state (Δ max ) . For
the medium-rise ductile building considered in this study, the global drift
(maximum roof displacement) is commonly used as a failure criterion. In
evaluation of the displacement ductility, μ , the ultimate capacity of each frame is
assumed when the global drift has been reached to 1.5% of the system height. This
criterion is based on the NEHRP recommendations [17] for RC moment resisting
frames. The idealized "force-displacement" (obtained based on the FEMA-356
method) and the capacity curves for the FRP-retrofitted frame are shown in Figure
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12. In this Figure, Vy and Δ y , are yield strength and yield displacement,
respectively, and Δ t and Vt are the target displacement and its corresponding base
shear. To calculate the yield displacement, Δ y , and yield strength, Vy , line
segments on the "force–displacement" curve were located using an iterative
procedure that approximately balanced the area above and below the curve [14].
The effective lateral stiffness, K e , shall be also taken as the secant stiffness
calculated at a base shear force equal to 60% of the effective yield strength of the
structure [14]. After calculation of μ , now Rμ can be obtained from Eq. 5, 6 and
Table 2 and Rs is determined from Eq. 2. The seismic behavior factor parameters
of all systems have been presented in Table 3. It can be seen that the ductility ratio
of FRP-retrofitted frame is improved in comparison with the original frame, and is
very similar to the one obtained for the X-Braced frames. The R factor of FRPretrofitted frame is improved significantly in comparison with the original frame
and is also better than X-Braced frames.
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Figure 12. Capacity and Idealized curve of FRP retrofitted frame based on the
FEMA356
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Table 3: Seismic behavior factor parameters of all systems
Frame
μ
Rμ
Rs
R
Original [5]
2.27
2.4
1.92
4.6
Xbraced-50% [5]
2.7
2.66
2.97
7.9
Xbraced-100% [5]
2.84
2.86
3.33
9.5
FRP Retrofitted
2.83
3.016
3.193
9.63
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6. CONCLUSIONS
Conventional retrofitting systems in earthquake-resisting frames have some
limitations. For example, conventional steel bracings in RC frames which were
considered in this paper for verification of web-bonded CFRP retrofitting are able
to dissipate considerable energy by yielding under tension, but they buckle without
much energy dissipation in the compression loads [18]. In this paper, an eightstorey frame that was previously strengthened with steel bracings system is
selected and retrofitted with web-bonded CFRP. In order to estimate the flexural
stiffness of the FRP retrofitting system, nonlinear finite element analysis by
ANSYS is employed. The additional flexural stiffness of the FRP joints is
implemented into the frame using NLLink elements on the beam end of exterior
and interior joints. A systematic evaluation of each system including ductility ratio
and seismic behavior factor is made using nonlinear static analysis. Based on the
obtained results, it is concluded that the ductility ratio and the seismic behavior
factor of the FRP retrofitted RC frame are significantly improved in comparison
with the original frame and increased from 4.6 (original frame) to 9.63 (FRP
retrofitted frame).
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ABSTRACT
Repair and strengthening of RC structures using FRP materials is one of the new
and effective techniques ever used. With this respect, strengthening of structural
elements by external lateral confinement can lead to increased strength and
ductility. In this way, using an efficient and optimized method for lateral
confinement is of great importance.
A novel, economic and simple technique for the repair and strengthening of RC
members by means of expansive agent(EA) to produce post tensioning force, has
been proven to perform well following experimental work undertaken at the
University of Sheffield. The aim of the technique is to ensure the enhancement of
the member strength and ductility by localized strengthening.
The above technique is equivalent to increasing the effectiveness of the composite
confinement and it becomes possible to strengthen large columns with smaller
amounts of composites, which are utilized earlier at much higher strengths. In
addition, the level of axial strain achieved at failure is improved significantly. The
paper will present details of experimental work with different types of confining
material (glass and carbon), amounts of reinforcement and levels of initial prestressing.
Keywords: strengthening, expansive agent, post tensioning, FRP jacket
1. INTRODUCTION
Since the 1995 Kobe earthquake in Japan, composites have started being used for
the repair and strengthening of columns against seismic actions. The composites
are applied as external lateral reinforcement and are often used to prevent shear and
anchorage/splicing failures, which can result in the enhancement of the ductility of
RC elements.
The Japanese philosophy on earthquake resistant design aims to achieve ductility
through low ratios of reinforcement and low steel strengths. This results in very
large sections, which as a result require little shear reinforcement. However, during
seismic violent load reversals, the shear demand can be higher than estimated, for
example as a result of vertical accelerations. In addition, splicing of reinforcement
causes additional bursting forces, which are difficult to contain with nominal shear

600 / Application of Expansive Agent (EA) To Produce….

–––––––––––––––––––

reinforcement. External lateral confinement can address both of the above
problems, in addition to providing other benefits.
In Europe and New Zealand, the seismic philosophy for achieving ductility is
different, relying more on increasing the non-linear concrete stains through concrete
confinement [3]. The advantage of this philosophy is that apart from smaller crosssections, a significantly higher amount of lateral reinforcement is required. This
lateral reinforcement, which is there to confine the concrete, is also beneficial in
resisting additional shear and preventing splice and anchorage failures.
The enhancement of concrete ductility by confinement is central to the principles
of Eurocode 8. However, researchers dealing with FRP confinement do not always
consult the huge wealth of published work, which is derived from the earthquake
engineering research. In addition, there is a fundamental difference between mild
steel confinement and high strength composite materials.
Mild steel reinforcement attains its yield strength (around 80% of its ultimate
strength) at a strain of around 0.002, whilst composites fracture at strains ranging
from 0.014–0.02. Unconfined concrete crushes when the lateral strain is at best
0.001. This means, that for low levels of confinement, steel is relatively well
utilised (around 50%), whilst composites are at best utilised at 7% of their
capacities.
2. MATERIALS
The properties of the fibres and resin used for confinement are shown in tables 1
and 2. Where:
Efrp
Young’s modulus of elasticity
ffrpu εfrpu Ultimate tensile strength and elongation of pultruded laminate
TGM
Glass transition temperature
Vf+
Volumetric fibre content

Fibre
GFRP
AR
CFRP
240

Table 1: Physical and Mechanical properties of Fibre sheets [6]
Efrp
ffrpu
TGM
Vf
Composition
εfrpu Thickness Density
mm
gr/cm3
GPa
MPa
Co
%
%
Bi65
1700 2.88
0.135
2.6
100
Directional
240

3900

1.55

0.117

1.7

100-130

100

Uni-Direction

Table 2: Physical and Mechanical properties of Epoxy Plus Structural Adhesive [6]
Epoxy

Colour

Strength
MPa

Em flexural
GPa

Density
kg/litre

TGK
Co

Coverage/
Thickness

Manufacturer
U.K.

Adhesive
Primer

Mid grey
Translucent

19
-

9.8
-

1.535
1.12

60
-

2-4mm
4-6 m2 /l

SBD
SBD

The next important material required for pre-stressing is the Expansive Agent
(EA). It is supplied as a powder and the colour is grey when mixed with water [7]
This material is normally used for concrete demolition and is placed in pre-drilled
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holes. Figure 1 illustrates the relation between expansion pressure and reaction
time for different hole diameters (when used for demolition) over a period of four
days. Figure 1 also shows the EA when mixed with water (20% - 23%). In this
experimental work the EA was mixed with cement in different proportions.

Figure 1. Properties of Expansive Agent (EA)

3. THE EFFECT OF CONFINEMENT STIFFNESS
In order to investigate the effect of confinement stiffness, the EG was confined
directly by metal tubes. The tubes were selected to apply different confinement
stiffness levels with different materials (steel or copper), thicknesses, diameters as
shown in Figure 2 and different EA ratios. The ratio of length (L) to inner diameter
(D) of the tubes was set to be around 10. It is obvious that, choosing different
thicknesses of confinement materials (t), elastic modulus of the tubes (E) and
radius of tubes or jacket (r), can change the confining stiffness (CS) as defined by
2E t / ID.

Figure 2. Metal tubes filled with EG
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Thirty six metal tubes were filled and tested with EG levels 5%, 10% and 20% of
EA. The EG consisted of Betonamit (EA), 50% cement, the rest of mix ratio
completed by sand (was variable) and appropriate water (between 17% to 20% of
the weight of mix).
Various methods of sealing the tubes were tried during casting to prevent any
leakage due to the high pressure created by the EG. Due to the possibility of
welding on the black steel, one end was fixed while the other end remained open
until the expansive grout (EG) was poured into the tube. The end was then sealed
by fastening a screw. Due to the characteristics of the metals, welding of copper
and annealed steel tubes was not a feasible solution. Two solid plugs were
therefore fitted with a located pin designed. In addition, a layer of silicon seal was
applied to the surfaces of the plugs to prevent any leakages. The pipes were
instrumented with 3 strain gauges placed at the mid length and equally spaced
along the circumference. Two gauges were used to measure lateral strain and one
to measure the axial strain. Since the strain gauge had a length of 15 mm, only two
strain gauges, which were fixed one laterally and the other one axially were used
for the smaller copper and black steel pipes.
4. EFFECT OF VOLUME OF EG
This sub-phase investigated the effect of 3 different amounts of expansive grout
(EG) with the same EA ratio (20%) on steel tube cylinders having the same
confining stiffness.
All tubes were instrumented on the outside with three surface strain gauges to
measure lateral strain and one strain gauge to measure axial strain.
The first sample (S1) was filled with expansive material without any core in the
middle. The second sample (S2) had a concrete core with a diameter of 50 mm
placed in the middle. Additional strain gauges were placed at the mid height of the
concrete core to monitor lateral and axial strain. The third sample (S3) was similar
to S2, but the concrete core had a diameter of 66 mm. Figure 3 shows samples S1,
S2, and S3. To avoid any leakage from the top and the bottom of the cylinders, two
steel plates (with rubber washers) were used.

Figure 3. The cylinders filled with different volume of EG
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When all samples were ready to be cast, as shown in Figure 5-33, the grout was
poured in the 7 mm gap provided. The amount of the expansive grout (EG) that was
used determined as a function of the amount of expansive agent (EA). Ratios (in
weight) of 10%, 20%, 30% or 40% were used. Whilst filling the EG through the gap,
vibrating by a smooth vibrator machine took place. The expansive grout was injected
using a silicon gun with plastic pipe attachment with a diameter of five mm.
5. SPECIMEN DETAILS
Since the chemical pre-tension (expansive pressure) is caused by the EA reacting
against the confining jacket this means that the magnitude of this pre-tension
depends on the degree of stiffness of the jacket and percentage of EA. Experiments
were conducted by using these two parameters to quantify the amount of pretensioning on the jacket. Following that series of testing, concrete cylinders were
confined with pre-tensioned composites.
To vary the stiffness and strength of the confining jacket, one, two and three layers
of carbon and glass sheets were used. Different percentages of EA were mixed with
cement (10% and 20%) to achieve different confining pressures. Also, different
materials for jacketing (Glass and Carbon) were used to achieve different stiffness
and strength.
A total of eighteen 100mm x 200mm concrete specimens were prepared without
any pre-tensioning, 36 specimens were prepared with different levels of
confinement pre-stressing and 15 unconfined specimen were tested under
compression to determine the plain concrete strength. The concrete consisted of
ASTM Type 1 Portland cement, river sand aggregate with a fineness modulus of
2.5 and gravel river aggregate with a maximum size of 10 mm. The water-cement
ratio (w/c) was about 0.52 by mass. The average 28-days compressive strength of
the concrete specimens was 31 MPa. Concrete specimens wrapped with one layer
of Carbon and two layers of Glass without pre-tensioning force were designated as
C0101, C0102, G0201 and G0202, respectively, whereas concrete cylinders with
the same characteristics but pre-tensioned with 10% of EA and one layer of jacket
were designated as C71101, C71102, G72101 and G72102, and with 20% of EA
were designated as C71201, C71202, G72201 and G72202, respectively. Similar
designation names were used for two and three layers either for non-pre-tensioned
or pre-tensioned samples.
6. PREPARATION OF SPECIMENS
For the wrapping of concrete cylinders without pre-tensioning, after applying the
epoxy primer on the concrete surface, epoxy adhesive was applied and
Carbon/Glass sheets were wrapped around the concrete cylinder until one wrapping
layer was completed (with one third overlap). At the same time a special roller was
used to help impregnate the fibre with resin and hardener and give a smooth finish.
After curing, the strain gauges were glued directly onto the body of the jacket.
For the pre-tensioned specimens, a gap is needed between the concrete and FRP for
the insertion of the EA. For these experiments, the FRP jacket was premanufactured with a diameter 14mm larger than the concrete cylinder. After
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curing, the jacket was placed around the concrete and the ends were capped to seal
the expansive agent inside. Strain measurements were taken during the expansion
phase of the expansive agent for up to four days. The testing procedure followed
was then the same as for the unconfined specimen.
7. TEST PROCEDURE AND OBSERVATIONS
The application of displacement to the specimens was controlled manually. The
displacement was applied incrementally with each displacement level being held
for a few seconds at each 0.1mm increment. All specimens were tested under
centric (axial) loading. Failure was always explosive due to the high strain energy
stored by the FRP material and it took place around the middle of the cylinder
height as shown in Figure 4.

Figure 4. Failure of the specimen confined with FRP jacket.

8. EXPERIMENTAL RESULTS
The stress-strain diagrams for the specimen tested with one layer of either glass or
carbon FRP are shown in Figure 5. Each graph shows the results for the unconfined
cylinders as well as for the confined with or without pre-stressing. The right hand
part of the graph shows the longitudinal strain whilst the left hand part shows the
lateral strain. Strain measurements shown are the average values from the strain
gauges and DV devices. The results are in general in good agreement between the
two types of measurements, even though strain gauges measure local strains and
DV devices integrate the strains over the length. The strain gauges also show the
pre-strain that was developed by the EA. The longitudinal strain gauges on the pretensioned specimen show contradicting trend. Whilst the Carbon wrapped
specimen show the strain to remain compressive, in the case of glass the strain
eventually becomes tensile. This is partly because the glass wrapping contains
longitudinal fibres as well, which restrain the concrete from expanding and lock
some strain in the mid-height. It is also partly to do with the wrapping overlap,
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which creates eccentric deformations on the specimen. Eccentric deformations and
initial slip of the jacket may explain the tensile strains in the glass.
9. CONCLUSIONS
This paper has shown experimental results from concrete specimen wrapped with
glass and carbon FRP. In this investigation EA was used to produce post tensioning
force in FRP jackets. It has shown that post tensioning can be used to enhance the
load capacity and behaviour of concrete.
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ABSTRACT
Fiber reinforced polymer (FRP) composites are being successfully used for
strengthening of existing reinforced concrete (RC) structures because of their
superior properties. Effects of wrapping with FRP on the strength and ductility of
concrete members have been extensively investigated but information about effects
of external confinement on the bond-slip behavior is very limited. In this paper the
effect of external confinement with CFRP strips and internal confinement with
transverse stirrup at beam splice test is evaluated and the results of two
confinements are compared with one another. The main examined parameters
include concrete cover, development/splice length, diameter of the reinforcing bar,
concrete compressive strength and the amount of ordinary transverse reinforcement
in the splice/development region. Test results indicated that external confinement
with CFRP is more effective than internal confinement on bond strength and bond
failure ductility.
Keywords: FRP, Strengthening, Beam splice test, Bond-slip relationship
1. INTRODUCTION
In structural concrete construction, the concrete is reinforced to compensate for its
relative weakness in tension. The interfacial action between the reinforcement and
the surrounding concrete involve many different mechanisms that collectively
establish the phenomena of “bond”. The nature of bond can vary extensively with
varying loads, various types of reinforcement, and variety of situations [1].
The main parameters that influence the bond strength between steel reinforcing
bars and concrete are well documented in the technical literature. Important among
these parameters include concrete cover, development/splice length, diameter of
the reinforcing bar, concrete compressive strength, and, for conventionally
confined concrete, the amount of ordinary transverse reinforcement in the
splice/development region [2].
There are two types of bond failure between reinforcing bars and concrete, and the
parameters that influence each of them are well documented in literature. If the
concrete cover around the reinforcing bar is large or the concrete is well-confined
by transverse reinforcement, or both, bond failure occurs by pullout as a result of
the shearing-off the concrete keys between the lugs. On the other hand, if the
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concrete cover is small, and the concrete is either unconfined or moderately
confined, bond failure occurs by splitting of the concrete around the reinforcing
bar. The most common parameters that influence the splitting bond strength
include concrete strength, bar diameter, cover and spacing of reinforcement, and
area of transverse reinforcement [3, 5].
The amount of confinement is an effective factor in bond strength between steel
and concrete. ACI code mentioned this parameter in calculating the development
length of reinforcing bar (Ktr) [4, 9].
Concrete confinement becomes particularly important in areas of seismic risk.
Concrete confinement in areas of seismic risk reduces bond deterioration under
cyclic loading, enhances the energy absorption and dissipation capabilities and
consequently improves the chances of the structure or structural components to
survive under earthquake loading [2].
In this paper the effect of external confinement with CFRP strips and internal
confinement with transverse stirrup on bond strength and bond-slip behavior of
reinforcing bar is evaluated. For this purpose two series of the experimental test
results have been used. The experimental tests carried out by Harajli and Hamad
(2002) [3] which examine external confinement with CFRP strips on beam splice
test and the experimental tests carried out by Harajli, Hamad, and Rteil (2004) [2]
which examine internal confinement with transverse stirrup on beam splice test are
used and the results of two experimental tests are compared with each other.
According to the experimental test result, bond stress-slip graphs are presented and
compared together.
1.1. Bond Stresse
The bond stress around the reinforcement will appear if force or stress in the steel
bar or concrete varies from one point to the other. According to Figure 1, the
amount of bond stress in the infinitesimal length of reinforcing bar that is displayed
with µ, according to satisfying equilibrium bond stress (µ) is equal to:

μ=

d b Δf s
4 Δx

(1)

Figure 1. Representation of bond stress on the reinforcement

The nature of bond can vary extensively with varying loads, various types of
reinforcement, and variety of situations. Conventionally, two broad types of bond
are defined: anchorage/development bond and flexural bond [6, 7].
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1.2. Anchorage/Development Bond
Anchorage/development bond refers to the interaction between the reinforcement
and concrete when an axial tension or compression force has to be transferred to
the concrete [1, 7].

Figure 2. Anchorage/Development bond.

μave =

db f s
4 ld

(2)

1.3. Flexural Bond
Flexural bond refers to a situation where a gradient in bending moment occurs and
the force, in the reinforced concrete member, is subjected to change [1, 7].

Figure 3. Flexural bond considerations

μ (x ) =

V
πdb z

(3)

2. DIFFERENT KINDS OF TESTS TO DETERMINE THE BOND STRENGTH
The bond strength between reinforcement and concrete is usually determined by
the following tests [7, 8].
2.1. Pull-Out Test
This test evaluates the bond capacity of various types of bar surfaces relative to
specific embedded length. The distribution of tensile stress will be uniform around
the reinforcing bar at specific sections and varies along the anchorage length of the
bar and a radial distance from the surface of the bar (Figure 2). However, this test
does not represent the effective bond behavior in the surface of the bars in flexural
members, because stresses vary along the depth of concrete section [6, 7].
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2.2. Embedded Rod Test
In these tests, the tensile force is increased gradually and the number of cracks and
their spacing and width are recorded. The bond stresses vary along the bar length
between cracks. The strain in the steel bar is maximum at the cracked section and
decreases toward the middle section between cracks [6, 7].

Figure 4. Bond mechanism in an embedded bar.

2.3. Beam Splice Test
Tests on flexural members are also performed to study the bond effectiveness along
the surface of the tension bars. In this paper the beam splice test is used for
studying the effect of confinement on bond-slip response of the reinforcement in
the concrete [6].
3. EXPERIMENTAL PROGRAM
3.1. Properties of Test Specimen and Test Variables
The test specimen consisted of beam specimen with spliced reinforcement at
midspan. Dimensions of the specimens and test parameters are presented in Figure
1 and Table 1, respectively. Four different sizes of reinforcement were used (16,
20, 25, and 32 mm). The number of splices and the width of the specimens were
calibrated to produce six different ratios of minimum concrete cover-to-bar
diameter c/db varying between 0.56 and 2.0. The concrete side cover, bottom
cover, and 1/2 the clear distance between the spliced bars were kept identical for
each specimen. The splice lengths Ls for all specimens were selected at 5db, small
enough to produce local bond conditions. A bond-free length, extending outside the
ends of the specimen, was secured using polyvinyl chloride (PVC) tubes for slip
measurement. The spliced bars consisted of Grade 60 steel. The clear distance
between the bar ribs were 6.5, 6.0, 12.0, and 9.0 mm for the 16, 20, 25, and 32 mm
bars, respectively. All specimens were confined with ordinary transverse
reinforcement. The transverse reinforcement consisted mainly of two (6 or 10 mm
in diameter) stirrups or ties, placed within the splice region at 1/4 the splice length
from each splice end producing a spacing of transverse reinforcement in each
specimen equal to Ls/2 (Figure 1). Each stirrup consisted of two legs for the
specimens with two splices or one leg for the specimens with one splice. The area
and spacing of transverse reinforcement were selected to produce a practical range
of values of the transverse reinforcement parameter Atr /sndb between 0.011 and
0.12 [2].
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Figure 5. Specimen’s dimensions and splice details.
Table 1: Summary of test parameters [2].
Specimen
B1N
B1W
B2N
B2W
B3N
B3W
B4N
B4W

Bar
diameter
db, mm
16
16
16
20
20
20
25
25
32
32

Concrete
cover
cb=cs, mm
21.5
34.0
34.0
17.5
30
30
50
25
43
18

c/db

No. of
Splices n

1.34
2.1
2.1
0.88
1.5
1.5
2.0
1.0
1.34
0.56

2
2
2
2
2
2
1
2
1
2

Splice
length LS,
mm
80
80
80
100
100
100
125
125
160
160

Atr /n
(mm2)

S
(mm)

Atr/
sndb

28.3
28.3
78.5
28.3
28.3
78.5
28.3
28.3
28.3
28.3

40.0
40.0
40.0
50.0
50.0
50.0
62.5
62.5
80.0
80.0

0.044
0.044
0.12
0.028
0.028
0.079
0.018
0.018
0.011
0.011

Concrete
strength
fc ′, MPa
40.7
40.7
43.2
42.7
39.0
43.2
42.7
40.7
39.0
39.0

3.2. Specimen Casting and Testing
The concrete mixture was designed to achieve a target concrete compressive
strength fc′ of 41 MPa. Portland cement, washed sand, and crushed limestone with
10 mm maximum size aggregate were used to prepare the concrete mixture. The
cement: sand: aggregate proportions by weight were 0.32:0.5:1.0 with a watercement ratio (w/c) of approximately 0.45. Each two specimens were cast together.
The concrete strengths were determined using three standard 150 x 300 mm
cylinders taken from each batch. Actual concrete strengths are given in Table 1 [2].
3.3. Loading Equipment and Arrangement of Strain Gauges
The specimens were loaded with two symmetrical point loads to produce a constant
moment region extending a distance equal to 1/2 the member height h outside the
splice zone on either end of the splice. Slip of each splice and deflection of the
specimen at midspan were measured using mechanical gages [2, 3].
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4. DISCUSSION OF TEST RESULTS
The bond stress u at any load level during load application is calculated using the
following bond relation

u=

Ab f s f s d b
=
π d b l s 4l s

Where Ab is the area; ls is the splice length (5db) of the bar; and fs is the steel stress,
calculated using cracked section analysis corresponding to the level of applied
load.
All specimens developed clear bottom splitting or side splitting cracks along the
splice length and failed in splitting mode. Splitting cracks were preceded by
flexural cracks forming simultaneously at both ends of the splice. Following the
formation of the splitting cracks, the load resistance dropped suddenly and
diminished gradually with increasing load. Because the load resistance and
deflection of the specimens are linearly related to the bond strength and bar slip,
the general shape of the load-deflection behavior of the specimens was very similar
to the bond stress versus slip response [2].
Table 2. Comparison of test data for different types of concrete confinement [3]
U max

Specimen

'

f c (mpa )

(plain
concrete)

B1N

1.09

B1W

1.33

B2N

0.82

B2W

1.04

B3N
B3W
B4N
B4W

1.17
0.71
0.82
0.52

(confined concrete) U max
Transverse
reinforcement
1.13
1.34
1.51 (10 mm)
0.90
1.10
1.20 (10 mm)
1.39
0.91
0.77
0.64

f c' (mpa )

CFRP (Harajli and Hamad 2002)

One CFRP
wrap

Two CFRP
wraps

1.18

1.08

1.52

1.57

0.90

1.09

1.28

1.20

1.47
0.89
0.91
0.64

1.27
0.91
0.93
0.66

Figure 6, 7, and 8 show variation of the bond-slip response for the same specimen
with an increase in the area of ordinary transverse steel, FRP reinforcement,
respectively.
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Figure 6. Effect of area of ordinary steel on bond stress-slip response for specimen
B1W[2]

Figure 7. Effect of area of ordinary steel on bond stress-slip response for specimen
B2W [2]

Figure 8. Typical effect of area of FRP sheets on local bond stress-slip response [3]

In the specimens confined with CFRP, flexible sheets were wrapped around the
perimeter of the specimens along the full splice length. All specimens (Table 2)
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were confined with either single or double CFRP wraps. The design thickness of
the sheets is equal to 0.13 mm (0.005 in.). The modulus of elasticity, the tensile
strength, and strain at break of fibers are equal, respectively, to 230,000 MPa, 3500
MPa, and 1.5%.
Comparing the current bond-slip results for concrete confined with transverse
reinforcement with those obtained earlier using other types of confinement as
shown in Figure 6 to 8; it is interesting to observe that the shape of the bond stressslip response tends to be intrinsically similar irrespective of the type and amount of
confinement used. The corresponding response can be divided into four distinct
stages of behavior as shown schematically in Figure 9 and as described previously
by Harajli, Hamad, and Karam (2002) [2, 3]:

Figure 9. General model of local bond stress-slip behavior of confined concrete [3]

1) Initial stiff bond-slip response associated with adhesion and friction, which
coincides perfectly with bars that undergo pullout bond failure in well-confined
concrete; 2) soft pre-splitting response associated with the formation of
circumferential tensile cracks in the concrete surrounding the steel bar and their
gradual propagation toward the surface until the peak bond strength at which
splitting occurs is reached; 3) sudden drop in the bond resistance down to a postsplitting bond strength as a result of a state of dynamic equilibrium between the
radial component of the bond force and the post-splitting tensile resistance of the
concrete matrix (confined or unconfined) surrounding the bar; and 4) gradually
deteriorating bond resistance with increasing slip beyond splitting associated with
the progressive widening of the splitting cracks until the bond resistance
diminishes completely. It is clear from the comparisons made in Figure 2 to 4 that
one of the most evident and important contributions of confinement reinforcement
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to the local bond behavior is the significant reduction in bond deterioration
following bond failure relative to plain unconfined concrete.
5. CONCLUSIONS
This study concentrated on the experimental investigation of confinement on local
bond-slip behavior of reinforcing bar embedded in plain concrete at beam splice
tests. The influence of two main parameters on bond slip response was evaluated
namely, external confinement with FRP sheet and internal confinement with
transverse stirrup.
From the test results, the following conclusions can be drawn.
1. The value of the ultimate bond stress is not influenced by the bond length, but
increases as concrete compressive strength increases.
2. The bond stress-slip curves are clearly nonlinear, and have a tendency to
become parabolic in form.
3. External and internal confinement causes ductility in the bond-slip relationship.
4. The bond strength due to confinement increases in proportion to the modulus
of elasticity of FRP.
5. For small development/splice lengths corresponding to local bond conditions,
confining the concrete with ordinary transverse steel increases the bond
strength only slightly, but leads to considerable improvement in the ductility of
bond behavior in the post-splitting stage.
6. For confined concrete, the shape of the local bond stress-slip response consists
of four distinct stages of behavior. The corresponding behavior tends to be
identical irrespective of the type of confinement used.
7. Because external confinement with FRP is more effective in restricting the
width of the splitting cracks than internal confinement with ordinary steel, for
the same area of confinement reinforcement per unit length along the splice
and taking into account the relative modulus of elasticity of the material, the
increase in bond resistance acquired for concrete confined externally with FRP
sheets is considerably higher as compared with concrete confined internally
with ordinary steel.
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ABSTRACT
One of the most common marine structures is anchored concrete quaywall.
Obviously, anchoring the wall will reduce the penetration depth, maximum
bending moment and lateral displacement of wall in both static and dynamic
conditions.
In this research, first, effect of tierod position in anchored concrete quaywalls in
primary static condition is considered and compared with two methods: “Free
Earth Method” and “Finite Difference Method”. Also, practical curves of
"maximum moment" and "tierod axial force" are given versus r (ratio of tierod
depth to wall length) in static condition.
Then, dynamic response of different cases (various tierod depths) is illustrated and
compared. Practical history curves of “maximum positive and negative moment”,
”tierod axial force” and “lateral displacements” are provided via “Finite Difference
Method”. Analyzing these charts, influence of tierod position on anchored quay
walls in seismic condition is investigated about seismic behavior and rehabilitation
of the structure. Suitable tierod position results in better serviceability and lower
maximum moment in concrete quay wall profile and therefore economical one.
Keywords: anchored quaywall, seismic evaluation and rehabilitation, tierod
1. INTRODUCTION
Flexible walls include "Anchored Sheet pile walls" or" Anchored Bored/
Continuous/ secant pile walls " are used as quaywalls. Weight of such walls is
ignored comparing with lateral forces. When their height from the dredge line is
more than about 6 meters, it is common to use an anchorage system [3, 5, and 7].
Using anchorage decreases penetration depth, maximum bending moment and
lateral displacement in both static and dynamic conditions. In classical methods
which the equilibrium equations are used, the deformation is ignored; so, it
becomes necessary to utilize the numerical methods. This will help the designer to
evaluate the serviceability of the structure in case of an earthquake. To rehabilitate
the structure in seismic condition, the effect of tierod position in anchored concrete
quaywalls is evaluated. It can improve the serviceability and also results in more
economical construction using concrete wall profiles with more suitable sections
[4, 8].
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2. STATIC ANALYSIS AND DESIGN
2.1. Free Earth Method
"Free Earth Method" is a simple classic method which is primarily used here to
analyze and design the anchored quaywall; assumptions and parameters which are
used in this method are shown in Figure 1 [3 , 5 , 6 , 7].
But in such methods some facts are ignored. For example:
- Wall moving tendency toward soil.
- Wall and anchor flexibility.
- Real lateral soil pressure distribution.
So, for more accurate analysis, a numerical method is used via FLAC 2D software
as will be described later.

Figure 1. Free Earth Method [7]

2.2. Matlab Programming
Using Matlab software, a program is developed in order to analyze anchored
concrete quaywalls utilizing "Free Earth Method" in sand. "Maximum moment"
and "tierod axial force" curves are displayed versus tierod depth ratio to concrete
wall length.
Soil properties and model parts properties are showed in tables 1 and 2
respectively.

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 619

Table 1: Soil properties

Sand

Ү
(kN/m3)

Үsat
(kN/m3)

φ
(Degree)

C
(kN/m2)

21

25

38

0

Table 2. Model parts properties
A
P
I
E(N/m2)
(m2/m)
(m/m)
(m4/m)
3,20E+10
1,9
4,3
3,67
3,20E+10
1
2
0,083
2,00E+11
0,00277

Quaywall
wall
Cable

L1
(m)
4

L2(m)
18

Figure 2. Concrete quaywall profile

As it is determined in Figure 3 and Table 3, with deepening tierod position its axial
force increases and vice versa, maximum moment in concrete quaywall profile
decreases. ("r" is the ratio of tierod depth to quaywall length).
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Figure 3. (a) Maximum moment, (b) Tierod axial force
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Table 3: Matlab program results for three tierod positions (Free Earth Method)
Sand
l1 (m)

R (l1/L)

M (KN*m)

F (KN)

D (m)

4.09
8.01
12

0.15
0.29
0.45

3167
2024
-1317

518.7
623.7
791.7

5.59
5.15
4.31

3. DYNAMIC ANALYASIS WITH “FINITE DIFFERENCE METHOD”
Evaluating the serviceability of the structure in case of an earthquake needs
modeling with a strong, accurate and fast numerical method. So, “Finite Difference
Method” is used in this research. At first the structure is modeled in static condition
by means of “FLAC 2D” software and then the dynamic analysis is done [1, 2].
3.1. “Flac 2d” Software Introduction
This software is a computational one based on explicit “Finite Difference Method”
and is equipped with tools which can consider various geotechnical aspects. In this
research the effect of tierod position in anchored concrete quaywall is mentioned
for economical Seismic rehabilitation; therefore, complicated soil behavior is
considered by means of Mohr-Coulomb plastic soil model [1, 2].
3.2. Problem Solution Stages with “Flac 2d” (FDM)
First, general problem environment is created via Finite Difference elements, then
Mohr-Coulomb behavior model is selected and material properties are assigned.
Before solving problem it is necessary to determine boundary and initial
conditions.
Modeling and loading procedure:
- Modeling soil considering initial stress in soil mass.
- Installing main and anchorage walls in soil.
- Positioning tierod between two walls.
- Excavating front of main wall to final dredging level.
- Applying water pressure.
- Solving problem in static condition.
After evaluating wall behavior in static condition, acceleration is applied to the
lower model boundary with shape of a sinusoidal wave with maximum amplitude
of 0.25g in two seconds duration. The general geometry of model is shown in
Figure 4.
Dynamic loading procedure:
- Applying seismic load with PGA of 0.25g.
- Dynamic analysis of the problem.
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Figure 4. “Finite Difference Method” modeling

4. ANALYSIS RESULTS
In order to find about consistency in primary static analysis results of two methods,
Figure 5 is prepared. It is shown that both methods result in similar tierod axial
force and maximum quaywall moment based on various tierod positions ("r" is
ratio of tierod depth to quaywall length).
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Figure 5

Results of dynamic analysis are illustrated in Figures 6 to 9 .Lateral displacements
are shown in Figure 6.Charts show that lateral displacements in bottom and middle
of the quaywall based on different tierod depths are almost similar to each other
during time history.
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Displacement (Top of the QuayWall) For
Different Tierod Depths
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Figure 6

But as the main criteria of serviceability, different displacements of quaywall top
that are shown above, have more changes with deepening tierod position, during
assigned earthquake. Note that all lateral quaywall top displacements are limited
between -0.08m to 0.09m. So, they are not more than allowable displacement of
0.30m due to "OCDI".
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Figure 7. Tierod axial force history

As it has been determined in Figure 7, Tierod axial force increases with deepening
tierod position in all history duration.
Similarly, maximum positive moment in quaywall (Figure 8) increases with
deepening tierod position in all history duration.
Absolute amount of maximum negative moment in quaywall (Figure 9) in all
history duration decreases with deepening tierod position.
Maximum Positive Moment in QuayWall for
Diffrent Tierod Depths
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Figure 8.

Figure 9. Maximum negative moment in quaywall history
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5. CONCLUSIONS
Considering the results which were discussed above, in earthquake duration the
absolute amount of both positive and negative maximum moments in anchored
concrete quaywall is the least when tierod is in depth of about 8 meters. The tierod
axial force in depth of 8 meters is between axial forces in two other depths in all
history duration.
It is inferred that an appropriate serviceability is obtained due to various tierod
positions and all cases satisfy the horizontal quaywall top displacement limit
(based on “OCDI"). Hence, to rehabilitate the structure in seismic condition
economically, it is logical to select a tierod position which gives lower maximum
moment and axial force (so, economical wall profile and anchorage system) in
earthquake duration. It is possible to select a suitable tierod position through curves
and analyses of this research.
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ABSTRACT
Reinforced concrete infills improve seismic behavior by increasing lateral strength,
initial lateral stiffness, and energy dissipation capacity of buildings, so it is
important to implement a model which can predict behavior of infilled buildings
correctly. Duo to convenience and simplicity in application proposes, modeling of
infills with macro element models can be implemented in place of micro element.
In this study, two applicable macro-element models namely one-strut and threestrut was implemented for modeling of these infills and accuracy of these models
in predicting actual behavior of structure was compared with experimental tests
which have been carried out in recent years on concrete and steel frames. The
results show that in frames with strong members when the critical mode is failure
in infill; three-strut can simulate ultimate strength and initial stiffness better than
one-strut model. This paper also indicates that frame weakness can affect
dramatically on the concrete infilled frame behavior and interrupt infill
performance.
Keywords: concrete infill, macro element model, three-strut model
1. INTRODUCTION
Infilling frame with reinforced concrete wall is one of the strengthening techniques
for reinforced medium rise buildings. Reinforced concrete infills improve seismic
behavior by increasing lateral strength, initial lateral stiffness, and energy
dissipation capacity of reinforced concrete buildings, and limit both structural and
nonstructural damages caused by earthquake. Figure 1 shows a schematic view of
these infills.

Figure 1. Schematic view of Concrete Infill
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The various theoretical models reported in the literature for predicting the seismic
behavior of infills can be classified into two categories: (i) micro element-based
and (ii) macro element-based models. Theoretical microelement models, such as
the finite element model provide a rigorous analytical approach to evaluate the
dynamic response of infills. A number of finite element models have been
developed and used to predict the in-plane lateral load behavior of these infills
[5].Macro element modeling offers an alternative approach in which the entire
infill panel is represented as a single strut or multi-strut approach [1, 2]. In this
way, only the equivalent global behavior of the infill panel is taken into account in
an analysis. Thus, for analysis focusing on overall structure response, macro
element models can be implemented in place of micro element models. Application
of microelement not only has some complexity in modeling, it is also time
consuming. Further more, in this study two applicable methods, namely one-strut
and three-strut were implemented for modeling of concrete infills and accuracy of
the results was compared with the experimental test which had been carried out
previously on concrete infills.
2. DESCRIPTION OF MACRO-ELEMENT MODELS
2.1. One-Strut Model
Firstly, one-strut model based on FEMA 356 was used for modeling of concrete
infill. It is very important to identify the modes of failure or other effects which
need to be controlled or avoided. Based on experimental tests only two modes, the
corner crushing (CC) and sliding shear (SS), are of practical importance, (Comite
1996). In order to determine the governing failure mode, the capacity of the infill
panels in first and second failure mode were estimated. Because of high value of
shear strength in RC infills, in most cases corner crushing mode is dominant. The
FEMA 356 provisions prescribe a strut with an area equal to the thickness of the
masonry infill panel times; the strut width is given by Eqn. 1.

a = .175(λ1hcol ) −0.4 rinf

(1)

1

⎡ E t sin 2θ ⎤ 4
λ1 = ⎢ me inf
⎥
⎢⎣ 4 E fe I col hinf ⎥⎦

(2)

hcol And rinf are the height and diagonal length of infill panel respectively, Eme is
expected modulus of elasticity of infill materials, tinf and hinf are thickness and height
of infill panel, Icol is the moment of inertia of column and Efe is expected modulus of
elasticity of frame materials. It is justifiable to assume that the panel properties in the
diagonal direction are the properties governing the behavior of the infill panel.
Concrete material is modeled using total strain rotating crack model (DIANA 2005)
that describes the tensile and compressive behavior using one stress-strain
relationship. The concrete in compression is defined using a parabolic stress-strain
(σ − ε ) relationship as shown in Figure 2 and defined by equations 3 through 6.
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Figure 2. Concrete material model (DIANA 2005)
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if 0 ≥ ε > ε c / 3

ifε c / 3 ≥ ε > ε c

(3)
ifε c ≥ ε > ε u

ifε ≤ ε u

1 fc
3 Ec

(4)

ε c = 4ε c / 3

(5)

εc /3 =

ε u =ε c+

3 Gc
2 hc f c

(6)

Where:
fc = the maximum compressive strength based on uniaxial concrete compression test
result, Ec =the initial modulus of elasticity of concrete in compression estimated in
unite of kg/cm2 as E=15800 fc′ , ε c = the strain at which 1/3 of the compressive
strength is reached, ε c = the strain at which the maximum compressive strength is
reached, ε u = the ultimate strain in compression at which the material has no
strength. Gc= the fracture energy in compression determined to be consistent with
the assumed value of ε u per table 1. The tensile behavior of concrete is modeled
using elastic with linear softening relationship as shown in Figure 2 where fct is the
tensile strength of concrete as determined in concrete split tension test. The value
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of Gf is estimated in units of N/m as Gf= α d f ck 0.7 where α d = 6.75 and fck is the
characteristic strength in unit of MPa taken as the same as fct in this study.
2.2. Three-Strut Model
Because concrete infills are strong members, interaction between infill, beam and
column are important and need a model to represent characteristics of concreteinfilled frame correctly. Usage of a multi-strut model rather than single strut will
better represent the actual stressed area within the infill and also facilitate the
modeling of the progressive failure occurring at the corner contact region, not just
at the corner points. Use of three-struts for modeling of infills was studied by ElDakhakhni [2]. Based on research, it is suggested that at least two additional offdiagonal struts located at the points of maximum field moments in the beams and
the columns are required to reproduce theses moments as shown in Figure 3.

Figure 3. Schematic view of three-strut model [2]

It is suggested that the total diagonal struts area, A, is to be calculated by
A=

(1 − α c )α c ht
cosθ

(7)

Concrete material is modeled using total strain rotating crack model as described
by equation 3 through 6.
3. MODELLING OF TEST SPECIMENS USING MACRO MODELS
To evaluate accuracy of macro-element models to determine behavior of structures,
some experimental study which has been previously conducted including two CICF
(concrete-infilled concrete frame) and one CISF (concrete-infilled steel frame)
specimens was implemented. Each model has special characteristics which will be
discussed shortly. Six CICF specimens were tested at the University of Gazi in
Turkey under reversed-cyclic lateral loading by Sinan altin et al. [3]. The
specimens are one-bay two story concrete-infilled concrete frames. In this study,
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only the first and second specimens were considered. The first specimen shows
poorly lap spliced columns of nonductile RC frame, while providing RC infill
walls. The second specimen is similar to the first specimen but longitudinal
reinforcements pass continuously along two stories in boundary elements of infills.
These two specimens were considered as representatives of common concrete
frames. Figure 4 shows these test specimens in testing.

First specimen

Second specimen

Figure 4. Sinan altin et al test specimens [3]

One CISF specimen was tested in the Building and Housing Research Center in
Iran by Moghadam and Mohammadi. This specimen was one-bay one story
concrete-infilled steel frame. The details of the test can be found in [5].
The load displacement behavior of test specimens was evaluated by using
nonlinear push over analysis. Push over analysis simulated the nonlinear lateral
load displacement relationship of the test specimen analytically. Analytical model
for a specimen is given in Figure 5 as an example.
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Figure 5. Analytical model of specimen
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Columns and beams were modeled based on FEMA 356 provisions. Because there
is no special element in the software for modeling lap splices it was modeled as
concentrate hinge based on FEMA 356 provisions. Numerical values of the
parameters for the concrete compression material model are presented in table 1.
Table 1: Parameters for concrete compression material model
fc

Specimen

(MPa)
298
150

CICF
CISF

εc / 3

εc

εu

.000364
.0003

.001456
.0012

.015
.015

Gc

hc

(KN/mm)
.138
.138

(mm)
305
305

4. COMPARASION BETWEEN EXPERIMENTAL AND ANALYTICAL
RESULTS
In the following, load displacement relationship of each specimen by means of
one-strut and three-strut models was obtained and compared with experimental
tests. Figure 6 shows load deflection relation of first CICF specimen. It was
observed using one-strut and three-strut models; both adequately simulate initial
stiffness of concrete-infilled frame. It can be seen that strut model can not predict
behavior of infill in ultimate load, as well as in the descending segment of
backbone cure. The reason for this is in the following. Because of deficiency in lap
slice region in the column, this point acts as a fuse and failure occurred in this
region. It means the ultimate load is equal to column tensional-force and does not
depend on infills strength, so implementing one-strut or three-strut models caused
nearly similar results.
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Figure 6. Load-deflection relations for first CICF specimen

Figure 7. Illustrates load-deflection relation of second CICF specimen, it shows
that the three-strut model curve has a better coloration with the experimental test.
In this case because of continuous longitudinal reinforcement, the column has
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higher strength than concrete infills so failure in infills is prior to failure in
columns. It means concrete infills act as a fuse and behavior of this element widely
affects CICF specimen behavior. The three-strut analytical model adequately
simulates the behavior of infilled test specimen until the ultimate load was attained.
The displacement corresponding to ultimate load which was predicted by one-strut
and three-strut models is the same with experimental tests. But using one-strut
model gets a much higher ultimate load than the experimental test and the threestrut model.
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One-strut Model

20000
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Figure 7. Load-deflection relations for second CICF specimen

From Figures. 6 and 7 it is concluded that concrete infills are strong members and
can attract large amount of forces in earthquakes. But their performance depends
strongly on perimeter beams and columns. For example, premature failure in poor
concrete-frame caused by lap splice can have a dramatic effect on infilled-frame
behavior and reduced ultimate load of about 100 percent.
Figure 8. Depicted nonlinear behavior of CISF specimen tested in Iranian Building
and Housing Research Center by Moghaddam and Ghazimahale. Due to higher
tensional strength of steel columns as compared with concrete ones, corner
crushing failure occurred in infill. This fact has been reported based on
experimental test which was conducted on steel frame [5]. Furthermore, behavior
of infill has a main effect on behavior of CISF. It was observed that one-strut
model gives a higher strength than three-strut and use of this model in modeling of
this element may be non-conservative. Stiffness of three-strut model has a nearly
good correlation with experimental test before ultimate load. One-strut model
neither attains a much more ultimate force than the experimental test nor does it
give an appropriate stiffness before and after the ultimate load.
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Figure 8. Load-deflection relations for specimen CISF

There were differences between the part of analytical and experimental load
displacement curves at which after the ultimate load was reached. One of the main
reasons for the difference between the analytical and experimental initial stiffness
is the difference in the method of load application. While cyclic loading was
applied during experiments, analytically the load was increased monotonously up
to failure. This difference in application of loading affected the initial stiffness of
analytical and experimental results.
CONCLUSION
• Analytical studies were performed to understand the effect of one-strut and
three-strut proposed models on the behavior of concrete-infill in steel and
concrete-frames. This paper shows that in frames with strong members
when the critical mode is failure in infill; three-strut can simulate ultimate
strength and initial stiffness better than one-strut model.
• Three-strut model can appropriately estimate initial stiffness of infill frame
and no matter failure mechanism occurs in frame or infill.
• Displacements corresponding to ultimate load which are predicted by onestrut and three-strut models are the same with experimental tests.
• This study shows that one-strut model based on FEMA 356 can estimate
stiffness and strength of concrete infill superior than reality.
• Infills impose shear force to adjacent elements. Therefore, using a model to
consider this fact is mandatory. Three-strut model can predict possibility of
shear failure in beam and columns adjacent to concrete infills.
• Premature failure in poor concrete-frame caused by lap splice, can affect
dramatically the infilled-frame behavior.
• Concrete infills are strong members and can attract large amount of forces
in earthquakes. Incorrect modeling can disturb hinge propagation in
structural elements and cause unreasonable results.
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ABSTRACT
It is generally supposed that concrete is one of the best durable materials but, it is a
fact that all concrete structures will deteriorate with time, though the rate at which
they deteriorate varies considerably, as it is affected by many factors. Deterioration
will change the performance and appearance of structure, which may affect its
performance under normal working conditions.
Cooling tower unit 28 is one of the concrete structures in the Mobarekeh Steel
Complex which was observed with various remarkable deteriorations. This
concrete structure was directly subjected to circulation of industrial water and
under aggressive sulfates, corrosion reinforcement, lack of timely attention and
periodical investigations at regular time intervals were found responsible for
serious deteriorations.
In order to have an optimal use of the structure and its stability and to achieve an
adequate repair procedure, a thorough and logical investigation of distress causes
was carried out. The survey includes information collection and visual sketching of
distress locations, several in-situ NDT tests, the determination of various
aggressive ions in depth of concrete, and some other laboratory tests on core
specimens taken from selected components of the structure. Based on studies
carried out, different deterioration mechanisms were determined and then concrete
removal methods and appropriate repair procedures were suggested. Finally,
durability and the remaining service life of repaired structure is predicted.
Keywords: distress evaluation, concrete, inspection, durability, maintenance
strategies
1. INTRODUCTION
Worldwide concrete with Portland cement is the most widely used construction
material in buildings and civil engineering structures. There are several reasons
such as appropriate resistance to water, easily flexibility on various shapes and
dimensions, inexpensive and easy availability of its materials constituents. Over the
years, the type and quality of concrete materials and construction methods have
varied considerably. In parallel, there has been an increased understanding of the
mechanisms underlying the behavior of concrete and its performance in service. It
is an unfortunate, but inescapable fact that all concrete structures will deteriorate
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with time, though the rate at which they deteriorate varies considerably, as it is
affected by many factors. Deterioration changes the performance and the
appearance of the structure, and as a final consequence it may affect its safety and
behavior under normal working conditions on exploitation. Usually in the past,
some maintenance actions were taken into consideration when already visible
traces of deterioration were observed. Where periodical inspections were not
carried out at regular time intervals, serious damages might be already presented at
the first inspection [4, 5, 6].
Cooling tower unit 28 is one of the concrete structures in the Mobarekeh Steel
Complex which was seriously damaged. This structure is used for cooling and
decreasing water temperature circulated in the steel production lines. The concrete
was subjected to circulation of industrial water and under aggressive sulfates,
corrosion of reinforcement, without periodical inspections at regular time intervals
and thus serious deteriorations were presented. Damages owing to corrosion of
reinforcement have caused expansion and eventually resulted in cracking,
delaminating and spalling of concrete.
In order to have an optimal use of the structure and its stability and achieving an
adequate repair procedure, a thorough and logical investigation of distress causes
was carried out. The survey includes information collection and visual surveying
and sketching of distress locations, several in-situ NDT tests, determination of
various aggressive ions in the depth of concrete, and some other laboratory tests on
core specimens taken from selected components of the structure. Considerations
and visual investigation and inspections of the structure, surface impairments, NDT
tests and collecting core samples for laboratory tests are shown in Figure 1. Based
on the results of preliminary inspections and in-situ and laboratory tests, various
deterioration mechanisms were determined and then concrete removal methods and
adequate repair procedures were suggested. At the final stage of this study,
durability and the remaining service life of the repaired structure is predicted [1].
2. OBSERVATIONS, VISUAL SURVEYING AND INSPECTIONS
In order to investigate the performance of the cooling tower structure which is in a
propagation phase of deterioration, an assessment of the current condition of the
structure is necessary. This investigation is also necessary because of several other
factors such as current maintenance, rehabilitation, serviceability conditions
changes, investigation of structural stability and its function, and a study of current
environmental conditions. Current state could include rapid assessment and visual
inspection up to complex considerations which are taken into account in long time
planning and performance. The main purpose of visual surveying and investigation
is the diagnosing of probable causes of any visual deterioration and ensuring that
the structure remains in its integration and satisfactory conditions. An instance of
visual surveying of distress locations is shown in Figure 2 [1].
The most important deteriorations which were obviously seen in the exposed
concrete in cooling tower unit 28 are longitudinal cracking due to corrosion of
reinforcement in beams and columns and also severe sulfate and frost attacks (see
Figure 3). Nevertheless, the essential distresses which are manifested in this
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structure is classified as follows:
a) Longitudinal cracking in direction of steel bars in beams and columns (Figure 3).
b) Severe corrosion of reinforcement (Figure 4).
c) Severe removing of cement paste and exposed aggregates (Figure 5).
d) Sulfate and frost attack.
e) Delamination of concrete walls.
f) Leakage and efflorescence (Figure 6).
g) Low concrete cover over reinforcement.
h) Spalling of concrete cover due to corrosion.
i) Disintegration and scaling.

Figure 1. Flowchart of various stages of diagnosing distresses in cooling tower unit 28.

3. IN-SITU TESTS
In the first stage of the inspection and evaluation of the structure and according to
visual surveying and inspections, various non destructive tests (NDT) comprising the
determination of concrete cover, pulse velocity measurement, concrete strength by
Schmidt hammer, resistivity measurement, determination of corrosion rate and depth
of carbonation (Figure 7) were carried out. In continuing of the completion of quality
and quantity of studies in laboratory, 17 core specimens were taken from selected
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beams, columns and concrete walls at different levels of the cooling tower [1].

Figure 2. Schematic and sketching of distress locations in the western view of cooling
tower unit 28

Figure 3. Longitudinal cracking and sulfate attack

Figure 4. Severe corrosion of reinforcement
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Figure 5. Removing of cement paste and exposed aggregates

Figure 6. Leakage and efflorescence

Figure 7. Determination of carbonation depth
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4. LABORATORY TESTS
In the laboratory, compressive strength, water absorption, chloride and sulfate ion
profiles and concrete pH in different depths of core samples are implemented.
During taking of core specimens it was seen that the cover of concrete in all
samples taken from concrete walls and some of those taken from beams is
separated due to the corrosion of reinforcement.
Water could be considered as one of the most important reasons which cause
impairments in concrete and concrete structures. Water is the initial compound of
life and decomposes the most natural materials and also causes most of the
difficulties for concrete durability. Water also is one of the reasons of decrease in
quality in porosity materials and is responsible for the intrusion of aggressive ions
into concrete and is one of the resources for chemical processes causing quality
reduction.
One sample from circulated water in the cooling tower unit 28 was taken for
chemical analysis. Chloride and sulfate ions contents in this sample were less than
the allowable limit which is in the Iranian code of practice. Nevertheless, these ion
contents in a constant volume of concrete are more than the allowable limit;
therefore, the concrete of cooling tower’s structure was subjected to aggressive
ions. Its intensity depends on concrete quality, concrete cover, and permeability of
concrete and on how the structure is maintained during its service life [1].
5. CONCLUSION OF EVALUATION STUDIES AND TECHNICAL
RECOMMENDATIONS
Concrete is one of the most widely used construction materials alike other
materials with a life time. Concrete deteriorations, due to several causes could
considerably affect the technical life time of concrete structures. Therefore, the
awareness of deteriorations and their mechanisms, their prevention and/or
decreasing the intensity of damages, creating delay in their progress, and
considering appropriate requirements afterwards are one of the most important
duties of civil engineers who deal with concrete works. On the other hand, the
concept of innovative construction materials and also innovative concretes is not
only considered as its own materials. But the concept of life time and durability
design is also one of the essential parts which must be taken into account .Life time
and durability design concepts, along with its deep and wide considerations are
surrounded by all material parameters, environmental conditions, construction,
conditions, human resources and technological conditions [8, 9, 10].
Nevertheless, all concrete structures are always subjected to deteriorations which is
affected by many factors. In addition, considering the concepts of life time and
durability design for such structures, maintenance planning during physical service
life of the structure is one of the most important factors increasing the life time of
concrete structures.
In the evaluation of concrete durability of cooling tower unit 28, attention was
given to the knowledge of physical-chemical processes of concrete distresses
causes in real structure which have been observed and for diagnosing of these
causes, several in-site and laboratory tests were carried out. However, interactions
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of physical and chemical causes of distresses, which are sometimes complicated,
are considered. Regarding the tests results and visual inspection, the conclusion is
as follows [1]:
a) Based on considerations and according to concrete Iranian code of practice, the
structure of cooling tower unit 28 was subjected to moisture, wet and dry
conditions, freezing and thawing, periodic cooling and warming, hence
locating in very severe environmental condition.
b) The average compressive strength of concrete specimens shows very high
compression strength (average: 44 Mpa on cylindrical specimens) and it is also
very dense with low permeability (with 2.25% maximum water absorption).
c) In spite of high compressive strength and low permeability, the structure was
always subjected to aggressive harmful ions which was available in water, so
that stresses due to wet and dry conditions and periodic cooling-warming
caused cracking and ingress of aggressive ions into concrete was intensified.
d) High leakage and penetration of water from inside to the outside of concrete
walls of the structure caused an intensive corrosion of reinforcement and
sulfatation of concrete. Low cover of concrete in some locations in concrete
walls also caused corrosion and concrete delaminations.
e) As some parts of beams and columns in the structures were under 70-90%
moisture and other parts were simultaneously subjected to environment and
wet-dry condition, corrosion in these elements was developed as cavities. From
the point of view of corrosion, increase of concrete water saturation is a useful
effect in decreasing the oxygen penetration and on the other hand, it could be
harmful because concrete electrical conductivity is considerably enhanced by
increasing the degree of saturation. Therefore, it is not surprising that
maximum corrosion and cracking in beams and columns occurred in places
where there were wet and dry conditions. Getting sulfate of concrete because
of aggressive sulfate ion of water and disintegration and exposure of aggregate
due to freezing and thawing conditions intensified the concrete surface
distresses. Sulfate ion profile in depth of a concrete core is shown in Figure 8.
f) Besides the insensitive factors of deterioration in the structure, one of the most
important causes of distress development was the lack of maintenance planning
during service life of the structure, lack of periodical inspection and timely
prevention of distress development.
g) With chloride ion contents in the depth of concrete cores (Figure 9), corrosion
of reinforcement, delamination of concrete cover, sulfatation and frost of
concrete surfaces, it could be concluded that the concrete must be removed up
to the minimum depth of 100 mm and replaced with a higher strength and low
permeable concrete.
h) Also due to the penetration of water from the interior to the exterior, the
interior surface of concrete walls must be cleaned and coated with
impermeable materials. In addition, the existing joints which have caused
leakage of water to the outside must be filled with appropriate resin.
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Figure 8. Sulfate ion profile in the depth of a concrete beam at a level of 7.05m.

Figure 9. Chloride ion profile in the depth of a concrete beam at a level of 7.05m.

6. MIX DESIGN OF REPAIR MATERIALS
Each repair work has its exclusive conditions and its own requirements in
identifying the necessary criteria for repair since in many cases more than one
appropriate material for use is available. Concrete repair materials can be
formulated to provide a wide variety of properties. Final selection of material or
combination of various materials has been implemented by consideration of several
factors such as ease of application, cost, skill availability and necessary equipments
for their usage. Information about the service life of materials, which were used in
previous repair works, plays an essential role in the selection, usage and
maintenance of such materials [2, 3].
In selection of repair materials, emphasis is on those which might have higher
performance and durability. Therefore, selection of these materials must be on the
basis of awareness of their physical and chemical properties, the purpose of their
usage and the natural condition of environment in places where they are used.
On the basis of usual inspections, in-site and laboratory tests results in previous
sections and knowing the distresses causes such as corrosion of reinforcement,
sulfate and frost attacks, with the intension of providing repair mix design and its
planning, the following items are carried out [1]:
a) Methods for removal of damaged concrete and surface preparation.
b) Mix design alternatives on the basis of various tests on concrete material
constituents.
c) Repair procedures alternatives based on various concrete deteriorations.
d) Prediction of durability and service life of repaired structure.
7. REPAIR PROCEDURES
Concrete is one of the multiple applied construction materials which is used with
reasonable cost, having appropriate strength and durability and flexibility on
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shapes and dimensions. In concrete structure of cooling tower unit 28, some
problems such as lack of timely maintenance, environmental conditions, aggressive
chemical components on passage of time, were the causes of concrete
deteriorations and serious distresses. Therefore, repair of damaged places by
replacing with appropriate concrete under various procedures which depend on
distress depth, its severity and extent, is necessary [2, 3, 7].
In the repair works of this structure, improvement and provision of concrete
appearance acceptance in terms of their color and texture between repair zones and
other parts are considered. In addition, repair zones must be permanently bonded
with main concrete and also have enough low permeability, without shrinkage and
crazing cracking and enough resistance against freezing and thawing. Therefore,
repair of this structure needs more attention and necessary design and plan as
compared to other buildings in the Mobarekeh Steel Complex. With consideration
of impairments of the structure and its severity and extent, the following repair
procedures alternatives are recommended [1]:
a) Formwork and pouring of concrete in beams and columns.
b) Patch repair of minor deteriorations.
c) Shout Crete for concrete walls.
d) Repair of cracks by injection.
e) In the result of water penetration from inside to outside, the interior surface
of concrete walls must be cleaned and coated with impermeable materials.
8. CONCLUSION
It is generally accepted that in the design of concrete structures, durability
properties of materials must be considered along with their other characteristics,
such as mechanical properties and costs. In the evaluation of concrete durability
and the durability of concrete structures, attention must be paid to the point in
which most information about physical-chemical processes causing concrete
deteriorations is obtained from actual structure history because the simulation of
long term status in laboratory is very difficult. Although in reality, the concrete
distress is rarely found due to a unique cause. Usually in advanced stages of
material degradation, more than one harmful phenomenon is observed. In general,
physical and chemical causes of distresses are so complicated and so intensified
together that often the separation of cause and effect is not even feasible.
Permeability is one of the most important concrete parameters affecting durability.
Most aggressive materials which are generally soluble in water penetrate through
concrete capillary pores. Also, concrete with low porosity is dense and has better
quality in terms of durability and strength. Water absorption is due to low water
pressure in concrete. Hydration and concrete drying could decrease water pressure
in concrete and increase absorption. In some parts of cooling tower unit 28,
periodic water absorption and drying caused deposition of water harmful ions in
concrete thereby resulting in increasing of sulfate and chloride ion contents in
concrete. After absorption of chloride in water by concrete, it contaminates in
depth and chloride gradually penetrates in concrete. Ingress of chloride ion
continues in concrete where it reaches reinforcing bars and results in the progress
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of corrosion.
Therefore, it is important that the concrete surface condition should be improved
by replacement with high strength concrete up to 100 mm in depth and also by
applying impermeable coating materials so that the service life of cooling tower
could be considerably enhanced (minimum 30 years). In addition of the concept of
structural life time and durability design consideration, maintenance planning,
periodic inspection activities and timely prevention of the progress of deterioration
during service life of the structure are necessary precaution actions.
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ABSTRACT
In order to assess old concrete structures and to evaluate possible distresses,
determination of their current conditions is necessary. The aim of this assessment is
to gather information on important distress, their causes and the severity and extent.
This information is only obtained from a thorough and logical inspection, regular
reports during service life of structures, and also design and construction details.
Some of the concrete structures in industrial situations are subjected to various
distresses due to different activities and lack of timely attention. These impairments
cause incompatibility changes on mechanical, physical and chemical concrete
properties and usually along with concrete disintegration. Nevertheless, it is
realized that, in durability point of view, most concrete structures become
deteriorated during their service life, where their severity and extent are affected by
various factors. Unfortunately, lack of timely attention and determination of
concrete distress causes, especially in places where periodic inspections have not
been implemented at regular intervals, often cause concrete structures to become
degraded and the estimation of these damages have shown a high cost of repair
activities. Therefore, in order to achieve an adequate evaluation and actual cause of
impairment and to provide the inspection, maintenance and repair strategies along
with acceptable criteria in concrete structures, the present research work was
carried out in four stages. It comprises evaluation methods, inspection
management, criteria of repair materials and procedures selection, and finally
provides a management system for inspection and visualization according to
distress mechanisms. For the application of this research, the system results are
used by a case study taken from the evaluation of concrete structures in the
Mobarekeh Steel Complex.
Keywords: concrete distress, inspection, maintenance strategies
1. INTRODUCTION
Identification of distress cause is the most difficulty and important stage of any
repair process. Before deciding on any repair work, the cause of impairment must
be diagnosed as clearly as possible. Sometimes the cause is obvious, but as a rule a
careful investigation is required. Only afterwards should the method of repair be
chosen. A thorough and logical investigation of the current condition of the
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structure is the first step of any repair or rehabilitation project.
After a comprehensive evaluation, the scope of both the cause and effect of
concrete defect, damage and deterioration must be conducted in order to determine
the necessary actions to be taken. The results of the evaluation, together with the
user's needs or requirements form the necessary external information to select the
repair method. Selection of repair methods depend on the nature of impairment,
consideration of durability, constructability and compatibility with the existing
structure, environment, availability of materials, cost and whether the repair is a
temporary or permanent restoration [4, 12].
In order to assess most of the old concrete structures or those with advanced
distresses, the determination of their current conditions are often necessary. The
aim of this assessment is to gather information on distress importance, their causes
and the severity and extent. This information is only obtained from a thorough and
logical inspection, regular reports during service life of structures, and also design
and construction details [3, 7].
Some of concrete structures in industrial situations are subjected to various
distresses due to different activities and lack of timely attention. These impairments
cause incompatibility changes on mechanical, physical and chemical concrete
properties, usually along with concrete disintegration. Nevertheless, it is
understood that, from a durability point of view, most concrete structures get
deteriorated during their service life, where their severity and extent is affected by
various factors. Unfortunately, lack of timely attention and determination of
concrete distress causes, especially in places where the periodic inspections have
not been implemented at regular times, often cause concrete structures to become
degraded. The estimate of these damages shows high cost of repair activities.
Therefore, in order to achieve an adequate evaluation and actual cause of
impairment and to provide the inspection, maintenance and repair strategies along
with acceptable criteria in concrete structures, the present research work was
carried out in four stages. It comprises evaluation methods, inspection
management, criteria of repair materials and procedures selection, and finally
providing a management system for inspection and visualization according to
distress mechanisms. For the application of this research, the system results are
used by a case study taken from the evaluation of concrete structures in the
Mobarekeh Steel Complex.
2. RESEARCH OBJECTIVES
The research objectives comprise four stages. In the first stage, repair and
maintenance strategies, evaluation methods, rehabilitation of concrete structures,
characteristics of deterioration and its consequences, and maintenance and
durability recommendations for concrete structures were provided. Information
regarding maintenance and durability of concrete is very useful for structural and
construction engineers and users who may be conducting research on developing
their preliminary strategies [1, 7, 11, 12].
The second stage of this research includes inspection planning; deduct values for
various distresses in concrete structures, in-situ evaluation of structure according to
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different NDT tests and laboratory tests. It is noted that this information is very
useful for field inspectors or engineers who are involved in evaluation, repair and
maintenance of concrete structures [1, 4, 6, 7, 10].
In the third stage, appropriate materials in durable mix design, repair material
selection for concrete structures, concrete removal and preparation for repair
methods, and application procedures and techniques for the repair of concrete were
provided. This is valuable information for users and engineers who dealt with
material and repair procedures selection and also those who intended to work as
supervisors on construction repair sites [1, 8, 9].
In the fourth and final stage of the project, various distresses manifested in concrete
structures along with their mechanisms, classification of distresses with deduct
values was determined and a set of inspection forms and a potential rating system
in different concrete structures were provided. At the end of this stage, the system
results are used by a case study taken from the evaluation of concrete structures in
the Mobarekeh Steel Complex [1, 11, 12].
3. DISTRESS CATEGORIES IN CONCRETE STRUCTURES
Identifying distresses and determining their causes thereby assisting in the design
of durable replacement materials or adequate repair methods are important parts of
any concrete repair program. It is important to draw conclusions based on the best
observations and information available, in order to effectively rehabilitate a
structure. This information may be obtained from visual inspection observations by
an engineer or may be taken from pictures and databases. In some cases, it may be
taken from in-situ tests (e.g. non-destructive testing (NDT)) or laboratory tests (e.g.
petrographic examination) [4, 6, 10].
Concrete structures in the Mobarekeh Steel Complex with extension and various
activities and enormous production lines are subjected to different deteriorations.
These structures consist of cooling towers (e.g. power station, water distribution,
unit 28 and 06), hot strip mill walls, acid washing unit, power tunnels, slab unit and
concrete pavements. Distresses category in various concrete structures in the
Mobarekeh Steel Complex which generally cover all manifestation of
deteriorations are classified into physical and chemical causes (see Figure 1) [1].
4. DETERMINATION OF DETERIORATION MECHANISMS IN CONCRETE
STRUCTURES
Deterioration of concrete structures follows well identifiable deterioration
mechanisms. These mechanisms represent the interaction between the actual
environment and the structure, with its geometry and materials composition. It is
also evident that all deterioration mechanisms depend on some aggressive
substance penetration from the surrounding environment into the outer layer of
concrete (covercrete). The development in time of nearly all types of deterioration
mechanisms of concrete structures may be modeled by two phases, the initiation
phase and the propagation phase [3].
By visual inspection, in-situ and laboratory tests, and evaluation of concrete
structures in the Mobarekeh Steel Complex which have been carried out by the
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authors, all distresses in these structures presented in Figure 1 are in propagation,
progress and development phase. Therefore, it is necessary that immediate
attention must be drawn towards repair of these structures to comply with
principals and technical properties. Some of deterioration causes are as follows [1]:
• Frost attack
• Sulfate attack
• Corrosion of reinforcement
• Acid attack
• Cracking due to salt expansion in the interior pores
• Surface disintegration
• Thermal stresses
• Scaling and spalling

Figure 1. Distresses category in concrete structures in Mobarekeh Steel Complex

5. EVALUATION OF CONCRETE IN A CONCRETE STRUCTURE
A thorough and logical evaluation of the current state of the concrete in a structure
is the first step of any repair or rehabilitation work. Therefore, a visual inspection
of the exposed concrete is the first step in an in-situ examination of a structure. The
purpose of such an examination is to locate and define areas of distress or
deterioration. A condition survey will usually include a mapping of the various
types of concrete deficiencies that might be found such as cracking, surface
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problems (disintegration and spalling) and joint deterioration. One objective of an
Evaluation Management System (EMS) is to create assessment procedures that will
allow the current condition of the structure, and its components to be expressed
numerically to take the best recommended action in the repair and maintenance
management. The criteria for the evaluation of a concrete structure are shown in
Table 1 [4].
Table 1: The Confidence Level (CL) for the Evaluation of Concrete (ECON) structure
Zone

Confidence
Level (CL)
95-100

Minor
85-94

70 - 84
Mode
rate
50 - 69

30 - 49
Major
0 - 29

Description
Excellent: No noticeable
impairments.
Very Good: Barely noticeable
impairments. Some ageing or
dusting may be visible.
Good: Clearly noticeable
impairments. Only minor defect,
damage and deterioration are
evident.
Fair: Moderate impairments. Some
defect, damage and deterioration
are evident, but concrete remains
serviceable.
Poor: Severe impairments in at
least some major components of
the structure have occurred.
Concrete remains serviceable.
Very Poor: Very severe and
extensive impairments in most
components of the structure.
General failure or a complete
failure of structural components.

Recommended Action
Prompt action is not required,
but periodic investigation is
recommended. In some cases,
protection might be needed.
Detailed investigation and
economic analysis of repair
alternatives are recommended. In
some cases, appropriate repair
and protection methods will be
needed.

Detailed investigation and an
engineering evaluation should be
made to determine the demand
for repair, replacement
strengthening and stabilization.
Safety evaluation is
recommended.

Once the condition of the structure is understood and documented, the next step in
the maintenance management process is to initiate action to correct unsatisfactory
conditions and to begin planning for future maintenance and repair needs. For this
purpose, a quantitative rating system for the condition of concrete in a structure
would make possible the determination of which components within a structure
most merit repair. The Evaluation Confidence Level (ECL) extends from 0 to 100,
with 0 representing Very Poor condition and 100 representing Excellent condition.
The Confidence Level (CL) is divided into Minor, Moderate and Major zones.
The Confidence Level (CL) prescribed here can be applied to Mobarekeh Steel
Complex concrete structures in general. The rating system described allows the
Confidence Level to be determined by visual inspection using limited equipment
such as binocular, covermeter, ruler and carbonation depth. Values in each parts of
the survey are properly interpreted as representing the current conditions found at the
time the structure was inspected and rated. The rating is related to structural integrity
and serviceability of the structure. The Confidence Level system is not intended to
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replace the detailed investigation needed to fully document structural deficiencies, to
identify their causes and to formulate plans for correcting them. An extended
investigation comprising detailed investigation and analysis, and engineering
evaluation should be made when the Confidence Level is less than 50 [4].
6. DEVELOPMENT OF DEDUCT VALUES FOR VARIOUS DISTRESSES
IN CONCRETE STRUCTURES
The Deduct Value is determined by visual inspection and by recording the
information needed in the field inspection. The inspection and condition
assessment procedure for determining Deduct Values is based on simple visual
inspection techniques. If the condition of the structure being inspected is severely
damaged i.e. a Confidence Level of below 50, more detailed investigation and
engineering evaluation should be made.
Deduct Values for various distress categories are classified in cracking in concrete
(Table 2), disintegration and scaling, spalling and delamination. An inspector
should be familiar with the types of distress before performing an inspection to
determine the Deduct Value. Deduct Values are based on considering previous
works carried out and the author’s opinion and experience. They involve two
considerations [4]:
1)
The knowledge and experience of expert engineers in the safety of the
structure which has been degraded by various types of distress, and
2)
Serviceability of the structure.
Table 2: Deduct values for cracking in concrete structures
Surface
Appearance

Pattern

Deduct Value
Width of Crack
Fine (FI)
Medium(M
0.25–1mm E) 1–2 mm

Type of
Crack

Depth
of
Crack

21- (PCC)
Crazing

SS

5

10

-

-

SS
DE
TH
SS
DE
TH
SS
DE
TH
SS
DE
TH
SS
DE
TH
SS
DE
TH

5
10
15
5
10
15
5
10
20
2
5
10
10
15
20
5
10
15

10
20
30
10
20
30
10
20
30
5
10
15
20
30
40
10
20
25

30
40
20
30
40
20
30
50
10
15
25
30
40
60
20
30
40

40
50
30
40
50
30
40
70
15
30
40
40
60
80
30
40
60

22- (PDC)
D-Cracking
23- (PMC)
Map
Cracking
24- (ILC)
Longitudinal
25- (ITC)
Transverse

Individual
26- (IDC)
Diagonal
27- (IRC)
Random

Very Fine
(VFI)<0.25mm

Wide (WI)
> 2 mm

Surface and Shallow (SS) (up to 10 mm), Deep (DE) (10 –20 mm), Through (TH) (> 20 mm)

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 653

7. CALCULATION OF THE COMPONENT CONFIDENCE LEVEL (CCL)
Once the distress modes in each component of the structure to be rated are
determined, the Component Confidence Level (CCL) can be calculated. By
inputting the distress types into management system software, hand calculation of
Deduct Values and the Confidence Level (CL) can be avoided. Considering the
previous work [4, 5], generating a model for concrete distress simulation and the
author’s experience and knowledge, the following formula is used for calculating
the Component Confidence Level (CCL).
CCL = 100–[1.0(DV1)+0.4(DV2)+0.2(DV3)+0.15(DV4)+0.1(DV5)]

(1)

The Component Confidence Level (CCL) is based on the five largest deduct values
(DV), with DV1 the largest value and other values in descending order to the fifth
largest, DV5. Table 3 shows an example of how the Component Confidence Level
(CCL) for a column of cooling tower unit 28 in Mobarekeh Steel Complex has
been calculated [1].
Table 3: Example of calculation of the CCL for a column of cooling tower unit 28 in
Mobarekeh Steel Complex
Step 1: Inspect component to determine distresses and quantities.

(24)
(24)
(43)
(51)
(42)
(32)
Step 2: Calculate Deduct Values for each distress.
24) ILC-TH-WI = 70
(24) ILC-DE-ME = 30
(43) FT-SE = 40
(51) SC-SL = 10
(42) CA-SE = 4
(32) LD-SL = 5
Step 3: Rank the Deduct Values in descending order to the smallest. Only the five largest are used
in the Component Confidence Level (CCL) calculation.
Distress and Quantity (Step 1)
Deduct Value (Step 2)
Rank (Step 3)
(24) ILC-TH-WI
70
DV1
(42) CA-SE
40
DV3
(43) FT-SE
40
DV2
(24) ILC-DE-ME
30
DV4
(51) SC-SL
10
DV5
(32) LD-SL
5
Step 4: Calculate the CCL based on the ranked Deduct Values:
CCL = 100 – [1.0(DV1) + 0.4(DV2) + 0.2(DV3) + 0.15(DV4) + 0.1(DV5)]
CCL = 100 – [1.0(70) + 0.4(40) + 0.2(40) + 0.15(30) + 0.1(10)] = 0.50
The CCL is 0.5 which is Very Poor according to Table 1 (Very severe and extensive impairments
in most columns of the structure)
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8. INSPECTION AND VISUALIZATION FORMS FOR CONCRETE
STRUCTURES
With the purpose of evaluation of current concrete structures application and
according to previous sections, deteriorations are classified in five groups and
various distresses are coded as shown in Figure 2. If distresses in concrete
structures are in propagation phase, the evaluation of current condition of structure
is necessary. Evaluation of current state of structure with the other factors such as
current maintenance, rehabilitation, change of serviceability condition,
consideration of structure stability and study of concrete application in current
environment condition must also be paid attention [2, 3].
The purpose of this evaluation is to gather information about distresses severity and
extent. This information is only obtained from a thorough and logical inspection
and completed inspection forms for concrete structures. In addition, for planning
maintenance of structure during its service life, periodic and regular inspections
and preventing from distress progress and development which are important for
enhancing service life of concrete structures, different inspection forms in a set of
12 sheets are provided [1].
Distress coding in a Visual Inspection of Concrete Structures
21 PCC- Crazing
Pattern Cracking

22 PDC- D-Cracking
23 PMC- Map Cracking

Distress Group (A):
Cracking

24 ILC- Longitudinal
25 ITC- Transverse
Individual cracking

26 IDC- Diagonal
27 IRC- Random
Distress Group (B):
Textural Features

31 RS- Rust Stain
32 LD- Leakage and Deposits
41 FA- Frost Attack

Distress Group (C):
Disintegration along with cracking

42 CA- Chemical Attack
43 FT- Freezing and Thawing

51 SC- Scaling
52 HO- Honeycombing
Distress Group (D):
Disintegration

53 DU- Dusting
54 WEA- Erosion (Abrasion)
55 WEC- Erosion (Cavitation)
61 SP- Spalling

Distress Group (E):
Spalling

62 PP- Popouts and Pitting
63 SPC- Spalling caused by Corrosion
64 JSP- Joint Related Spalling

Figure 2. Distress coding in a visual inspection in a concrete structure.
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9. CONCLUSION
One objective of an evaluation management system is to create assessment
procedures that will allow the current condition of the structure and its components
to be expressed numerically so as to assist in choosing the best course of action in
the repair and maintenance management. Engineering judgment and experience
were needed to develop a set of criteria in order to implement a quantitative rating
of the overall state of concrete using the results of the observation of signs of
distress and weighting scales based on severity and extent. It is important that the
observed conditions be described in unambiguous terms that can be used by the
user to enable him to take engineering and management actions for the repair and
maintenance of the structure.
Once the current conditions of structure are documented and determined, the next
step in the process of repair and maintenance management is applying an
engineering action for correction of inadequate conditions and starting planning for
future repair and maintenance requirements. For this purpose, the presented
quantity rating system can be applied in a concrete structure in order to determine
the components needed repair. Also, with completion of inspection and
visualization forms and periodic investigations, the inspector could prevent the
extent of deteriorations and enhance the service life of concrete structures.
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ABSTRACT
Strengthening of structures to avoid future damages is inevitable in different
conditions. In recent years, fiber reinforced polymer (FRP) sheets are vastly used
for strengthening of different concrete members. In this paper, to evaluate the
effect of FRP plates on damaged or non-damaged members, an extensive
experimental and numerical program is prepared. For this purpose, 10 beam
specimens are built. Some of the beams are made under loading condition and their
load - deformation curves are prepared; then, the damaged beams are strengthened
with CFRP and GFRP using epoxy resin and have been tested under loading. The
second part of the beam specimens are strengthened before loading and then their
load- deformation curves are prepared. Some specimens are analyzed using Finite
Element Method [1]. The results of numerical model and experimental research
work show the improvement of bearing capacity of strengthened damaged beams
compared to the non-damaged ones.
Keywords: concrete, damaged- beams, CFRP, GFRP, retrofit
1. INTRODUCTION
In recent years, the use of fiber reinforced polymers (FRP) as an externaly strip
have achieved considerable popularity for the strengthening and repair of concrete
structures. The FRP composites have been used successfully for rehabilitation and
strengthening of deficient reinforced concrete elements. The potential market for
such applications is huge since the estimated annual cost of repairing bridges in the
United States alone is 9.4 billion dollars [2].
Chen and Teng (2003) presented a simple, accurate and rational method to study
the shear capacity of FRP-strengthened beams which fail by FRP debonding. A
new shear strength model is then developed, which was validated using
experimental data collected from the existing literature [3].
In 2006 a series of 4-point bending experiments of the proposed hybrid FRP–
concrete beam model were carried out by Wu et al. In addition, based on the
principles of strain compatibility and equilibrium, an iterative analytical model was
developed to analyze the flexural behavior of hybrid system [4].
Chen et al. (2006) presented a finite element analysis on the stress distributions in a
typical shear test set-up for FRP-to-concrete bond strength. They show that the
stress distribution is significantly different from plane stress assumption primarily
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because of the difference between the width of the tested FRP plate and that of the
concrete block [5].
Aram et al (2007) investigate the Debonding failure modes of flexural FRPstrengthened RC beams. In this paper, different types of de bonding failure modes
are described. Then, experimental results of four-point bending tests on FRP
strengthened RC beams are presented and debonding failure mechanisms of
strengthened beams are investigated using analytical and finite element solutions [6].
Oehlers et al (2007) presented intermediate crack debonding resistance of groups
of FRP NSM strips in reinforced concrete beams. This paper develops a
mathematical model for the intermediate crack debonding resistance of groups of
NSM plates for use in the flexural and shear strengthening of reinforced concrete
beams [7].
Following the above mentioned researches, in this paper the strength and behavior
of Damaged-Concrete Beams retrofitted by FRP layers are studied and their
difference with non damaged ones are presented.
2. EXPRERIMENTAL INVESTIGATION
2.1. Specimen Design
Ten beam specimens were fabricated and tested. Two of these specimens were
tested in their virgin conditions to serve as control, while the remaining eight beam
specimens were tested after being strengthened using carbon and glass fibers. All
of the RC beams were designed to have the same nominal dimensions: 2000 mm
long, 200 mm wide and 300 mm height, with a span of 1800mm. As shown in
Figure1, the flexural reinforcement consisted of 2T12 deformed bars. The shear
reinforcement consisted of 1T8 distanced of 50 mm. Strengthening of specimens
was achieved by the external strip of unidirectional carbon and glass fiber sheets
using epoxy resin.

Figure 1. Detail of RC beam bonded with CFRP

2.2. Specimens Preparation
All eight RC beam specimens were fabricated with a normal density concrete mix.
After the specimens strengthening was achieved by the external strip of
unidirectional carbon and glass fiber sheets. Large-scale retrofitted RC beam tests
indicate that failures of FRP plated systems may take place through various
possible mechanisms, depending on the concrete grade, rebar provision, FRP
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properties, and service environments. Identified failure modes include: (1) concrete
crushing before steel yielding; (2) steel yielding followed by concrete crushing; (3)
steel yielding followed by FRP rupture; (4) Shear failure; (5) concrete cover de
lamination and (6) de bonding in the vicinity of the FRP / epoxy / concrete Bond
interface. Debonding in a FRP bonded concrete system is a complex phenomenon.
At the bottom of the concrete core, CFRP and GFRP strips are axially bonded to
carry tensile load and assure the stiffness of the member. Outside the CFRP and
GFRP strips, CFRP and GFRP strips are hoops directionally wrapped to provide
confinement to the end of concrete core and also to prevent the premature
debonding of interior CFRP and GFRP strips (Figures 2, 3). Certain layers of
carbon and glass fiber sheets were bonded along the axial direction (at 0 angle) at
the bottom surface of the concrete core by epoxy resin and then carbon fiber sheets
were wrapped round the beam at 90 angle. Electro-thermal blanket was used in
some cases to maintain the curing temperature above 25C.

Figure 2. RC beam bonded with CFRP

Figure3. RC beam bonded with GFRP

2.3. Material Properties
The compressive strength of concrete which has been prepared in the laboratory
was equal to 33 MPa. The flexural reinforcement consisted of 2T12 deformed bars
of yield strength 485 MPa. The shear reinforcement consisted of 1T8 distanced of
50 mm deformed bars of yield strength 430 MPa.
The tensile properties of the CFRP and GFRP materials are listed in Table 1, which
were determined according to ASTMD3039/D3039M-95a [8]. The corresponding
mechanical properties of resin used in experiments are listed in Table 2.
Table 1: Properties of strengthening materials
CFRP material
Strip
Wrap
Width (mm)
200
300
Thickness (mm)
0.61
0.61
Tensile strength (MPa)
3800
3800
Tensile modulus of
242
242
Elasticity (GPa)
Failure strain (%)
1.5
1.5
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Resin type
Density (gr/cm3)
Adhesive Tensile
Strength (MPa)
Modulus of
Elasticity (GPa)

Table 2. Properties of resins
Epoxy (ML 506)
Polyester (HN160)
1.11
1.08
76.1

55

2.789

1.833

2.4. Strengthening Materials and Methods
Beam specimens B1 and B2 were tested in its virgin condition to serve as control
(Figure 6). Beam specimens B3 and B4 were strengthened with CFRP strip. Its
dimension was: 2000 mm long and 200 mm. Beam specimens B5 and B6 were
strengthened using GFRP, the strips were similar to beams B3 and B4. The beam
specimens B7 to B10 were loaded before strengthening until the maximum crack
width was reached to 0.4mm and then the beam specimens B7 and B8 were
strengthened with CFRP strips similar to B3 and B4. The beam specimens B9 and
B10 were strengthened with GFRP similar to B5 and B6.

Figure 6. RC beam in its virgin condition

2.5. Instrumentation and Test Procedure
The beam specimens were simply supported over a span of 1600mm(L) and tested
in flexure under two symmetrical point loads, thus giving a L/h ratio of 5.33 and an
a/h ratio of 2, where a is the shear span. The load was applied using a servo
controlled hydraulic actuator with a maximum capacity of 1000KN according to
ASTMC78-00 [9]. The load rate constantly increased the extreme fiber stress
between 0.86 and 1.21 MPa/min. The load was applied monotonically up to failure.
First linear variable displacement transducer (LVDT) was placed under the midspan and second LVDT were similarly placed under the beam at the load position.
Figure 6 gives the positions of LVDTs.
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3. TEST RESULT AND DISSCUSSIN
The loads vs. mid-span deflections of the beams are presented in Figures 7-11.

Figure 7. Load–Displacement for B1 and
B2 specimens

Figure 8. Load–Displacement for B3 and
B4 specimens

Figure 9. Load–Displacement for B5 and
B6 specimens

Figure 10. Load – Displacement for B7
and B8 specimens

Figure 11. Load–Displacement for B9 and B10 specimens

As expected, beams strengthening by external bonding of different FRP materials
resulted in an increase in stiffness, the highest increase being exhibited in beam
specimens B3 and B4 that strengthened by CFRP and epoxy (ML-506) resin. The
loads corresponding to the appearance of flexural crack are presented in Table 3.
The first crack appeared at the bottom of mid-span section and then propagated to
the top of zone.
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All the beam specimens failed in bending. The beams B1, B2 failed by crushing of
compressive concrete in load of 51KN. B3, B4 which were strengthened by CFRP
and resin epoxy failed at a load 33% higher than the beams B1, B2 that its load was
68KN. Beams B5, B6 also show a 15% increase in yielding strength where FRP
strip failed that its load was 59KN. Specimens B7, B8 failed at a load lower than
B3, B4. Their yielding loads were almost half of yielding load of B3, B4 because
of they were damaged. They failed at a load 14% higher than the specimens B1, B2
that its load was 58KN. B9, B10 show a 7% increase in yielding strength its
yielding load that FRP strip failed was 54KN. Similar to B7, B8 their yielding load
were almost half of the yielding load of B5, B6. The failure of all of strengthening
beams was initiated due to failure of the bottom strip. In the table 3, the yield load
where FRP strips failed is presented.

Beam
B1, B2
B3, B4
B5, B6
B7, B8
B9, B10

Table 3. Test result
Yield Load
Increase in yielding load
(KN)
after strengthening (%)
51
68
33
59
15
58
14
54
7

4. FINITE ELEMENT MODELING
Linear elastic FE analyses were carried out to investigate the Load – Displacement.
The concrete block was taken to be 1000 mm long, 300 mm thick and100 mm wide.
The Youngs modulus was assumed to be 200, 2.789 and 31.6GPa, respectively for
the plate, adhesive and concrete. The corresponding Poissons ratios were 0.3, 0.3 and
0.15, respectively. The geometry, loading, boundary conditions and adopted
coordinate system are shown in Figure 12. Only a quarter of the beam was modeled
using the symmetrical conFigureuration in the x–y plane. Numerical analyses were
conducted using ANSYS.9. Concrete was modeled using solid65 and plate, adhesive,
CFRP and GFRP layers were modeled using solid45, and reinforcing bars were
modeled using link8 [1]. The element size for all meshes was 25 mm. In most tests,
failure occurs within the concrete in top of beams. The comparison between
numerical analysis and experimental test results are shown in Figures 13-17.

Figure 12. Ansys model

Figure 13. Comparison between ANSYS
and TEST for beams B1, B2
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Figure14. Comparison between ANSYS
and TEST for beams B3, B4

Figure15. Comparison between ANSYS
and TEST for beams B5, B6

Figure16. Comparison between ANSYS
and TEST for beams B7, B8

Figure17. Comparison between ANSYS
and TEST for beams B9, B10

5. COMPARISON OF NUMERICAL AND TEST RESULTS
Comparison in terms of load–midspan displacement curves, with the numerical
results obtained by the finite element analysis are shown in Figures 13-17. It can be
initially observed from the Figures that the straight lines obtained by the FEM
analysis provide a good approximation for the curves obtained experimentally,
with close agreement regarding the beam stiffness. On comparing now the
experimental results from the bending tests with the numerical ones, it can be
observed that, for the all specimens the FEM analyses curve lies a little above the
curves from the experimental, giving slightly lower displacements for the same
applied load value. These differences are probably caused by the differences
between the elastic properties estimated in the analyses and the true ones, and also
due to difficulties in reproducing the true boundary conditions of the experimental
tests in the models. It should be noted, however, that the differences are small in
comparison with the variations observed in the experimental measurements.
6. CONCLUSIONS
This paper deals with bending strength of the reinforced concrete damaged beams
using an externally CFRP and GFRP strip. Test result of ten retrofitted beams in
states of before and after damage are presented and discussed. This paper clearly
shows that there is difference in strength between using CFRP with epoxy resin or
GFRP with epoxy resin in concrete beams; moreover, there is a high difference
between retrofitting of damaged or non damaged beams.
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ABSTRACT
A new technique of seismic retrofit of RC columns has been applied in this paper.
Pre-stressed high strength metal strips are externally applied to RC columns. Eight
large-scale RC columns with insufficient transverse reinforcements were tested
under constant axial and cyclic lateral load reversals. The level of axial load and
the pattern of strengthening were parameters of this study. The ability of the
technique for improving the ductility of RC columns and increasing the lateral
strength of columns as well as repair of damaged columns was studied. It was
observed that the technique is capable to enhance the lateral behavior of RC
columns significantly. Very ductile behavior was achieved. The height-wise
variations of lateral strain on confining strips are studied.
Keywords: RC column, seismic behavior, earthquake, repair, seismic retrofit
1. INTRODUCTION
Major failure modes that have been reported for RC columns in previous
earthquakes or laboratory tests including shear failre, lap-splice failure, buckling of
longitudinal bars inflexural failure, insufficient capacity of plastic hinge rotation
can mainly be interpreted due to the inadequte confinement. Several experimental
studies have been performed on application of various techniques of seismic
retrofit of reinforced concrete columns such as RC jacketing, steel jacketing, glued
steel bands, FRP jacketing, FRP collars, post-tensioned cables, etc. [1-5]
In this paper, an easy and innovative technique of retrofit of concrete is applied for
enhancing the lateral behavior of concrete columns. This technique involves posttensioning high-strength packaging straps around the column and subsequently
locking their ends in metal clips. Various conFigureurations have been applied in
laboratory tests of reinforced concrete columns including cantilever, double
curvature, double ended, flexible base and hammerhead. [7] In this study the
cantilever conFigureuration was selected in which a constant axial load is applied
and then lateral reversal cyclic displacements are applied by means of hydraulic
jacks. This paper presents the experimental results of a study on the application of
this retrofit technique on large-scale models of building columns. The main
objective of this research was quantification of the improvement of RC columns
behavior by applying this technique. This technique was previously applied for
retrofitting the compressive behavior of small scale concrete columns with various
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shapes and sizes [8]. It could also increase the compressive strength and ductility of
spirally reinforced cylindrical columns [9].
2. APPLIED RETROFIT TECHNIQUE
The technique used for retrofitting concrete columns in this study, involves posttensioning high-strength packaging straps around the column (by using standard
strapping machines used in the packaging industry) and subsequently locking their
ends in metal clips, as shown in Figure 1.

Figure 1. strapping mechanism and devices for retrofit of rc members

Commercially available strapping tensioners and sealers make it easy to pretension
the strip and fix the strip ends in the clamps. The available straps have widths of 10
to 50 mm and thicknesses of 0.5 to 1.12 mm. In terms of strength, high strength
strips in excess of 10000kg/cm2, are available in the market. The strips are
tensioned to 30 percent of their yield stress. Hence, an effective lateral stress is
applied on the column prior to loading. This has many benefits such as full
utilization of the strip capacity and prevention from premature crushing of the
confined concrete, as would be the case with not properly tightened strips.
The low cost of strip and speed and ease of application of the strapping technique
make this method efficient for use as a repair and strengthening technique for RC
structural members. An RC column would normally require six man days’ work to
be jacketed whilst a maximum of two days’ work is required for external strapping,
which clearly demonstrates the cost saving when using the proposed technique.
(Frangou & Pilakoutas 1995)
3. EXPERIMENTAL PROGRAM
Eight 2/3 scale models of reinforced concrete building columns with inadequate
transverse reinforcement were made and tested under constant axial load and cyclic
lateral displacement reversals. In Figure 1 details of reinforcement of these
columns is shown. The specimens were tested under one of the two considered
levels of axial compression that were equal with 0.19f’cAg and 0.38 f’cAg.
The yield strength of longitudinal and transverse bars for all specimens was
550MPa and 600MPa, respectively. The average strength of concrete was 26MPa.
The retrofit technique that was applied in this study involves strapping the concrete
columns with high strength metal strips. The strips are tensioned with a pneumatic
tensioner and then the both ends of the strip are locked in a seal by means of a
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sealer. Calibration tests were initially conducted and a linear relationship was
obtained between air pressure and tensioning force in the strip. This linear
relationship was then used in retrofit of RC columns. The yield and ultimate
strength of applied metal strips were 850 and 950 MPa, respectively.
Four distinctive failure modes have been reported for RC columns under seismic
conditions, including flexural failure, shear failure, shear-flexural failure and lapsplice failure. Typically, in columns of building structures, the aspect ratio and
shear span to depth ratio are greater than 8 and 3, respectively. Therefore, the
flexural and shear-flexural failure modes have more frequently been reported for
building columns. Design of columns was conducted with the aim of achieving a
shear-flexural failure mode. So, the ratio of Vp/Vn was so designated that the
failure mode of column would be shear-flexural mode, in which shear failure
occurs following to the flexural failure.
Test parameters included axial load and retrofitting pattern. Details of column
specimens are presented in table 1. Two different amounts of strips were applied
through height of columns. As shown in Figure 2, the column height was divided
into two different regions of L1 and L2. Generally more confinement was provided
in the first region.
50
50
50
50
150

150
930

1000

150

S2

L2

250

150

25

Φ 5@150

135

150

L1
S1

200
400

25
835

12Φ 12

Figure 2. Details of test specimens and retrofit layout

For each level of axial load, a control specimen was tested as the basis for
quantification of the improvement developed due to strapping the column. One of
the retrofitted columns, i.e. C2 was tested under the first level of axial load. This
specimen was slightly retrofitted with strips placed at the middle between the
internal ties.
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Table 1: Test Matrix
Retrofit layout
Specimen

Axial load

C1
C2
C3

0.19 Ag. f’c
0.19 Ag. f’c
0.38 Ag. f’c

65

C4

0.38 Ag. f’c

198

2

33

285

1

36

C5
C6

0.38 Ag. f’c
0.38 Ag. f’c

198
132

2
2

33
33

285
250

1
1

36
83

C7

0.38 Ag. f’c

280

2

71

213

1

71

C8

0.38 Ag. f’c

132

2

33

332

1

83

L1
(mm)

Number
Number
S2
S1
L2
of strip
of strip
(m
(mm) (mm)
layers
layers
m)
Control specimen for fist level of axial load
1
32
687
1
150
Control specimen for second level of axial load
Encircled with
wood
Damaged and
repaired
NSM lon. bar

Three columns were tested under the second level of axial load. Specimens C4 and
C5 were retrofitted with the same layout. The only difference between these
specimens was the form of column section. Four wood pieces were attached to
each side of column and the form of column section was changed from square to
circular. This increases the confinement effectiveness. The lower part of the last
column, C6, was fully jacketed with two layer strips from column base to an
elevation of 132mm which is the elevation of the first internal tie. From this
elevation to elevation of 382mm, which is about 1.5 times the column width, one
layer strips were applied at a spacing of 83 mm. Along the vertical edges of the
columns a radius of 25mm fillet was formed by including suitable block outs in the
formwork to prevent stress concentration that may cause premature failure of strips
at the corners as well as to increase the geometrical confinement effectiveness.
The column specimen C7 was initially tested without any retrofit under the higher
level of axial load until the lateral strength decreased by 20% of the peak lateral
strength. Parts of the cover concrete that have been crushed during the first test
were removed and re-filled with a cement based mortar with addition of the epoxy
adhesive. The damaged specimen was then retrofitted with steel strips and retested. (Figure 3)

(a)

(b)

Figure 3. Column C7; a) damaged state, b)end of test of repaired column (15% drift
ratio)
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In order to assess the possibility of increasing the lateral strength of RC columns
with application of “Near Surface Mounted” reinforcement together with the
strapping technique, column specimen C8 was made and tested. Increasing the
strength of a RC column is a necessary issue in the cases of a weak column and
strong beam in RC frame buildings. A longitudinal groove was created at each one
of the two tensile-compressive faces of column (Figure 4).Then a deformed 12 mm
diameter bar was glued inside the groove and the groove was filled with a cementbased mortar. No chemical adhesive was applied.

(a)

(b)

Figure 4. Column specimen C8; A) NSM longitudinal bar, B) final damage state
(11% drift ratio)

3.1. Test Setup and Instrumentation
The column stubs were fastened to the strong floor with eight high-strength rods,
and each rod was pre-stressed to 200 KN to prevent slip and overturning under
large lateral load. A vertical hydraulic jack was used to apply the constant axial
load which was controlled by a load cell. Two horizontal hydraulic jacks were
utilized to apply lateral cyclic loading. Six vertical LVDTs, four horizontal LVDTs
and four inclined LVDTs were used to measure the columns curvature, lateral
displacement and shear deformation, respectively. In addition, two LVDTs were
used to measure the width of developed crack at the interface of the column and
end beam. Ten Electrical resistance strain gages glued to longitudinal and
transverse reinforcements and twenty strain gages for measuring the strip strains
were used.
The axial load was held constant during the test by vertical hydraulic jack shown in
Figure 2. The effect of earthquake on the column specimens was simulated by
reversed cyclic loading. Two hydraulic jacks in the test setup were used to displace
the top of the columns to achieve a predetermined displacement level. Then the
loading direction was reversed to achieve the same displacement level in the
opposite direction. The lateral force was applied in the displacement control mode,
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consisting of incrementally increasing lateral drift cycles at 0.5, 1.0, 2.0%, etc.,
until the load resistance dropped by 30%.
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4. TEST RESULTS AND OBSERVATIONS
Since fraction of the applied lateral load is cancelled with the horizontal component
of the axial load, especially in large drifts, it is necessary to calculate the net
applied lateral load. Instead, since the failure modes of retrofitted columns were
flexural, the moment at the base of column was drawn versus lateral drift. This
drawn moment includes the moment induced by the axial load, i.e. known as the
effect of P-Δ
In Figure 5, the moment versus drift ratio for columns tested under the lower level
of axial load are shown. The first control specimen, i.e. C1, behaved quite well.
Although the distance between internal tie reinforcements was very large, but due
to the large yield strength and suitable conFigureuration of these reinforcement and
also the small amount of axial load, C1 showed a ductile behavior. In this
specimen, after concrete cracking in tension and yield of longitudinal
reinforcements, cover concrete spalled off and subsequently longitudinal
reinforcements buckled and considerable loss in lateral strength occurred.
Specimen C2 was slightly reinforced with one layer of metal strips. The small
amount of confining strips could enhance the behavior of column. The inclined
shear cracks were eliminated. Since the first two strips from the column base were
applied with no spacing, the cracking and crushing of cover concrete occurred only
between the second and the third strips. Longitudinal bar buckling was observed
after cover spalling and subsequently longitudinal bars ruptured one by one. It was
concluded that the ductility of a relatively ductile column can be enhanced with a
small amount of metal strips.
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Figure 5. Hysteretic lateral behavior of columns tested under the lower axial load level

In contrast, the second control specimen, C3, that was tested under higher axial
load showed a brittle behavior. At 3% drift, suddenly the cover concrete spalled off
and longitudinal bar buckling occurred. Shear cracks were also observed on side
faces (Figure 6).
Specimen C4 showed a very ductile behavior. Due to the effective confinement
applied no cracks or damage was created in the column until failure except crack at
the interface of column base and foundation. By increasing the lateral drift, this
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crack was opened until the longitudinal bars ruptured. In addition to the ductility,
the lateral strength of this column was also increased. None of the strips failed until
the end of the test. In this specimen the length of plastic hinge was very small,
about 3cm!
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Figure 6. Hysteretic lateral behavior of columns tested under the higher axial load
level

Both strength and ductility of column C5, with a retrofit layout the same as that of
C4 but without wood, enhanced considerably. Cracks took place between adjacent
strips in addition to the interface crack. So, on the contrary to C4 in which the
damage was concentrated only at the interface of column and foundation, the
plasticity was distributed over a particular length and therefore longitudinal bar
rupture did not occur. Loading was continued to very great values of drift ratio but
no rupture was observed in strips or bars.
Similarly, column specimen C6 showed a very ductile behavior. No rupture was
observed in confining strips. The main difference between C6 with lower amount
of confinement with C5 was its smaller lateral strength. In terms of ductility, both
columns behaved very ductile and no strip rupture occurred. The moment-drift
relationships of these specimens are shown in Figure 4. It can be observed that the
fully jacketed specimens, C4 and C5, have achieved higher strength values. This is
because the strips of compressive face lean on each other and resist some
compressive forces.
In Figure 7A, envelope of recorded hysteretic moment-drift response of column
specimen C7 before and after repair with strapping is shown. The column was
initially tested without any retrofit until its lateral load carrying capacity decreased
by 20%. The dashed line shows the rest of the curve obtained form control
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specimen (C3). The imposed damage level was really significant including
complete spalling of the cover concrete in the plastic hinge region, yielding of
longitudinal reinforcement in tension and buckling in compression as shown in
Figure 3. Such a damage state has been defined as the failure or collapse
performance level in the literature. After repairing the column with strapping, the
column behaved acceptably. Although it showed less stiffness than the initial
undamaged column but it could suffer large lateral displacement and very ductile
behavior.
Hysteretic behavior of column C8 with addition of near surface mounted
longitudinal bars and external strapping is compared with that of control specimen
C3 in Figure 7B. This technique could provide 30% increase in lateral strength as
well as considerable enhancement in column ductility.
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Figure 7. a) behavior of C7 before and after repair, b) Hysteretic behavior of column C8

5. ANALYSIS OF THE RESULTS
5.1. Envelope of Moment-Drift Ratio
The lateral displacement of a RC column consists of several fractions including
flexural deformation, shear deformation and bar slip. The lateral displacement due
to flexural deformations is usually obtained by using fiber modeling approach. In
this approach, the uniaxial stress-strain behavior of the three parts of column
section, i.e. cover concrete, longitudinal bars and core concrete is assigned to the
corresponding part. The moment-drift ratio of two columns were obtained by this
method and compared to the experimentally obtained relationship. It shall be noted
that the shear deformations were not taken into account in these analyses and
Mander et al. 1988 confinement model was used for estimation of the stress-strain
of concrete confined with strips or internal strips. In analysis of specimen C5 that is
confined with external strips, the stress-strain behavior of cover concrete and was
calculated based on lateral pressure created by external metal strips. On the other
hand, the stress-strain of core concrete was obtained by a two step approach. At the
first step, peak strength and corresponding strain of the core concrete confined with
internal transverse reinforcements is obtained by application of any confinement
model. At the second step, the aforementioned properties are assumed as the
properties of plain concrete that is confined with external strips.

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 673

90

120

80
90
moment (KN.m)

moment (KN.m)

70
60
50
40
30

Experimental

20

Analytical

60
Experimental
Analytical

30

10
0

0
0

0.01

0.02

0.03

Drift ratio (%)

(a)

0.04

0

0.05

0.1

0.15

0.2

Drift ratio (%)

(b)

Figure 8. A Comparison of the analytically and experimentally obtained moment-drift
envelopes for A) column C3 and B) column C5

As can be seen in this Figure, the analytically obtained curve is relatively in good
agreement with experimental results. For both specimens, the analysis has
overestimated the stiffness of pre-peak branch of curve. This is mainly because the
lateral displacement due to shear deformations has not been considered in the
analyses.
5.2. Evolution of the Lateral Strains in Strips
The recorded strains of confining strips were studied for column specimen C4 at
he peak of each loading cycle. In Figure 9, strains of five strain gages that were
attached on strips of a side face of column, recorded at various drift ratios, are
drawn versus elevation of the strip from column base. It can be observed that at an
elevation of about 13.5 cm, i.e. the elevation of internal transverse reinforcement,
the strip strains has not been increased with increasing the lateral displacement.
This is mainly because the internal ties have prevented the dilation of concrete,
decreased the shear deformations, reduced the lateral deformation due to
longitudinal bar buckling and also decreased the opening of cracks at that
elevation. The strains of the lowest strip show the greatest values among the height
of column. This implies that the column behavior has been flexural, because for a
column with shear deformations the inclined shear cracks at a height of equal with
one column width tend to widen and therefore induce tension in lateral
confinement over this height. It is also observed in this Figure that there is not any
significant difference between the strain values of each strain gage in push and pull
cycles.
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Figure 9. Heightwise variation of strains of strips at side face of C4

Variation of strains of each strain gage at the peak points of each loading step are
drawn in Figure 10. It can be observed that although in push and pull cycles, strains
at side faces are the same, but they result in an asymmetry in curves corresponding
to strains at column corners. In addition, Figure 10 shows that only the strains of
the first three strips from column base has evolved noticeably and very small strain
values have been induced in upper strips.
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Figure 10. Variation of strains of strips at side face of C4 with column drift ratio

6. CONCLUSION
A new retrofit technique for seismic enhancement of RC columns was described
and applied to eight square sectioned RC columns with inadequate transverse
reinforcement. Column specimens were tested under constant axial load and cyclic
lateral displacement. It was observed that this technique is capable to enhance
ductility of brittle RC columns considerably. By application of ductile confining
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strips with effective sealing type, none of the strips fail even under large lateral
displacements. The fiber modeling approach can reasonably estimate the lateral
behavior of flexural RC members. Due to the flexural behavior of RC columns,
only the first three strips from the base of column experience large strains. Mainly
the strips that are located between column base to the first internal reinforcement
are stressed that by suitable confining this region, considerable ductility
enhancement is achieved. Place and length of plastic hinge in retrofitted column is
directly dependent to the layout of retrofit. The technique was also successfully
applied in repair of severely damaged RC column. In addition, it can be employed
together with NSM bar technique to increase the strength as well as ductility of
columns.
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ABSTRACT
This paper presents the results of an experimental and analytical study on
application of “high strength steel strapping” technique and comparing it with FRP
for retrofit of concrete columns. Various parameters were found to influence the
compressive strength and ductility of confined concrete, including confinement
mechanical volumetric ratio, number of confinement layers, strength of plain
concrete and ductility of confining material. Among these parameters, the latter
was found to play the most important role in determining the ultimate strain and
post peak behavior of concrete. Axial compressive tests were performed on smallscale circular or square section concrete columns. Three different materials were
applied for confining concrete specimens, including CFRP jacket, brittle highstrength steel strips and ductile steel strip. Test Results showed significant increase
in strength and ductility of columns due to active confinement by metal strips.
CFRP confined concrete also showed enhanced behavior. A database of results of
compressive tests on concrete confined with various materials was collected from
the literature. An analytical model was proposed based on results of this study and
the collected database to determine the strength and ultimate strain of confined
concrete. The proposed model takes the confinement ductility into account and
shows good agreement with the experimental results.
Keywords: concrete, confinement, FRP, steel strip, ultimate strain
1. INTRODUCTION
It is well known and proven that lateral confinement improves the strength and
ductility of concrete. Confinement reinforcement is generally applied to
compressive members as lateral reinforcement with the aim of increasing their load
carrying capacity and their ductility in case of seismic upgrading. In addition,
lateral confinement prevents slippage and buckling of the longitudinal
reinforcement (Saadatmanesh et al., 1994). Lateral reinforcement can be provided
by using circular hoops, rectangular ties, jacketing by steel, FRP, ferrocement, etc.
Since many of the existing RC columns are vulnerable under severe earthquakes
due to low ductility, increasing the concrete compressive displacement capacity by
confinement becomes a vital issue. Several researches have been conducted in the
field of strength and ductility enhancement of concrete by confinement with
various materials.
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In addition, various models have been proposed for approximating the gain in
strength, peak strain and ultimate strain due to confinement. Since the confinement
ductility has not been considered as a parameter of study, in almost all of the
existing experiments and models, the effect of ductility of confining material on
ductility enhancement of concrete has been missed. This paper presents the results
of an experimental and analytical study that focuses on this issue. This study was
part of a comprehensive investigation on different techniques of concrete retrofit.
The study included axial compressive tests on concrete specimens with square or
circular sections with or without internal confining bars that were retrofitted with
two types of metal strips as well as CFRP jackets.
Confinement models for peak of the compressive behavior a review of the available
confining models in the literature shows that almost all of the existing confinement
models include an identical form in which strength of confined concrete and the
corresponding peak strain is a function of effective lateral pressure fle and strength of
plain concrete f'c as rewritten in Table 1. One of the main differences of these models
is the assumed parameters or approaches in computing the effective lateral pressure.
Some models use the yield force of confining material for computing the lateral
pressure, while a few of these models try to obtain the existing stress in the confining
material at the peak axial stress. However, this issue is more important for estimating
the strength of steel-confined concrete.
In addition, in some models, the lateral pressure is decreased to account for the
ineffectively confined zones of concrete columns which was firstly introduced by
Sheikh and Uzumeri 1982 and by Mander et al. 1984 and then applied in EC8.
Therefore, according to the most advanced confinement models, the effective
lateral pressure is a function of mechanical volumetric ratio of confining material
and geometry and dimensions of concrete column and its longitudinal and
transverse reinforcements.
Confinement Models for Ultimate Compressive Strain
In contrast to the peak point in stress-strain behavior of concrete, ultimate
compressive strain has not been consistently defined with various researchers. In
contrast to the tensile tests, in which an apparent rupture could be observed, the
definition of the ultimate point in compressive tests of concrete is a controversial
issue. For steel-confined concrete, CEB model code 90 (1993) uses the strains on
the post-peak branches of stress-strain curves of confined and unconfined concretes
that corresponds to a stress level of 85% of strength of unconfined concrete as the
ultimate strain of confined and unconfined concretes, respectively.
Cusson and Paultre (1995) used the strains at which the stress drops to 50% of
corresponding strengths of confined or unconfined concrete as the ultimate strains
of confined or unconfined concretes, respectively. Razvi and Saatcioglu 1999 used
an approach similar to that of Cusson and Paultre 1995, in which strains at 85% of
strength of confined and unconfined concretes are applied as the ultimate strains of
confined and unconfined concretes, respectively. It is observed that there is much
difference between theses measures.
However, for FRP confined concrete an obvious ultimate point can be observed
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which corresponds to the rupture of FRP jacket. Lam and Teng 2003
Table 1: A Summary of Famous Steel-Based Confinement Models
Model
Confined concrete strength
Strain at peak stress
'
'
f cc = f co [1 + 4.1 f le ]
Richart 1928
0.86
⎡
⎛ f ⎞ ⎤
' ⎢
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Table 2: Models for ultimate compressive strain of concrete
Model
Ultimate strain of confined concrete
⎛ f le ⎞
⎟
⎜ f' ⎟
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CEB model code 90 (1993)

ε 85C = ε 85U + 0.1⎜

Cusson and Paultre (1995)

ε 50C = ε 50U + 0.15⎜

Seible et al. (1995)
Cusson and Paultre (1995)
Razvi and Saatcioglu (1999)

⎛ f le
⎞
ε ⎟
⎜ f ' ju ⎟
⎝ cc
⎠

ε cu = 0.004 + 1.4⎜

⎛ f le ⎞
⎟
⎜ f' ⎟
⎝ co ⎠

steel

⎞
⎛ f le
ε ⎟
⎜ f ' ju ⎟
⎠
⎝ cc

ε cu = 0.004 + 2.65⎜
⎛ f le ⎞
⎟
⎜ f' ⎟
⎝ co ⎠

ε 50C = ε 50U + 0.15⎜

ε 85C = ε 85U + 260k3 ρε cc [1 + 0.5k 2 (k 4 − 1)]

FRP
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2. EXPERIMENTAL PROGRAM
This paper presents parts of the results of a comprehensive study on application of
the strapping technique for concrete strengthening. The Experiments presented in
this paper included axial compressive tests on 30 prismatic 15*30 concrete
columns. The axial and lateral stress-strain behaviors of concrete specimens were
obtained by simultaneously measuring the force and axial and lateral displacements
of specimens. Several parameters were considered for column specimens and
retrofitting including compressive strength of concrete, yield strength, ductility,
spacing and size of confining strips. A detailed description of the results of
strapped concrete columns with various shapes and sizes has been presented by the
authors [13], in which several other parameters affecting the response of strapped
concrete is discussed in detail. But the main aim of this paper is studying the effect
of mechanical properties of confining material on behavior of confined concrete.
Three different materials were used for confining concrete columns, including two
different types of strips that are called S and T types, as well as CFRP.
Prismatic specimens were fabricated in the structure and concrete Laboratory at the
building and housing research center. Three different concrete mixtures were used
to study the effect of strength of plain concrete on response of confined concrete as
listed in Table 3. The first set (B1) was used to study the strapping technique and
compare the application of ductile and brittle metal strips (i.e. S and T type strips).
The two latter sets (B2 and B3) were especially made for comparing CFRP with
the two types of strips for concrete confinement. The corners of prismatic
specimens of the second and the third sets (i.e. B2, B3) were rounded with a radius
of 2.5 cm, making it suitable for CFRP wrapping.
The material used for the concrete specimens included type I portland cement,
local sand and gravel. The maximum size of the gravel was 12 mm. No additive
was used in any of the mixes.
Applied strips had different widths, thicknesses and mechanical behaviors.
Standard tensile tests were performed on three samples of each size of these
materials and their average mechanical properties are shown in table 4. The moduli
of elasticity of strips and FRP were 200 and 220 GPa, respectively. Ultimate
strength, elastic modulus, ultimate strain and thickness of each layer of CFRP was
2800 MPa, 220 GPa, 1.55% and 0.176 mm, respectively. A summary of the
mechanical properties of these materials are reported in the following table.
Table 3: Concrete Mix Designs (per Cubic meter)
Element

Batch1 (B1)

Batch2 (B2)

Batch3 (B3)

Cement
Water
Coarse aggregate
Fine aggregate
W/C ratio
Design compressive strength (Mpa)
Corners radius
Number of specimens

241
205
874
1025
0/85
10
0
14

336
205
874
930
0/61
25
2.5
8

436
205
874
830
0/47
35
2.5
8
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Table 4: Mechanical Properties of Applied Strips
Width Thickness Yield stress Ultimate stress
Ultimate strain
(kg/cm2)
(mm)
(mm)
(kg/cm2)
16
0.5
1033
1033
0.01
32
0.8
8746
9975
0.07
--0.176
28000
28000
0.0155

Material
S strip
T strip
CFRP

(a)

(b)

Figure 1. Test setup and instrumentation a) strapped b) FRP wrapped

3. AXIAL STRESS-STRAIN BEHAVIOR
Axial and lateral strains of column specimens were obtained by measuring
specimen deformations by LVDT. In Figure 2, axial and lateral stress-strain
behaviors of two specimens of the first set of specimens (B1) are shown. These
specimens were confined with brittle S strips at two distinctive spacing values.
1.5

1.2

f ' cc / f ' co

0.9
clear spacing=0
0.6

clear spacing=16 mm
Control

0.3

0.0
-0.005

Lateral strain

0.005

0.015
Axial strain

0.025

0.035

Figure 2. Normalized stress-strain of two confined specimens of B1 set strengthened
with S strip

The vertical axis shows the provided increase in strength which is obtained by
normalizing the measured stress to strength of plain concrete. It can be seen that
the amount of volumetric ratio of confinement affects concrete strength and
ductility. However because of the low strength of these specimens (in contrast to
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other results) the increase in strength is not as much as ductility enhancement. By
considering the evolution of the lateral strains, it is obvious that the more confined
specimen experiences less dilation.
Similarly, the stress-strain behavior of specimens of B2 and B3 sets that have been
confined with one of the three applied confining materials are drawn in Figure 3.
By comparing the behavior of specimens confined with brittle strips, ductile strip
and CFRP it can be concluded that:
1. For a particular confining material, both strength and ductility of confined
concrete increase with increasing the level of confinement.
2. For a similar confinement pattern, ductility of confined concrete is lower for
specimens with higher strength concrete.
3. Although all of the three confining materials have similar elastic stiffness and
both metal strips have similar strength values, but the form of stress-strain
behavior of the triple sets of specimens differ apparently. As a matter of fact,
ductility of confining material has dominated the stress-strain curve of
confined concrete. As can be seen in the Figures, for a particular confining
material, a similar form of stress-strain curve can be observed for various
levels of confinement.
4. For a constant level of confinement with several confining materials, the
higher the ductility of confining material, the higher the compressive ductility
of confined concrete.
600

stress(kg/cm2)

500
400
300

CONTROL
S-strip-s'=16mm
S-strip-s'=0mm(2layer)
T-strip-s'=32mm
T-strip-s'=0mm
CFRP-1 layer
CFRP-2 layer

200
100
0
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

axial strain

(a)

800
700

stress(kg/cm2)

600
500
400

CONTROL
S-strip-s'=16mm 2layers
S-strip-s'=0mm
T-strip-s'=32mm
T-strip-s'=0mm
CFRP-1 layer
CFRP-2 layer

300
200
100
0
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

axial strain

(b)
Figure 3. axial stress-strain of specimens confined with different materials for
concrete specimens of a) B2 and b) B3 sets
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It is also observed from these Figures that by using a ductile confining material, a
very ductile compressive behavior for concrete can be achieved. This means great
ultimate strain, better post-peak behavior and more thoughness and capability to
absorb energy. It should be noted that theses curves correspond to prismatic
specimens that traditionally can not be confined effectively and the obtained results
for cylindrical specimens show much more ductility. For cylindrical specimens, it
was observed that the ductile strip is capable to provide a very ductile behavior
even for high strength concretes.[13]
From the above results and the results of other specimens presented by the authors
[13], it can be concluded that for a similar confinement level, i.e. equal
confinement pressure, ultimate strain and post-peak behavior of confined concrete
is mainly dependent to the deformation capacity of the confining material.
4. ANALYSIS OF THE RESULTS
One of the measures for confinement level that has been widely used in the
literature is the effective mechanical volumetric ratio of confining material, i.e.
ρ. f y
. This has been also known as the effective confinement index. In this
Ke.
f c'

index, K e is a ratio between 0 and 1 that takes the ineffectively confined regions
between the longitudinal and transverse reinforcements into account. ρ is the
volumetric ratio of the confining material , f y and f c' are yield strength of
confinement and strength of plain concrete.
By considering the equilibrium of confined concrete, it can be shown that the
effective confinement index equals with K e .

2 f ly

f c'

, in which f ly is the lateral

confining pressure corresponding to the yield of confinement. This has also been
shown by defining the concept of effective yield-based lateral confining pressure,
i.e.

2 f ley

f c'

.

By analyzing the experimentally obtained results of this study and also experiments
performed by Moghaddam and Samadi 2008, Frangou and Pilakoutas 1995 and
also Mortazavi and Pilakoutas 2004, it was observed that the improvement of
strength of confined concrete is strongly dependent to the effective confinement
index. As can be observed in Figure 4, there is a fair relationship between the
strength gain of confined concrete and the effective confinement index. Although,
the available models for strength of confined concrete give relatively different
formulas the upper and lower bounds of strength improvement ratio, can
reasonably be determined with Richart1928 and Ahmad & shah 1982 models,
respectively.
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Richart 1928
EC8
Mander et al. 1988
c10-S strip-P
c10-T strip
c15-S strip
P15-S strip
Frangou and Pilakoutas (Br. strip)
Mortazavi and Pilakoutas 2004 GFRP

3.5

fccl/fco

3

Ahmad & Shah 1982
modified EC8
Hoshikuma et al. 1997
c10-S strip-A
P10-S strip
c15-T strip
P15-T strip
Frangou and Pilakoutas (Bl. strip)

2.5

2

1.5

1
0

0.2

0.4

0.6

effective confinement index (Ke. fly/f'c)

Figure 4. the relationship between effective confinement index and gain in strength

This strong relationship between effective confinement index and strength increase
ratio can also be studied in particular for the three sets of specimens of this study
which had different plain strengths. Figure 5 shows the strength gain ratio for
specimens of this study that were retrofitted by any of the three confining materials
of S strips, T strips and CFRP. It is observed that a close relationship exists
between the variation of the strength increase ratio and the effective confinement
index. This relationship is approximately the same for the three confining materials
and three plain strength values.
3.50

3.00

f'cc/f'co=1+3.5fle/f'c
f'cc/f'co

2.50

S strip
CFRP
T strip

2.00

1.50

1.00
0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

Effective confinement index

Figure 5. Strength Gain for Specimens of Three Batches Confined with one of the
Triple Confining Materials

However, as observed in Figures 3, the gain in ductility of confined concrete is also
dependent to the ductility of confining material and can not be described as only a
function of confinement index. Therefore, a modification to the effective
confinement index was done to take the deformation capacity of confining material
into account. An equation with a form similar to that of Seible et al. 1995 as shown
in table 2 was selected to predict the ductility gain of confined concrete and the
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modified confinement index was defined as the effective confinement index
multiplied by the ultimate strain capacity of confining material. In order to study
the ductility of confined concrete, ductility measure of CEB model code 90 was
applied. A database of results of compressive tests on concrete confined with
various materials was collected from the literature. The first data set of the database
was the results of axial compressive tests on cylindrical 10*20 and 15*30 and
prismatic 10*20 and 15*30 specimens that were confined with the two types of
metal strips. These tests were previously conducted by the authors[13]. The second
set of data includes test results of cylindrical 10*20 specimens confined with
carbon or aramid FRP sheets by Watanabe et al. 1997. The third data set includes
results of tests on cylindrical 15*30 specimens confined with CFRP sheets. The
ratio between ultimate strains of confined and unconfined concrete specimens are
drawn in Figure 8 versus the modified confinement index. As can be seen, the
models of Seible et al. 1995 and EC8 did not suitably predict the ductility gain for
neither of the steel-confined nor CFRP-confined concrete specimens. An analytical
formula was obtained statistically and is as follows.
ε'cc/ε'co=1+2500 (fle/f'c). εju (fle/f'c)<0.001

(1)

ε'cc/ε'co=3.5+550 (fle/f'c). εju (fle/f'c)>0.001
The obtained formula of equation 1 is compared to the experimental data of the
collected database. Figure 6 shows that, although the ductility gain data are more
scattered than strength increase ratio values as presented in Figure 4, but equation 1
can give a better estimation of the increase in ductility due to confinement than the
previous models. It is important to note that the experimental data of Figure 6
includes specimens with various shapes, sizes and confining materials and
therefore the modified confinement index and equation 1 seem to have given good
approximation of the ductility gain.
15.00
13.00

ε 85c/ε 85u

11.00
9.00
7.00

Moghaddam and Samadi(2008)
Watanable et al. 1997
Xiao and Wu 2000
Eq. 1
Seible 1995 FRP
Seible 1995 steel
EC8

5.00
3.00
1.00
0.000

0.005

0.010

0.015

0.020

0.025

0.030

Modified confinement index (Ke. fly/f'c). ε ju
Figure 6. The Gain in Ultimate Strain for Concrete Confined with Various Materials
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In order to verify the accuracy of the proposed equation, the experiments of this
study were conducted. As mentioned earlier, prismatic 15*30 specimens with three
levels of concrete strength were retrofitted with three confining materials, i.e. S
type strips, T type strips and CFRP. The ratio of ultimate strain of confined
concrete to that of unconfined one are drawn against the proposed ratio of modified
confinement index in Figure 7. As can be seen in this Figure, the modified index
for confinement and the proposed equation for ductility enhancement ratio due to
confinement could give good approximation of the experimentally obtained values
of this study. Adequate correlation can be observed between the experimental and
analytical values especially when considering numerous differences than exist
between the data points including strengths of plain concrete, confinement levels
and confining materials.
15.00
13.00

ε 85 c/ε 85 u

11.00
9.00

S strip
CFRP

7.00

T strip
5.00

Seible 1995 steel
Seible 1995 FRP

3.00

Eq. 1
1.00
0.000

0.005

0.010

0.015

0.020

0.025

0.030

ε
Figure 7. Gain in Ultimate Strain Versus Modified Confinement Index
Modified confinement index (Ke. fly/f'c).

ju

5. CONCLUSION
Compressive tests were conducted on concrete specimens confined with various
confining materials. In addition, some other test results were collected from the
literature. Based on these results, some conclusions can be made. For all confining
materials, by increasing the level of confinement, both strength and ductility of
confined concrete increase. The confinement index (defined as the ratio of effective
lateral pressure to strength of plain concrete) shows good correlation with the
increase of strength of confined concrete for specimens with any size, shape and
strength confined with both steel or FRP. Among various parameters, ductility of
confining material plays the main role in determining the post-peak response of
confined concrete. Then, for a particular confining material, by increasing the level
of confinement the strength and ultimate strain of confined concrete are scaled
without any significant change in the form of stress-strain curve of concrete.
The confinement index alone can not be used for approximating the ultimate strain
of confined concrete. The modified confinement index, that was defined and
applied in this paper, showed relatively good correlation with the gain in ductility.
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ABSTRACT
As a new approach to obtain high efficiency from FRP confinement, pre-stressing
of FRP composites have been introduced. Pre-stressed FRP straps change
confinement situation from passive to active confinement. At active confinement,
without considerable axial stress, confining stresses due to pre-stressed FRP
composites are present in perimeter of column. In this paper, an innovative method
is presented to confine square reinforced concrete columns using non -laminated
CFRP straps. Tests were carried out on three medium scale columns (2.0 m high
with a cross section of 0.4 m x 0.4 m). Numerical analyses are performed to predict
the effects of the pre-stressing at square column. In this paper, a new geometrical
model to account for the effects of FRP pre-stressing and shape modifying of the
section is proposed which describes better distribution of confinement stresses.
Using FE modeling and proposed model, effectiveness of FRP confinement is
revised and effectively confined area increased.
Keywords: columns, finite element, confinement, effectiveness, pre-stressing
1. INTRODUCTION
The use of externally applied fiber-reinforced polymer (FRP) has gained popularity
for strengthening and repair of concrete structures. Retrofitting concrete structures
with fiber reinforced polymer (FRP) has today grown to be a widely used method
throughout most parts of the world. The main reason for this is that it is possible to
obtain a good strengthening effect with a relatively small work effort. It is also
possible to carry out strengthening work without changing the appearance or
dimensions of the structure. Nevertheless, when strengthening a structure with
external FRP, it is often not possible to make full use of the FRP. The reason for
this depends mainly on the fact that a strain distribution exists over the section due
to dead load or other loads that cannot be removed during strengthening. This
implies that steel yielding in the reinforcement may already be occurring in the
service limit state or that compressive failure in the concrete is occurring. By prestressing, a higher utilization of the FRP material is made possible [1]. It is
extremely important to ensure that, if external pre-stressing is used, the force is
properly transferred to the structure. All over the world, there are structures
intended for living and transportation. These structures are of varying quality and
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function, but they are all aging and deteriorating over time. Of the structures that
will be needed 20 years from now, about 85–90% of these are probably already
built. Some of these structures will need to be upgraded or replaced, because they
are in such poor condition. This is due not only to deterioration processes, but also
to errors that may have been made during the design or construction phase so that
the structure needs to be strengthened before it can be fully used.
FRP materials were used successfully for confining circular concrete columns.
Their effectiveness for confining rectangular columns, however, is still not fully
recognized. Rectangular columns behave quite differently from circular columns.
Rectangular specimens engage high confining pressure at their corners, but little
pressure on their flat sides. The cross section is therefore only partially confined,
which results in a smaller increase in compressive strength. This shape-related
negative effect, however, can be reduced by rounding off the corners of a
rectangular member. The presence of steel ties near the corners limits the
possibility of rounding the corner radius in existing square and rectangular
columns.
Lower FRP confinement effectiveness results in softening behavior for square and
rectangular sections; the high strength of FRP composites is not fully used and the
FRP composite ruptures prematurely. Shape modification of section and active
confinement due to pre-stressing of FRP straps can reduce the effect of column
corners and flat sides, thereby improving the axial strength capacity of FRPconfined square and rectangular concrete columns [2]. Active confinement method
causes relative increase in axial strength of circular columns, but limits axial
confined strains. In rectangular and square columns pre-stressing of FRP sheets
need to shape modification of section. Shape-modification of rectangular sections
prevents premature rupture of FRP due to stress concentration in corners.
In this paper, an innovative method is presented to confine square reinforced
concrete columns using non -laminated CFRP straps. The CFRP straps can be
either unstressed at the beginning or pre -stressed. Tests were carried out on three
medium scale columns (2.0 m high with a cross section of 0.4 m x 0.4 m) [3]. The
experimental results demonstrate the effectiveness of shape modification with
prefabricated parts (mortar filled hoses) which are arranged on the surface of
column at the flat sides. In contrast to other researches, presence of longitudinal
and transverse steel reinforcement and medium scale columns leads to real
assessment behavior of the columns, which is appropriate for existing deficient
concrete columns. Models for column confinement are generally based on
laboratory tests carried out on small size specimens, generally between 75 and 200
mm (3 and 8 in.) side dimension. For such small size columns, few layers of FRP
wrap represent a high volumetric ratio and generally provide a rigid confinement.
As a result, a substantial increase in the confined concrete strength can be obtained.
In the case of full-scale columns, results are generally extrapolated from such tests
and the concept of FRP volumetric ratio is used. The FRP volumetric ratio in real
applications is normally less than that of the tested specimens. With the FRP
jacket, increasing the column size decreases the FRP volumetric ratio and,
therefore, the confined concrete strength also decreases.
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2. TESTS SETUP
In this paper an innovative method is presented to confine square reinforced
concrete columns using non-laminated CFRP straps. The CFRP straps can be either
unstressed at the beginning or pre-stressed. Tests were carried out on three medium
scale columns. The first column was the unconfined reference column, the second
column was confined with pre-stressed non-laminated CFRP straps and the third
column was confined with non pre-stressed non-laminated CFRP straps. Three
medium scale reinforced concrete columns were tested under increasing axial
loading. The columns had a height of 2 m and a square cross section of 400 x 400
mm (Figure 1). Table 1 summarizes the Non-laminated CFRP straps properties.
Table 1: Material properties of non-laminated CFRP straps
Thickness
ultimate
E-modulus
width [mm]
[mm]
strain [-]
[GPa]
0.125
30
0.0183
131

3. SPECIMENS' CONSTRUCTION AND PRESTRESSING METHOD
Column (1) was tested without confinement and was used as a reference column.
Column (2) was confined with pre-stressed non-laminated CFRP straps and column
(3) was confined with non-laminated CFRP straps but without pre-stressing. At
each side of the column, two hoses with an outer diameter of 42 mm were fixed
over the whole length of the column. This ensured reasonably uniform application
of confinement forces on each face of column. The column was confined by 6
layers of CFRP straps with a total thickness of 0.75 mm. After this, a mortar
mixture of cement, water and additives, normally used for filling the gaps between
concrete and post-tensioned cables, was pumped inside the hoses. For column (3)
with non pre-stressed CFRP straps the hoses were filled with mortar before the
wrapping of the CFRP layer. In order to achieve the same geometric shape, the
hoses were filled between two wooden plates and only then attached to the column.
The CFRP straps were then wrapped around the perimeter of the column in the
same manner as for column (2). The confined columns (2) and (3) were
instrumented for displacement and strain measurements according to Figure 1.
4. OBSERVED BEHAVIOR OF SPECIMENS
FRP-confined concrete compression members exhibit either a hardening or a
softening behavior. This separation has been used in the past by other researchers
[4]. Effectively confined concrete compression members exhibit hardening
behavior. Figure 2 shows the load-deformation behavior of the column (2) with
pre-stressed non-laminated CFRP straps which exhibits large deformations with a
distinct plateau. Figure 3 shows behavior of Column (3) with non pre-stressed
CFRP straps exhibits even larger deformations than column (2). Column (2) and
(3) in Figure 2 and 3 compared with behavior of column (1) that predicted by
analytical Mander's model.
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Figure 1. Arrangement of measurement instruments

Figure 2. Axial load-deflection behavior
of Column (2)

Figure 3. Axial load- deflection
behavior of column (3)

5. INITIAL POST-TENSIONED TRANSVERSE FIBER STRAIN IN FRP
SHELLS
One way of overcoming low utilized strength of FRP composites in rectangular
columns is to reduce the lateral strain of the concrete at failure through pretensioning of the confinement materials. This method is particularly useful for low
modulus materials (like glass) or when relatively low amounts of confinement are
applied, such as in full-scale structures [12]. In addition, existing structures may
already have very large strains due to existing loading. Adding pre-tensioned FRP
wraps can help reduce the stress from the internal links and provides active
confinement to the structure in its service condition [13]. Lateral pre-tensioning of
composites is not easy to achieve unless the fibres are stretched before the resin
hardens. Resin injections under pressure were adopted by some researchers [14,
15] when trying to address the problem of inadequate starter bar lap length in
columns. However, the active pressure created by this method (resin injection) is
generally quite small in comparison with the passive pressure generated by
concrete dilation [16] Confinement of concrete, using shape modification of square
and rectangular compression members using post-tensioned FRP composite shells
with expansive cement concrete was investigated by Yan et al.(2006) and

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 695

Mortazavi et al(2003). From the experiments carried out (Yan 2005), an empirical
relationship was developed as; [17]
⎛ Bj
⎜D
⎝ j

ε j ,ini = c1 − 0.00041⎜

⎞
⎛B
⎟;3 ≥ ⎜ j
⎟
⎜D
⎠
⎝ j

⎞
⎟ ≥1
⎟
⎠

(6)

The initial post-tensioned transverse fiber strain εj,ini depends on the aspect ratio
(Bj /Dj) of the prefabricated FRP shell, which is the ratio of the cross section major
axis Bj to the minor axis Dj. for shells with two layers of CFRP composite
c1=0.0020, and for shells with six layers of GFRP composite c1= 0.0025; the value
of constant c1 is material dependent and decreases with increasing elastic modulus
of the FRP composite.
6. FINITE ELEMENT MODELING
Concrete damage plasticity model is used for confined concrete [18]. Suitable
elasticity models are used for fiber-reinforced polymers. A nonlinear static analysis
was performed where the load was applied incrementally as axial direction
displacements uniformly impose at top surface of column. Concrete is modeled
using a solid 8-node element (C3D8R) with linear reduced Gauss integration points
and enhanced hourglass control. FRP jacket could be modeled as quadrilateral
lamina element with either membrane or shell properties. Membrane elements are
surface elements that transmit in-plane forces only (no moments), and have no
bending stiffness, but shell section has bending stiffness (Figure 4). Therefore for
modeling FRP sheets saturated by a resin which has bending stiffness, using shell
section is suitable. For unbounded FRP sheets that wrapped around column without
resin, no bending stiffness was considered, thus membrane elements are
recommended. Therefore in this study, FRP jacket is modeled as quadrilateral
lamina element with membrane properties (M3D4), linear reduced Gauss
integration points (one point per element), and enhanced hourglass control.
Displacement compatibility is considered between concrete and composite material
in the lateral direction.

Figure 4. Continuum shell elements (left), membrane elements (right)

A simplified model has been made with totally 2 tubes that were placed on straight
face of square columns (Figure 5). A major output of this model is describing
stress distribution in concrete core due to lateral confinement produced by prestressed FRP non-laminated straps. Tubes are shells with low stiffness where
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pressure loads are inserted in the internal surface of tubes. Several interactions
have been assigned between tubes concrete and tubes–FRP and concrete–FRP.
Initial strains due to pre-stressing of FRP straps are 20% of amount strains in
EMPA tests. A large stress is inserted onto the concrete surface due to expansion of
tubes. As Figure 5 shows at pre-stressing phase, there are no significant
confinement stresses of corners, but large lateral stress from below tubes developed
and extended to the inside of concrete. As similar to Fig 5, if two other tubes are
placed on the other flat sides, similar behavior and lateral stresses is brought about
from tubes on the vertical sides.

Figure 5. FE Model of the FRP Per-stressing; Right) before tube expansion; left) after
expansion

A simplified numerical model to illustrate the advantages of shape modified
section has been built. A triangular part with 20 mm height and equal width to
column section width is placed at the flat sides. It is similar to column (3) which
has two tubes on the flat sides. As shown in Figure 6, confinement stresses at the
section of shape modified column are well distributed than conventional square
column (right). At square and rectangular, because of low flexural stiffness of FRP
jacket, there is a low amount of confinement stresses. Therefore, some researchers
concluded that a parabola area at each of the flat sides, with depth of w/4, is
unconfined area, (w=a-2r), and introduces a coefficient that is the ratio effectively
confined to the gross area from which actual confinement stresses which assumed
uniformity at the whole of the section is obtained. Then confinement ratio (f'cc/fc) is
gained. As shown in Figure 6 (left) unconfined length is divided into two parts at
each flat side. Therefore, unconfined area is reduced. In Figure 6, the area in white
color has confinement stresses that are less than the assumed confinement stresses
which are needed to consider an area as confined area.

Figure 6. Confinement stresses at 400x400(mm) column; Right)conventional square
column; Left)shape modified column similar to cloumn(3)

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 697

7. FRP AND STEEL CONFINED AREA
Figure 7 shows the deformed shape of stirrups in conventional column. Lack of
constraint at flat sides of section causes large deformation of stirrups towards the
outside. If cross ties are implemented at cross section of column, deformations
have been limited. But older concrete columns demonstrated deficiency in
reinforcement detailing. At tested columns, there are no cross ties. Therefore,
deformation of stirrups becomes somewhat as shown in figure 7-a. Using new
innovative method tested, deformation of transverse reinforcement has been
changed and limited. Indeed, tubes on the flat side act as cross ties. Figure 7-b
shows modified deformation of transverse reinforcement in column (2) and (3).
According to this modified behavior of transverse reinforcement new effectively
confined area is proposed for steel confined area of mentioned columns. Figure (8a) and (8-b) present effectively confined area by steel transverse reinforcement.

Figure 7. Deformation of ties in
Conventional and sections with tubes

Figure 8. Effectively confined area by ties
in conventional and sections with tubes

In tube injection phase, considerable stresses are produced between tubes and
concrete. In this phase, confining stresses in corners is lower than tube interaction
faces. At axial loading phase, due to FRP confining effects on the square and
rectangular sections, confining stresses at corners increase. At axial loading phase,
increasing of lateral confining stresses at corners is higher than flat sides and tube
interaction faces.

Figure 9. FRP confined area in column (2) and (3)

Therefore, using this method can modify efficiency of FRP confinement in square
and rectangular sections, (Figure 9).
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8. PROPOSED GEOMETRICAL AND MECHANICAL MODELS
In this study, a geometrical relationship of the investigated method to produce prestressing at FRP and shape modifying of square section column is proposed.
According to the new proposed model, confining stresses are developed between
pre-stressing devices or shape modifying parts and concrete. Confinement stresses
relationships are basically derived from dimensions of the column and diameter of
tubes and corner radius, as well as FRP material properties. By virtue of
symmetrical condition, one quarter of the section has been considered (Figure 10a). Following the simple approach of Karam et al. [19] for a generic rectangular
cross section column (Figure 10-b), it is proposed that the action of the confining
wrap on a square column with pre-stressing tubes on the center of flat sides of
column (Figure 10-c) with a side 2a, and a corner radius R, and a tube diameter Dt
should be observed. The concrete is assumed to be subjected to uniform confining
stresses at its middle sections with fa acting along the sides. The relationship
between fa and the FRP tensile stress fj is obtained from statics equilibrium of
forces in the in plain x and y directions. At first and before tube expansion, a
common form of FRP confinement, FRP has been positioned approximately in
contact with the flat sides of column. After mortar injection and due to expansion
of tube, non-laminated and un-bonded FRP straps separates from flat sides and
takes an angle (θ) with the sides.

(a)
(b)
(c)
Figure 10. a) Square cross section with expanded tubes on the sides; b) Free-body
diagram of FRP wrap; c) Free-body diagram of FRP wrap with pre-stressing effects

In Figure 10-c, status of FRP before and after tube expansion and tensile stress and
concentric force after tube expansion has been illustrated. Confining stresses at
middle sections and at the corners motivated through the tube expansion. Wrap is
assumed to act as a cable around the corner. Assuming no friction, the relationship
between fj and the confining stresses at the corner region is also found from statics.
(Eq.7)
π

2

f j × t cos θ = ∫ ( f r × cos α )(R × dα ) = Rf r
0

fr =

f j × t cos θ
R

(7)
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fj and fr are tensile stress of FRP and confinement stress at corner zone, and θ is
angle between straps and concrete flat side in degree, and t, is the thickness of FRP
jacket. Using Statics, equilibrium of forces in the horizontal direction results in
confining stresses fa at middle sections. On the contrary with common FRPconfined sections, an additional term appears in equation, (tfj×sinθ). It
demonstrates effects of stresses which the tube has produced. Tubes in middle of
the side introduce something like line load toward the core of concrete.

f a × a = t × f j × cos θ + t × f j × sin θ

fa =

f j × t (cos θ + sin θ )
a

(8)

Now tensile stresses of FRP should be expressed as a function of parameters which
changes during tube expansion and pre-stressing process. A point at middle of the
corner arc is taken as base point from which FRP elongation is measured. At the
other side of the selected point there is a similar situation, thus the selected point
could be immovable. Using this approach, tensile stress of FRP during prestressing has been expressed as a function of tube diameter (Dt), side length, corner
radius, and θ. Eqs. 9 to 12 describe mentioned approach, and finally confining
stresses at corner and middle section have been derived.

Figure 11. geometrical calculation details

(

)

l jo = a + Rθ π
Dt × sin θ
180
Δl j =
2
Δl
Dt × sin θ
εj = j =
l jo 2( a + Rθ π
)
180

(9)
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Where ε j = strap strain, Δl j = elongation of straps, lj0= initial length of strap that
was measured from tangent point, Dt=diameter of tube;

⎛ Dt ⎞
tan −1 ⎜
⎟ =θ
⎝a−R⎠

fr =

E jε j t × cos θ E j Dt × sin θ × t × cos θ
=
R
2 R ( a + Rθ π
)
180
fa =

tE j Dt × sin θ (cos θ + sin θ )
2aR( a + Rθ π

)
180

(10)

(11)

(12)

Using this proposed equation, the uniformly distributed confinement stresses is
calculated which considers all usable forces and stresses that are there to produce
confinement stresses.
As diameter of the tube increases, the angle between FRP and side of column
increases. Then FRP at the corner and rounded region separates from concrete core
and as illustrated in Figure 12 this results in lessening of direct contact between
FRP and concrete. Due to mentioned reason, concentration of stresses at the corner
increases. Changing angle between FRP and concrete from 90 degrees to a higher
amount is advantageous to transform confinement condition from square to circular
column, but lesser contact between FRP and concrete at the corner will reduce
effectiveness of this method. At highest possible angle which is 45 degree, contact
between FRP and concrete at the corner transforms to a point. The Tangent point
which from FRP starts to separate from concrete is shown in Figure 11.
9. CONCLUSIONS
A study is performed on the new FRP confining approach for pre-stressing of FRP
straps which proposed and tested by EMPA laboratories. A numerical model using
advanced concrete model is performed to study the effects of pre-stressing of FRP
non-laminated straps on the confinement stress distribution across the section and
the effects of shape modifying. Results have presented that expansion of the tubes
imposes lateral stress on the flat sides of rectangular section and this leads to
increase in effectiveness of FRP confinement and delays the buckling of
longitudinal reinforcement. FRP confinement stress from pre-stressed straps are
present before axial loading and results in increasing of initial peak axial stress in
comparison with usual using of FRP and a higher strength is achieved in less lateral
expansion. A geometrical model for evaluating the confinement stress across the
section due to expansion of tubes to produce pre-stressing at FRP is proposed.
Using this model and based on developed changes in initial position of the FRP,
confinement stress due to pre-stressed FRP straps is calculated.
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ABSTRACT
A strengthening method using fiber reinforced plastics (FRP) has been widely
applied for deteriorated reinforced concrete bridges. Advantages of this method
may include that the strengthened structures do not increase dead weight and that
no corrosion is concerned. From various experimental studies, behavior
characteristics of the FRP strengthened structural members have been generally
well evaluated. The majority of those studies, however, have been performed on
laboratory sized structural members rather than actual full scale bridges. The study
herein used a full scale actual deteriorated bridge to evaluate the strengthening
effects with three different FRP materials, carbon fiber sheet, glass fiber reinforced
plastics and aramid fiber sheet. In the field load tests, concrete weight blocks were
used as a loading system instead of commonly used a live-truck load or hydraulic
jacking force. The strengthening was designed as specified in ACI 440.1R which is
based on the ultimate strength design concept. From the measured behaviors, it was
confirmed that the strengthening using FRP materials successfully improved the
flexural capacity of the aged and deteriorated concrete bridge. The strengthened
girders behaved linearly up to the design moment even though the applied stress
distribution mechanisms were different depending on the FRP materials. Therefore,
it is concluded that the strengthening design method specified in ACI 440.1R can
be successfully used for actual full scale bridges strengthened with external FRP
bonding.
Keywords: strengthening, CFS, FRP, T-beam bridge, USD
1. INTRODUCTION
For deteriorated concrete bridges, an external strengthening method with fiber
reinforced plastics (FRP) has been widely applied with some advantages. Among
others, the method does not increase dead weight and no corrosion consideration is
needed. Therefore, it could be a good alternative method for the ordinary steel plate
strengthening method. In the early stage of the application of FRPs, most research
studies were to evaluate the material properties of FRPs. Since late 90s, the
strengthening in various forms of FRPs has been rigorously studied and its
effectiveness was successfully proven. In the last decade, engineers and researchers
have been intended to develop design and construction specifications for the
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practical applications of the FRP strengthening in the field [1, 2, 3].
Through a variety of experimental studies, structural behaviors of the FRP
strengthened bridges have been generally well evaluated, and the problems of
stress concentration at the end section of the bonded FRP have been improved [4,
5, 6, 7]. Most of these studies, however, have been performed on scaled down inlaboratory specimens rather than actual full scale bridges. There must be
limitations in representing deteriorating conditions in the field, such as the
difference in environmental conditions, dependency on neighboring structures, and
girder-slab composite behavior [8]. In addition, depending on field construction
conditions and workmanship, the accurate installation of the FRP strengthening
materials may not be expected as desired. Therefore, in order for the strengthening
method using external FRP bonding to be practically applied to deteriorated
bridges, the performance of the strengthening should better be evaluated using a
full-scaled field bridge. Results or data from the evaluation using the actual bridge
might also be used as basic information for the specifications or provisions for
strengthening design and installation.

The study herein used a full-scaled actual deteriorated bridge to evaluate the
strengthening effects from three different FRP materials, carbon fiber sheet
(CFS), glass fiber reinforced plastics (GFRP), and aramid fiber sheet (AFS).
Another interesting feature of this study is the use of concrete weight blocks as a
loading system instead of a truck load or a hydraulic jacking force, which are
commonly used in the performance evaluation of bridges. However, some
shortcomings of the later methods are: The field loading test using the truck load
may provide information only up to a limited elastic range. The hydraulic jacking
method costs relatively too high, and sometimes is not feasible to install reaction
frames [9].

In addition to these reasons, the target bridge was no longer in-service so
that the loading method using the concrete weight blocks was thought very
appropriate and challenging for this study.
2. EXPERIMENTAL STUDY
2.1. Bridge Description
The target concrete T-beam bridge originally consisted of two continuous threespans, but south two spans were replaced with steel I girder after severe damage
from accident impact load. When tested, the bridge consisted of one continuous
three-span T girder, one simple span T girder and two of simple spans of steel I
girder. It should be noted that the concrete bridge age is 80 years.
Based on visual inspection report, the selected three spans were repaired using an
epoxy injection and mortar prior to the strengthening. This repair process was to
provide a theoretically identical level of deterioration condition. Compressive
strengths of the girders were measured using the Schmidt Hammer and appeared to
be from 16.9 to 18.5MPa. based on non-destructive tests and concrete power
peeling off, it was revealed that the span 1 and 3 had 25mm diameter rebars and the
span 2 20mm diameter rebars as shown in figure 1. Tensile strength of the steel
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rebars was assumed to be 300MPa.

Figure1. Detail of sections and strengthening

2.2. Strengthening Design
In this experimental study, three different FRP strengthening materials were
considered and they were CFS, GFRP and AFS. The strengthening was designed
according to ACI 440.1R [10] which is based on the ultimate strength design
(USD) method that provide 10% higher flexural capacity than the repaired
condition. An equation is given below to compute the nominal flexural capacity of
the FRP strengthened beams.

β c⎞
β c⎞
⎛
⎛
M n = As f y ⎜ d − 1 ⎟ + ψ frp A frp f frp ⎜ d − 1 ⎟
2 ⎠
2 ⎠
⎝
⎝

(1)

where Mn is a nominal moment, As and Afrp are cross sectional areas of rebar and
FRP strengthening material, fy and ffrp are yielding and ultimate strength of rebar
and FRP strengthening material, d is an effective depth of beam, c is a distance
from extreme compression fiber to the neutral axis, β1 is taken as 0.85 for the given
concrete strength and, ψfrp (=0.85) is a additional reduction factor to account for
more brittleness of the FRP reinforcement. The equivalent steel ratios of the FRP
strengthened girders were less than the balanced ratio that was intended not to
cause an unexpected brittle failure. The span 1 was strengthened with CFS, the
span 2 with GFRP and the span 3 with AFS as shown in Figure 2. The Properties of
the strengthening materials provided from the manufacturers are given in Table 1.
Table 1 also details the strengthening details and the design flexural capacity.
2.3. Field Load Testing
For the three spans strengthened with each different FRP, loading test were
conducted using the concrete weight blocks which had two different weights,
12.8KN and 25.5KN. The concrete weight blocks were loaded until the weight
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reached 95% of the design flexural capacity for the safety concerns considering the
age of the target bridge. Before the weight blocks were loaded by a crane, an
accurate weight of the each block was measured. When each block was loaded,
vertical mid-span deflections and strains of the rebar and the strengthening
materials were measured by LVDTs and strain gages.

Figure 2. Epoxy repair and strengthening views
Table 1: Properties of strengthening materials and strengthening design capacity
No.
Mn – Md
Ultimate
Ultimate Thickness Width
Test
of
(KN.m)
Material Strength
Strain
(mm)
(cm) Layer
Span
(MPa)
before After
(ply)
1
AFS
2,942
0.026
0.193
35
1
2,706 3,119
2
GFRP
441
0.020
1.300
35
2
1,363 1,783
3
CFS
3,481
0.015
0.110
35
1
2,706 3,285

3. DISCUSSION OF TEST RESULTS
3.1. Span 2: GFRP Strengthened
The maximum applied load was 535KN and 677KN for the non-strengthened and
the GFRP strengthened girders, respectively. As the load increased, a certain
amount of the flexural cracks occurred and then the diagonal shear cracks formed.
in the girder 3, some of the diagonal shear cracks occurred before the flexural
cracks. This might be because of the degradation of stirrups due to corrosion and
an incomplete epoxy repair for the inside of the girder. After the strengthening, the
crack patterns were similar but the numbers and the widths of the cracks smaller by
visual inspection. No delamination of the strengthening material, GFRP, was
observed at the bonded interface due to the attached U-shaped strengthening at the
both ends.
For the non-strengthened girder, initial cracks developed at about 100KN of
loading with a slight decrease of stiffness. It was also observed that there was a
secondary stiffness reduction at about 480KN. This might be, even though the
yielding strain of the rebar was assumed as 0.0015, because the rebar in the bridges
already experienced a significant amount of plastic deformation accumulated
during more than 60 years of the service period and also because of the steel grade
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for the old bridge. For the GFRP strengthened girder, the deflection and rebar
strain increased momentarily to some degree at 640KN.
3.2. Span 1 and 3: CFS and AFS Strengthened
The spans 1 and 3 were also repaired before the loading test with an epoxy and
mortar, and then strengthened with CFS and AFS for the span 1 and 3,
respectively. During the loading blocks were loaded, both the CFS and AFS
strengthened girders developed some bending cracks followed by the shear cracks
at the bottom with no rupture or delamination of the strengthening material.
The AFS strengthened girder developed initial flexural cracks at about 245KN at
girder 1 and 2, and then diagonal shear cracks. For the CFS strengthened girders
more cracks developed but the widths were relatively smaller. The load-deflection
behaviors were linear but as the loading approached to the maximum there was
slight increase in deflection for both cases. Once the loading was removed the
girders exhibited residual strain greater than 200µ, which was similar to the span 2.
In the CFS strengthened girder, above 500KN, the applied load seems to be
suspended more by CFS rather the rebar. In the AFS strengthened girder, the
applied load is carried more by the rebar. In the experiments, small scale localized
ruptures occurred on the surface of AFS. None of the CFS and AFS strengthened
girders examined any significant reduction of load-carrying capacity during the
testing and the measured load deflection behaviours (figure 3) seems as if the
girders are within the elastic ranges, even though the stress distribution
mechanisms are different for both strengthening materials. These observations
imply that the strengthening design method used in this study appropriately takes
account of the material properties of CFS and AFS. Therefore, it can be concluded
that the strengthening design method specified in ACI 440.1R [10], which is based
on the USD concept, can be successfully used for actual full scale bridges which
are strengthened with external FRP bonding.

Figure 3. Load-deflection , left: span 2, right: span1 and3

4. CONCLUSIONS
This study conducted field load tests on an existing full scale reinforced concrete
T-typed girder bridge to evaluate the performance of structural strengthening. In
the field load tests, the loading system used concrete weight blocks rather than
using a live-truck load or hydraulic jacking force. The method was found to be safe
and efficient especially when failure behavior over elastic limit is interested. The
strengthening used three different types of FRP materials, AFS, GFRP, and CFS,
which were bonded on the bottom of the girders to enhance the flexural load carrying
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capacity. The strengthening was designed as specified in ACI 440.1R which is based
on USD concept. It was confirmed that AFS, GFRP and CFS strengthenings
successfully improved the flexural capacity of the aged and deteriorated concrete
bridge. The strengthened girders behaved linearly up to the design moment even
though the applied stress distribution mechanisms were different depending on the
FRP materials. Therefore, it is concluded that the strengthening design method
specified in ACI 440.1R [10] can be successfully used for actual full scale bridges
which are strengthened with external FRP bonding.
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ABSTRACT
A probabilistic approach in durability design of reinforced concrete structures has
been studied using DuraPGulf model. DuraPGulf is a service life design model, the
first version of which provides a realistic prediction of corrosion initiation for RC
structures in Persian Gulf region. Output parameters are interpolated using a
complete database of conducted experiments in this region.
Although relevant data is still lacking, this approach has been successfully applied
to a concrete structure in Persian Gulf environment. In order to facilitate the
probability-based durability analysis, simple analysis has been developed, where
the probabilistic approach is based on a Monte Carlo simulation. A comparative
study of deterministic and probabilistic approach has been carried out using the
data available from durability assessment of a jetty in Persian Gulf. In particular,
probability based design seems to provide more realistic results than deterministic
durability design analysis.
1. INTRODUCTION
Reinforced concrete has proved to be a reliable structural material with good
durability performance when used properly. It has been one of the most used
building materials in the last decades. However, there are many structures which
show early, premature deterioration, and sometimes failure, namely those exposed
to aggressive environments (Vaysburd & Emmons 2004).
The Persian Gulf environment has a long record of stigma for its harsh climate,
desert features and saline waters, that increases the chloride penetration and
consequently chloride induced reinforcement corrosion rates (Haque et al. 2007).
In many cases in the Persian Gulf, even structures which have been designed and
constructed in compliance with Iranian code for durability of concrete structures in
Persian Gulf region (BHRC-PNS428 2005), express corrosion problems in early
age of their service life. In order to solve this problem, besides changing the code
requirements in respect of durability, one should represent methods of durability
design so that to find the most economical solution according to the desired service
life for reinforced concrete structures (Ghalibafian et al. 2003). Since all
parameters both for concrete durability and environmental exposure typically show
a high scatter, a probability-based approach provides a very powerful basis for
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durability analysis (Gehlen & Schiessl 1999, Bentz 2003).
This approach is primarily applied in order to obtain more controlled durability and
long-term performance of new concrete structures.
During the past decades, many physical and mathematical models have been
introduced to calculate the chloride diffusion parameters into concrete and to
estimate the time to corrosion initiation. DuraPGulf (Chini et al. 2004, Ghods et al.
2007), like many other programs, was deterministic in its operation, meaning that it
will produce only one predicted time to nitiation
of corrosion for one set of input parameters. This single output contrasts with the
well-known fact that concrete structures are quite variable in properties both
throughout the structure and in terms of quality of construction and materials from
one project to another. It would be useful if programs like DuraPGulf were able to
predict a range of expected times to initiate corrosion rather than a single value to
allow owners in a better risk management (Bentz 2003).
This paper describes the DuraPGulf model structure. The demonstration of this
practical application is also explained through an example in this paper.
Results obtained from the model have been verified with the data available from
durability assessment of a jetty in Persian Gulf region.

Figure 1. Concrete prism specimens (150×150×600 mm) exposed to marine
environment for long-term durability studies.

2. EXPERIMENTAL PROGRAM
Concerning the fact that there was few data available for concrete durability studies
specially regarding the chloride diffusion in Persian Gulf region, a complete set of
field experiments were conducted in order to investigate the effect of different
parameters on chloride diffusion such as water to cement ratio, silica fume content,
curing condition, exposure condition, environment temperature and surface
coating. A detailed review regarding this experiment can be found elsewhere
(Chini et al. 2004, Ghods et al. 2007). In this project, 120 prism specimens
measuring 150×150×600 mm were exposed to marine environment of BandarAbbas city. Sampling of the specimens for chloride diffusion has been carried out
at the ages of 3,9 and 36 months. Figure 1 shows the concrete prism specimens for
the long-term durability studies.
By curve fitting of chloride profiles of each specimen to Fick’s second law (Crank
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1975), data for diffusion coefficient and surface chloride content were calculated.
Data have been used in order to develop the DuraPGulf database.
3. NUMERICAL MODELING
DuraPGulf uses advanced mathematical concepts for analyzing input data in order
to predict Diffusion Coefficient (Dc ) and Surface Chloride Content (Cc ) values for
new cases. Moving Least Squares method (MLS) is used for data regression.
Accordingly, for each set of new input data in the n-dimensional space of primary
data, a regression is conducted so that the nearby primary data have the highest
effect on the final output (i.e. diffusion coefficient and surface chloride content).
According to the Figure 2, in the Moving Least Squares approach the weighting
function F is defined in shape and size, and is translated over the domain so that it
takes the maximum value over the point k identified by the coordinate Xk where the
unknown function û is to be evaluated. The weight factor in this regard, which
influences the effect width, can be calibrated after trial and error for new set of
experiments (Lancaster & Salkauskas 1981).

Figure 2. Schematic illustration of Moving Least Squares (MLS) method.

Finite Difference Method (FDM) is used to solve differential equation of the Fick’s
second law of diffusion over time:

δ C
δC
= Dc 2 2
δt
δX
Considering the following boundary conditions:
C(X > 0, t = 0) = 0
C(X = 0, t > 0) = Cs
C(X = ∞, t > 0) = 0
The solution for this differential equation is:

(1)
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X
2Dct

C(X, t ) = Cs.1 − erf

(2)

Where Dc is the chloride diffusion coefficient, Cs is the equilibrium chloride
concentration on concrete surface and C is the chloride content at the depth of X
from the surface at the time. The time, at which chloride content on the
reinforcement surface reaches the chloride threshold value, is considered as the
corrosion initiation time. In the DuraPGulf software, the percentage of chloride
threshold is depended on mixture proportion and thickness of concrete cover. The
time dependence of the diffusion coefficient is normally expressed as (Thomas &
Bentz 2001):

D( t ) = D0.

t
t0

α

(3)

Where D0 is the diffusion coefficient at a given time t0 and the exponent α
represents the time dependence of the diffusion coefficient or the increased ability
of the concrete to resist chloride penetration over time.
Table 1. Input data for initial probability analysis

Chloride diffusivity (m2/s. 10-12)

0.56

Coefficient
of
Variation
0.25

Surface chloride content (%weight of concrete)

0.80

0.30

0.24

Critical chloride content (%weight of concrete)

0.13

0.20

0.027

Normal

75

0.10

7.5

Normal

0.31

0.25

0.078

Noraml

Parameter

Concrete cover (mm)
Aging factor

Average

Standard
Deviation

Distribution

0.140

Normal
Normal

Employing Ahrenius equation, the effect of temperature is considered on the
diffusion coefficient for different months during the year (Page et al. 1981):

DT
U 1 1
= exp × −
D0
R T0 T

(4)

Where T and T0 are temperature in Kelvin degree, R is the gas general constant
value and U is the activation energy of the diffusion process. A special value of 2948 for U/R
was suggested in this study for DuraPGulf based on the experiments at the Construction
Materials Institute (Chini et al. 2004). Similar to the temperature, the effect of humidity on the
diffusion coefficient is considered through the model proposed (Bazant & Najar 1972):

DH
h
= 1 + 256(1 − 4 ) −1
D0
100

(5)
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Where h is the humidity of environment (%).
4. PROBABILISTIC APPROACH
The probabilistic approach is based on the Monte Carlo Method, which can be
briefly described as a statistical simulation method, where sequences of random
numbers are applied to perform the simulation (Gehlen & Schiessl 1999, Bentz
2003). In the present application of the simulation, the physical process is
simulated directly by use of the modified Fick’s Second Law of Diffusion for
describing the transport process. The only requirement is that all the input
parameters to the equation be described by a probability density function. Once the
probability density functions of the various durability parameters of the system are
known, the probability of failure is based on the evaluation of the limit state
function for a large number of trials. Figure 3 shows a normal curve divided into
eight sections, each with a probability of 0.125 (Bentz 2003). At about the centroid
of each region is a discrete point that represents the characteristic value for that
region. The locations of these points are positive and negative 1.65, 0.89, 0.47 and
0.155 standard deviations from mean. By varying each set of the input parameters
through all eight of these calculation points, it becomes possible to know exactly
the number of iterations necessary to fully cover the input domain and produce a
reasonable estimate of the solution. The accuracy of the Monte Carlo Method
depends mainly on the number of trials undertaken and the method is easy to
implement, a simulation based on this method appears to be both simple and
intuitive.

Figure 3. Division of normal curve into discrete regions (Bentz 2003).

5. PROGRAMMING
DuraPGulf software has been developed based on data regression and analyses
according to the mathematical methods mentioned earlier. The program uses a
FDM kernel and graphic user interface (GUI) provided by VISUAL BASIC
programming.
6. EXAMPLE
A typical reinforced concrete pier of a jetty in Bandar-Emam port is subjected to
the tidal zone exposure of the Gulf. The thickness of the concrete cover is assumed
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to be 75 mm. Temperature diagram of Bandar-Emam is also shown in Figure 4.
Concrete has been cured for 3 days after demolding in July. The concrete mixes
were developed at the water to cementitious ratios of 0.38, cementitious materials
content of approximately 450 kg/m3 and 6.5% silica fume. These parameters were
used as input to the program. Running DuraPGulf, the calculated profile of chloride
concentration versus depths for a given time of 27 months and the result of the
sampling are shown in Figure 5. The corrosion initiation time is calculated with the
deterministic approach to be 128 years, which is very high.
In order to analyze the probability levels of the above combinations of concrete
quality and concrete cover, initial probability analysis with input parameters as
shown in table 1 were carried out. In this table, the surface chloride content of
0.8% by weight of concrete, which reflects the exposure conditions in tidal zone,
was adopted. Based on a complete database of experiments, a threshold chloride
content of 0.13% (Frederiksen, J.M., 2000) by weight of concrete and aging factor
of 0.31 was assigned. Using Monte Carlo simulation, the probability of steel
corrosion and development of further chloride penetration is illustrated in Figure 6.
In most codes for reliability of structures, an upper level of 10% for probability of
failure is normally accepted (NS 3490, 2004). As can be seen from Figure 6, a 10%
level for the risk of steel corrosion will result in a service period of 32 years and for
a service period of 128 years, the level of risk would be 65%.

Figure 4. Annual temperature diagram of Bandar-Emam

Figure 5. Comparison of the results of experiment with the results predicted by
DuraPGulf model
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Figure 6. Development of risk for steel corrosion

7. CONCLUSIONS
Regarding results and experiments following conclusions can be drawn:
1. Durability design of RC structures has received a great concern in the recent
decades;
2. In Iran, the need for a model for service life design of concrete structures in
Persian Gulf region is highly necessary;
3. The predicted chloride profile by DuraPGulf model is generally in agreement
with the experimental results.
4. Probabilistic durability model provides more realistic solutions than
deterministic durability design.
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ABSTRACT
Reinforced concrete structures are susceptible to be deteriorated in harsh
environments. One of the major causes of deterioration of RC structures in these
environments is the corrosion of their reinforcements. Generally the corrosion of
reinforcements involves some uncertainties. In brief these uncertainties can be
categorized into classes: 1) random nature of corrosion process and 2) linguistic
terms of construction process. The first one is successfully handled by probabilistic
methods, but to deal with the linguistic ambiguities, the fuzzy systems are general
form of confrontation. One main problem is to obtain the fuzzy membership
functions of corrosion process; in particular, the corrosion initiation and
propagating time periods. In this paper we developed an algorithm to extract the
fuzzy membership functions from the available stochastic information. In this
regard, an integrated system proposed to convert the probabilistic information into
the corresponding fuzzy sets. In this process, a genetic algorithm optimization
utilized to gain the standard Triangular and Trapezoidal fuzzy sets, by means of
minimizing the distance of fuzzy sets from the corresponding normalized
probability density functions.
Keywords: reinforced concrete, corrosion, service life, probability, fuzzy
variables, genetic algorithm
1. INTRODUCTION
Reinforced concrete structures are susceptible to be deteriorated in harsh
environments. There may be many detrimental agents at the environment of
structures, that could cause some serious damages on both reinforcement and
concrete. ACI's guide to durable concrete [1] recognized five general classes of
concrete deterioration as: a) Freezing and thawing, b) Aggressive chemical
exposure, c) Abrasion, d) Corrosion of steel and other materials embedded in
concrete, and e) Chemical reactions with aggregates.
Among these deteriorative mechanisms, the corrosion of reinforcement is very
important for the structures located in the harsh environment of the southern parts
of Iran, especially in the region of the Persian Gulf and Oman Sea. In these regions,
high humidity along with high temperature, and availability of detrimental agents
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like chloride ions, are preparing a suitable environment for premature deterioration
of RC infrastructures which has been built there. In this view, one of the important
issues that should be considered is the corrosion of the built RC structures at these
regions. Up to now well-established models have been proposed for estimating of
the rate of chloride ingress and corrosion rate. Unfortunately the most of these
models are based on deterministic variables that can not handle the associated
uncertainties. The stochastic models are also established to deal with some
uncertainties regarding the randomness nature of the corrosion. While the
uncertainties regarding the linguistic terms are usually dismissed and can not be
handled by the stochastic methods. The fuzzy systems are famous for their
capabilities to consider the verbal rules and regulations. Therefore in this paper we
try to extend the appropriate stochastic modes to the fuzzy models, to be used in
the framework of fuzzy systems that could be simultaneously handled by fuzzylogic operations and knowledge processing techniques.
2. CONCRETE AND DURABILITY
Over the millennia, concrete prepared by the Romans using lime, pozzolana and
aggregates has survived the elements, giving proof of its durability [2]. Prestigious
concrete works have been handed down to us: buildings such as the Pantheon in
Rome, whose current structure was completed in 125 A.D. and also structures in
marine environments have survived for over two thousand years. This provides a
clear demonstration that concrete can be as durable as natural stone, provided that
specific causes of degradation, such as acids or sulphates, freeze-thaw cycles, or
reactive aggregates, are not present [2]. Today, thanks to progress made over the
past few decades in the chemistry of cement and in the technology of concrete,
even these causes of deterioration can be fought effectively. With an appropriate
choice of materials and careful, adequately controlled preparation and placement of
the mixture, it is possible to obtain concrete structures which will last in time,
under a wide variety of operative conditions. The case of reinforced concrete is
somewhat different. These structures are not eternal, or nearly eternal, as was
generally supposed up until the 1970s [2]. Instead, their service life is limited
precisely because of the corrosion of reinforcement. Actually, concrete provides
the ideal environment for protecting embedded steel because of its alkalinity. If the
design of a structure, choice of materials, composition of the mixture, and
placement, compaction and curing are carried out in compliance with current
standards, then concrete is, under most environmental conditions, capable of
providing protection beyond the 50 years typical of the required service life of
many ordinary structures, at least in temperate regions. In fact, cases of corrosion
that have been identified in numerous structures within periods much shorter than
those just mentioned, can almost always be traced to a failure to comply to current
standards or to trivial errors in manufacturing of the concrete. However, under
environmental conditions of high aggressiveness (generally relate to the presence
of chlorides), even concrete which has been properly prepared and placed may lose
its protective properties and allow corrosion of reinforcement long before 50 years
have elapsed, sometimes resulting in very serious consequences [2].
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3. CORROSION OF REINFORCED CONCRETE STRUCTURES
As emphasized in previous section, the problem of corrosion in reinforced concrete
structures is a very crucial matter and must be given special considerations.
The durability of reinforced concrete structures is impacted by the chloride
penetration and susceptibility of the reinforcement to chloride-induced corrosion,
when exposed to chloride-laden environment or deicing salts. Once the chloride
content at the reinforcement reaches a threshold value and enough oxygen and
moisture are presented, the reinforcement corrosion will be initiated. Corrosion
products then accumulate in the concrete–steel interface transition zone (ITZ),
generate expansive pressure on the surrounding concrete, and cause crack initiation
and propagation [3]. In this paper we are aimed to study the corrosion initiation and
corrosion-induced cracking periods in the fuzzy sets vision. To develop such
models it is needed to find a way to establish fuzzy model and their sets
conFigureurations. To this aim, we developed our fuzzy models based on the
statistical information that reflects the real distributions of the basic variables
which is gained from the available information in the literature.
4. TRANSFORMING THE PROBABILISTIC INFORMATION INTO
FUZZY SETS
In many engineering problems which involve a number of variables, sufficient
information may be available to model some of the variables using probability
distribution functions (pdf), while the other variables are treated as fuzzy. But, in
some cases, such as steel corrosion analysis, it may be more realistic to carry out
the decision analysis in the framework of fuzzy set theory. In fact, it is easy to deal
with fuzzy sets than the probability distributions. So, obtaining the corresponding
fuzzy sets from its known probability distribution could be very crucial issue in the
framework of fuzzy experts systems and some further decision making processes.
4.1. Fuzzy Probability
A usual method, used for converting a probability distribution into a fuzzy set, is
by dividing the pdf of the distribution by the peak value of the pdf [4]. While this
method is simple, as pointed out by Dubois and Prade [5] there is a need to
explicitly check the resulting fuzzy set for possibility/probability consistency
principle. Using this method, a probability distribution with given pdf, p(x), can be
converted into a fuzzy set by

f p ( x) =

p ( x)
sup x∈ℜ ( p( x))

(1)

where fp(x) is the membership function of the fuzzy set. The resulting fuzzy set is
of the same form as that of the probability distribution. But, for typical engineering
applications involving several uncertain variables, fuzzy sets with triangular or
trapezoidal form are preferred due to the computational simplicity.
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4.2. Extracting the Standard Fuzzy Memberships
Klir and Yuan [6] proposed the method of least-square curve fitting for
constructing a membership function from samples of membership grades for some
elements in the universal set X. Given the sample data (xi,ai), i = 1,. . . ,n, where ai
is the grade of membership of xi in fuzzy set A, and a suitable class of functions
f(x;α,β, . . .) where α,β, . . . are parameters whose values distinguish functions in the
class from one another, the method of least-square curve fitting selects that
function f(x; α0,β0, . . .) from the class for which the following norm reaches its
minimum (discrete form).

[

n

E = ∑ f ( xi ;α , β ,...) − f p ( xi )

]

2

(2)

i =1

This method can be used to convert the probabilistic fuzzy set into the equivalent
triangular or trapezoidal fuzzy set. The equivalent fuzzy set, f(x; α0,β0, . . .), is the
one which minimizes the function F, given by (continuous form)

[

]

2

F = ∫ f ( x;α , β ,...) − f p ( x) dx
X

(3)

where fp(x) is the membership function of the probabilistic fuzzy set given by Eq.
(1). For a triangular fuzzy set, f(x;α,β, . . .) is given by (Figure 1(a))
⎧0
⎪α − x
⎪
⎪α − β
f ( x;α , β , γ ) = ⎨
⎪γ − x
⎪γ − β
⎪
⎩0

x <α

α ≤x≤β

(4)

β < x≤γ
x >γ

For a trapezoidal fuzzy set, f(x;α,β, . . .) is given by (Figure 1(b))
⎧0
⎪α − x
⎪
⎪α − β
⎪
f ( x;α , β , γ , δ ) = ⎨1
⎪δ − x
⎪
⎪δ − γ
⎪0
⎩

x <α

α ≤x≤β
β < x<γ
γ ≤ x ≤δ
x >δ

(5)

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 733

α

β

γ

γ
β
α
δ
Figure 1. a) Triangular fuzzy set b) Trapezoidal fuzzy set

In this paper, genetic algorithm would be used to optimization process to find the
standard fuzzy membership functions of corrosion initiation and corrosion
propagation periods.
5. FUZZY MODEL FOR CORROSION INITIATION PERIOD
The steel remains passive in the concrete due to the alkalinity of the environment.
Once the chloride ions attack the reinforcement, the passive oxide layer on the steel
surface would be broken. This stage, known as the corrosion initiation time. The
ingress of chloride ions into the concrete media is directly depends on the
permeability of the concrete that is affected by the quality of the concrete practice.
If we suppose that there is no initial chloride ion in the concrete (Ci=0), then the
Fick's second law of diffusion could be applicable in the form of Eq. 6.

C 2 ⎡ −1 ⎛ C s − Ccr
Ti =
⎢erf ⎜⎜
4 Dc ⎣
⎝ Cs

⎞⎤
⎟⎟⎥
⎠⎦

(6)

where C is the random concrete cover depth, Dc is the random diffusion
coefficient of concrete, C s is the surface chloride concentration and C cr is the
random critical chloride concentration. This is a probability or stochastic form for
the corrosion initiation time. Note that in this equation, erf is error function and
x

equals to (2 / π ) ∫ e −t dt . Now if we exert section 4 method to convert the random
2

0

representation of parameters into the fuzzy ones, we can reach the fuzzy model for
corrosion initiation time as follow:

Cˆ 2 ⎡ −1 ⎛⎜ Cˆ s − Cˆ cr ⎞⎟⎤
Tˆi =
(7)
⎢erf ⎜
⎟⎥
ˆ
4 Dˆ c ⎢⎣
C
⎥
s
⎝
⎠⎦
where Ĉ is the fuzzy concrete cover depth, D̂c is the fuzzy diffusion coefficient
of concrete, Ĉs is the fuzzy surface chloride concentration and Ĉcr is the fuzzy
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critical chloride concentration.
5.1. Probability Distribution for Corrosion Initiation Time
The probability distribution for the corrosion initiation could be gained based on
the simple Monte Carlo Simulation (MCS) method. The basic variables for MCS of
corrosion initiation are summarized in Table 1.
Table 2, summarizes ANOV results for lognormal distribution fitted on the MCS of
Eq. 6. According to the results of this table, the corrosion initiation lognormal pdf
is:

1
Ti ≈
e
1.478t

− (ln t − 3.89 )2
0.6956

(8)

The supreme value for Ti is 0.0163. By dividing the Eq. (8) to the supreme value,
the fuzzy model for corrosion initiation can be gained as follows:

Tˆi =

1
e
0.0241t

− ( ln t −3.89 )2
0.6956

(9)

Figure 2 shows the visualization of the fuzzy distribution of corrosion initiation.
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Ti (Fuzzzy Prppablistic Function) yrs
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Figure 2. Fuzzy probabilistic function visualization for Ti
Variable
C
Dc

Ccr
Cs

pdf type
normal
normal
normal
normal

Table 1: Basic variables for Ti
Mean Standard division
40
8
30
5
0.3
0.650

0.05
0.03

unit
[mm]
[mm2/year]
[%]
[%]

reference
[7]
[7]
[7]
[7]
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Table 2: Lognormal pdf fitting ANOV results for Ti (mu=58.7226, sigma=1434.28)
mu
3.89893 0.00589736
Parameter Estimated Std. Err.:
sigma
0.589736 0.00417038
mu
sigma
Estimated covariance of parameter
mu
3.47789e-005
2.9251e-019
estimates:
sigma
2.9251e-019
1.7392e-005
Table 3: GA to adjust Tˆi MF parameters
Type
Fitness function
Variable
Triangular
@Ti_fuz_tri_nor
[α β γ]
Membership function
Trapezoidal
@Ti_fuz_trap
[α β γ δ]
Population type
double
Population size
30
Fitness scaling
rank
Selection
stochastic uniform
Mutation
adaptive feasible
Crossover
scattered
Optimized parameters
MF type
Triangular
Trapezoidal
Variables
[α β γ]
[α β γ δ]
Adjusted result
[6.7813 29.0 119.0]
[7.5625 28.0 31.0000 118.50]

5.2. Genetic Algorithm to Get Standard Fuzzy MF Of Tˆi
To extract the standard fuzzy membership functions for the corrosion initiation
time, Eq. 2 or 3 should be minimized. In this paper we use genetic algorithm for its
robustness in optimization task with detail summarized in Table 3. Moreover,
Table 3 summarized the GA-optimized variables for each of triangular and
trapezoidal standard fuzzy membership functions. Moreover, optimized fuzzy
triangular and trapezoidal MF functions are demonstrated in Figure 3a and
Figure3b respectively.
1

1

0.9

0.9
0.8

0.7

0.7

Ti=trapmf [7.5625 28. 31. 118.5]

Membership Value

Membership Value

0.8

0.6
0.5
0.4

0.6

0.4

0.3

0.3

0.2

0.2

0.1

0.1

0
0

20
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100
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Corrosion initiation time (years)

140

160

180

Ti=trimf [6.7813 29 119]

0.5

0

0

50
100
Corrosion initiation time (years)

Figure 3. a) Optimized triangular MF for Tˆi , b) Trapezoidal MF for

150
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6. FUZZY MODEL FOR CORROSION-INDUCED CRACKING TIME
The corrosion of reinforcing bar in the concrete has very wide ranges of
deteriorative effects. Figure 4 shows some effects of corrosion on residual strength
[8]. In this paper we consider the cracking of cover concrete due to the radial forces
of expansive corrosion products.

Figure 4. Effects of corrosion on residual strength [8].
Table 4: α for various corrosion products [10]
corrosion
product
α
corrosion
product
α

Variable
C
Dc
Ccr

Cs

D

icor
d0
υc
Eef

f’t
f'c
α
ρrust
ρst

FeO

Fe3O4

Fe2O3

0.777

0.724

0.699

Fe(OH)2

Fe(OH)3

Fe(OH)3·3H2O

0.622

0.523

0.347

Table 5: Basic variables for Tcr
Distribution
Standard
Mean
Unit
type
deviation
normal
40
8
[mm]
<<<
30
5
[%]
<<<
0.3
0.05
[%]
<<<
0.650
0.03
[mm2/year]
<<<
12
0.15
mm
uniform
1.5
2.5
μA/cm2
deterministic
12.5
--μm
<<<
0.18
--normal
18.82
0.12
GPa
deterministic
3.3
--MPa
<<<
31.5
--MPa
<<<
0.57
----kg/m3
<<<
3,600
--kg/m3
<<<
7,850
---

Reference
[7]
[7]
[7]
[7]
[11]
[7]
[7]
[11]
[12]
[12]
[12]
[12]
[12]
[12]
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Table 6: Normal pdf fitting ANOV results for Tcr:( mu=0.552096, sigma=0.0143802
Parameter Estimated Std.
mu
0.552051 0.00119047
Err.:
sigma
0.119047 0.000841853
mu
sigma
Estimated covariance of
mu
1.41722e-006
1.41722e-006
parameter estimates:
sigma
7.08717e-007
-3.40944e-020

MF type
Variables
Adjusted result

Table 7: GA-optimized MFs for Tˆi
Optimized parameters
Triangular
Trapezoidal
[α β γ]
[α β γ δ]
[0.2729 0.5487 0.8339]
[0.2696 0.5346 0.5754 0.8229]

Extended probabilistic formulation for the time to corrosion-induced cracking time
period was proposed as follows [9]:

Tcr =

2
Wcrit
2k P

(10)

Here we convert this formulation to its fuzzy model using the method described in
section 4 as follows:
2
Wˆcrit
ˆ
Tcr =
2kˆP

(11)

where Tˆcr is the fuzzy time to crack initiation, Ŵcrit is the fuzzy critical amount of
corrosion products, k P is the fuzzy rate for rust production as the corrosion
product. These quantities can be obtained using the following formulas:

⎛ ⎡ Cˆ f ' ⎛ a 2 + b 2
ˆ
⎤
⎞
ˆ + Wst
⎟
+
+
ν
Wˆcrit = ρ rust ⎜ π ⎢ t ⎜⎜ 2
d
D
⎥
c
0
⎟
⎜ ⎢ Eˆ ef ⎝ b − a 2
ρ st
⎠
⎦⎥
⎝ ⎣

⎞
⎟
⎟
⎠

(12)

where D̂ is the fuzzy diameter of rebar and Wˆ st = αWˆcrit and,

kˆP = 0.105(1 / α ) πDˆ ⋅ iˆcor

(13)

where icor is the fuzzy annual rate of corrosion in μA/cm2 and α depends on the
type of corrosion product which can be adopted from the Table 4.
6.1. Probability Distribution for Corrosion-Induced Cracking Time
The probability distribution for the corrosion cracking could be gained based on the
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simple Monte Carlo Simulation (MCS) method. The basic variables for MCS of
corrosion cracking are summarized in Table 5.

Table 6, summarizes ANOV results for normal distribution fitted on the
MCS of Eq. 11. According to the results of this table, the corrosion
initiation lognormal pdf is:

Tcr _ Norm

1
≈
e
0.552

− (t −0.552051)2
0.0283

(14)

The supreme value for Tcr is 3.35. By dividing the Eq. (14) to the supreme value,
the fuzzy model for corrosion initiation can be gained as follows:

1
Tˆi =
e
0.0241t

− ( ln t −3.89 )2
0.6956

(15)
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Figure 5. Fuzzy probabilistic function visualization for Tcr

6.2. Genetic Algorithm to Get Standard Fuzzy MF Of Tˆcr
Figure 5 shows the visualization of the fuzzy distribution of crack-initiation time.
To extract the standard fuzzy membership functions for the corrosion initiation
time, Eq. 2 or 3 should be minimized. As said before, in this paper we use genetic
algorithm for its robustness in optimization task with detail similar to Table 3 with
minor modifications. Table 7 summarized the GA-optimized variables for each of
triangular and trapezoidal standard fuzzy membership functions. Moreover,
optimized fuzzy triangular and trapezoidal MF functions are demonstrated in
Figure 6a and Figure 6b respectively.
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Figure 6. a) Optimized triangular MF for Tˆcr , b) Trapezoidal MF for
Basic variables of corrosion of RC
elements
Cover
thickness

Diffusion
coefficient

Surface
chloride
concentration

Critical
chloride
concentration

Concrete
modulus of
elasticity

Reinforcing
bar diameter

Corrosion
rate

Experimentation and/or visual inspection
Characterizing appropriate probability distribution for all variables

Corrosion initiation fundamental
model

Corrosion-induced cracking fundamental
model

Apply Monte Carlo Simulation
Estimation of the probability distribution of corrosion
initiation and corrosion cracking model: p(x)
Convert probability distribution p(x) into fuzzy-probability set:
f p ( x) =

p ( x)
sup x∈ℜ ( p ( x))

Use genetic algorithm to minimize the
n

[

E = ∑ f ( xi ; α , β ,...) − f p ( xi )

]

2

i =1

Obtain optimized fuzzy membership
variables for each model
Use developed fuzzy models in a fuzzysupport system to predict reliable servicelife

Figure 7. Integrated algorithm to model to model the corrosion initiation and
propagation periods
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7. FUZZY-BASED ALGORITHM TO MODEL THE CORROSION OF RC
ELEMENTS
At previous sections, we discussed about how to develop a fuzzy model from
available stochastic models. Here we integrate these steps in an algorithm to be
more useful. This algorithm is shown in Figure 7.
8. SUMMERY AND CONCLUSION
In this paper, we introduced a method to communicate with the available
probabilistic information and conversion of them into the fuzzy sets. In this sense,
the probability distribution functions for corrosion initiation and corrosion-cracking
time period were converted into the fuzzy sets. The fuzzy sets are famous for their
capabilities in processing the linguistic information rather than the random nature.
So the constructed fuzzy sets could be used in a decision support system to
eliminate the linguistic ambiguities of the corrosion in the RC structures. Thus the
method introduced in this paper, is a major modules for developing a so-called
Structural Health Monitoring System (SHMS) for reinforced concrete
infrastructures.
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ABSTRACT
Few investigations have been reported on the properties of Self-Compacting
Concrete (SCC) when it is exposed to elevated temperatures; because it is
commonly understood that concrete can resist very well against elevated
temperatures. Even so, it's necessary to evaluate all structures after they exposed to
elevated temperatures.
Mechanical properties of SCC containing two types of Pozzolans (Silica Fume and
Pumice) as filler replacement at elevated temperatures were experimentally
investigated in this paper. At the age of 28 days, the specimens were placed in an
electrical furnace and heating was applied up to the maximum temperatures of 200,
450, 600 and 800°C for 2 hr. Then, the specimens were allowed to be cooled in the
furnace and subsequently tested for compressive strength, rebound hammer,
ultrasonic pulse velocity and weight loss. The results show that concretes without
Silica Fume and Pumice as a replacement for filler show slightly better
performance in terms of lower strength loss.
Keywords: SCC, pozzolanic materials, elevated temperatures, mechanical
properties, filler
1. INTRODUCTION
Self-Compacting Concrete (SCC) was first developed in 1988 to achieve durable
concrete structures. Since then it has been used for a wide range of structures and
infrastructures, such as bridges and tunnels. SCC is usually considered as a special
type of High-Performance Concrete (HPC) produced with higher amounts of filler
materials and lower water/binder ratios as compared with other concretes. Thus,
porosity of SCC is usually reduced and the material is characterized by a high
diffusion resistance [1]. Concrete mixture of high diffusion resistance such as SCC
and HPC, are usually considered as more vulnerable to fire attack. Due to the lower
porosity and lower connectivity of pores in SCC and HPC, the accumulating
moisture and water vapor can hardly escape from the structure. So, very high pore
pressure may be built up as functions of temperature, heating rate, and size of the
specimens [2].
The cracking starts around the Ca(OH)2 crystals and then progresses to areas near
the unhydrated cement grains, as supported by Scanning Electron Microscopy
(SEM) observations [3]. Cracking increases significantly as the temperature is
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raised beyond 300°C [3,4]. When the maximum exposure temperature is below
300°C, concrete damage is dominated by only localized boundary cracking
between the aggregates and the cement paste [5]. Cracks of the heated concrete
could be further extended and developed during postcooling [6]. Therefore, a
reduction of Ca(OH)2 content in the cement paste containing supplementary
cementing materials such as Silica Fume (SF), Pumice, etc., due to the pozzolanic
reaction could help to reduce cracking due to postcooling. However, it should be
noted that, above the dissociation temperature of Ca(OH)2 at about 500°C, most
concretes are likely to lose their structural properties [5].
Pozzolanic concretes are used extensively throughout the world; the oil, gas,
nuclear, and power industries are among the major users. The applications of such
concretes are increasing day by day due to their superior structural performance,
environmental friendliness, and energy conserving implications [7]. As the use of
Pozzolanic concretes becomes common, the risk of exposing them to elevated
temperatures increases. So, it's necessary to evaluate all these structures after they
are exposed to elevated temperatures.
This paper presents the results of an experimental investigation studying the
mechanical properties of SCC containing two types of Pozzolans; Silica Fume (SF)
and Pumice (P) that were used as filler replacement, subjected to elevated
temperatures.
2. EXPERIMENTAL PROGRAM
2.1. Materials and Mix Designs
A total of four different mixtures were made; control SCC, Traditional Concrete
(TC), one SCC with 7.5% Silica Fume (SF) replacing filler by weight and the other
with 15% Pumice (P) replacing filler by weight.
Table 1 lists mix design proportions of SCCs and the TC. Properties of fresh and
hardened concretes are depicted in Table 2. Local natural aggregate with maximum
size of 10 mm; city potable water and Type I Portland cement were used.
Limestone was used as filler. Superplasticizer was used according to the results
obtained for the slumps. SCCs were prepared and tested in fresh conditions
according to the EFNARC specifications [8].
2.2. Preparation of Specimens and tests
The specimens prepared were 100 (mm) cubes. Concrete test specimens were kept
protected after casting to avoid water evaporation. After 24 hr the 100 (mm) cubes
were cured for 28 days in lime-saturated water at 23 ± 2 °C to prevent possible
leaching of Ca(OH)2 from these specimens. Then the specimens used for
measuring the 28 day compressive strength, rebound hammer number, pulse
velocity and weight loss. At the age of 28 days, specimens were placed in an
electrical furnace with heat applied at the rate of 2.5 (°C /min) until the desired
temperature was reached (Figure 1). Before fire testing, two cubes were dried to
reach to a constant mass.
A maximum temperature of 200, 450, 600 and 800 oC was maintained for 2 hr
under the same conditions and without any imposed load. Specimens were then
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allowed to cool in the furnace and tested for compressive strength, rebound
hammer, pulse velocity and weight loss. Control tests were also performed on
specimens cured at room temperature (23 ± 2°C).
Residual compressive strength was determined as the mean value of two cubes
tested per temperature, whereas rebound hammer was determined as the mean
value of two measurements (two opposite sides of the cubes used for compressive
strength measurements). Pulse velocity measurements were determined as the
mean value of four measurements (two other opposite sides of the cubes used for
compressive strength measurements) at any temperature. The weight loss of
specimens was determined as the mean value of two cubes' weight loss, with which
their weight being measured before and after the fire testing.
Table 1: Mix design proportions of self-compacting concretes and the traditional
concrete
Mixture
P2

SF2

SCC

TC

Constituents (Kg/m3)

450
ــــ
67.5
82.5
890
593
180
0.4
1.1

450
34
ــــ
116
898
598
180
0.4
0.9

450
ــــ
ــــ
150
900
600
180
0.4
0.85

450
ــــ
ــــ
ــــ
900
600
180
0.4
1

Type I Portland cement
Silica Fume (SF)
Pumice (P)
Filler
Coarse Aggregate
Fine Aggregate
Water
w/c
Superplasticizer (lt/100 kg of binder)

Table 2. Proportions of fresh and hardened concretes
Mixture
P2
SF2 SCC
TC
Mixture properties
ــــ
ــــ
ــــ
100
Slump (mm)
700
680
720
ــــ
Slump flow (mm)
1.1
0.97 0.95
ــــ
L Box (H2/H1)
5.7
5.16
9
ــــ
V-funnel (s)
fc28 (Mpa)
69
70
55
60

Figure 1. Specimens in the electrical furnace
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3. RESULTS AND DISCUSSION
3.1. Compressive Strength
The residual compressive strength at the age of 28 days for all mixtures is shown in
Figure 2. When concretes are exposed to high temperatures, there are changes in
the mechanical properties and the durability of them. However, the mechanisms
causing these changes in properties is quite complex as a result of the concurrence
of chemical and physical changes in hardened cement paste (HCP) , aggregate, and
at the interfaces.
The results show that all mixtures had an increase in their residual compressive
strength up to 200 oC and then a sudden decrease occurred in SCC mixtures
containing silica fume and pumice as replacement for filler. No spalling occurred at
any temperature for all mixtures. In general, SCC with 15% pumice and another
one with 7.5% silica fume replacement with filler (P2 & SF2) have higher strength
loss with increasing temperatures than other mixtures without pozzolanic materials.
The increase in compressive strength can be partially due to the strengthened HCP
during the evaporation of free water [9,10]. Further hydration of cementitious
materials is another important cause of the hardening of HCP [9].

Compressive Strength (MPa)

80
70
60
50
40

TC
SCC
P2
SF2

30
20
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0
0
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400

600

800

1000

Temperature (oC)
Figure 2. Residual compressive strength of all mixtures

3.2. Rebound Hammer
The residual rebound hammer number at the age of 28 days for all mixtures is
shown in Figure 3. The rebound values are influenced mainly by the condition of
the surface of concrete to a depth not exceeding 3 cm approximately [11].
Since a temperature rise up to 200oC causes drying and hardening of the surface
layer, rebound measurements present a small increase. At temperatures above
450oC, intensive internal cracking and chemical decomposition of the surface layer
become more significant and rebound numbers show a significant reduction.
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Figure 3. Residual rebound hammer number of all mixtures

Ultrasonic Pulse Velocity (km/s)

3.3. Ultrasonic Pulse Velocity
The residual pulse velocity at the age of 28 days for all mixtures is shown in Figure
4. It is clearly seen that pulse velocity reduces almost linearly with increasing
temperature.
It is obvious that the transmission of pulse waves through a concrete mass is highly
influenced by the microcracking of concrete. Thus, the decrease in pulse velocity
with increasing temperature is a sensitive measure of the progress of microcracking
in the material.
Because microcracks might have developed along the boundary due to the swelling
of physically bound water layers and the thermal incompatibility between
aggregates and cement pastes [12]. Microcracking also increased significantly
beyond 300°C, which is responsible for further durability loss in specimens heated
to 450, 600, and 800°C [4,13].
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Figure 4. Residual ultrasonic pulse velocity of all mixtures
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3.4. Weight Loss
Figure 5 shows the weight loss at the age of 28 days for all mixtures at various
temperatures. It can be observed that the TC samples show higher levels of weight
loss than the others. Between 23 ±2°C and 200°C, a quick weight loss occurred in
all samples, especially the TC and control SCC samples. This corresponds to the
loss of the evaporable water and part of the physically bound water [2].
From 200 to 600°C, the weight loss includes the loss of chemically bound water
from the decomposition of the CSH [2]. The weight loss of TC is higher than the
others for temperatures up to 800°C. However, when the temperature is higher than
600°C, a dramatic loss of weight was observed in all samples. This is due to the
decomposition of limestone filler, releasing carbon dioxide [14]:
CaCO3→CaO+CO2

(1)
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Figure 5. Weight loss of all mixtures

3.5. Residual Compressive Strength and Residual Ultrasonic Pulse Velocity
Figure 6 shows the relation between residual compressive strength and residual
ultrasonic pulse velocity for all concrete mixtures. At temperatures above 450°C, both
compressive strength and ultrasonic pulse velocity decrease almost linearly with
increasing temperature because of intensive internal cracking progress in the samples.
Compressive Strength (MPa)
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20
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0.3

0.4
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Figure 6. Relation between residual compressive strength and residual ultrasonic
pulse velocity for all mixtures
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It can be seen that in spite of the residual ultrasonic pulse velocities of all concrete
mixtures were nearly equal, the residual compressive strength loss of SCC with
7.5% Silica Fume replacement with filler (SF2) was higher than others.
3.6. Residual Compressive Strength and Weight Loss
Figure 7 shows the relation between residual compressive strength and weight loss
for all concrete mixtures. It is observed that the SCC mixtures with 15% pumice
replacement with filler (P2) and the one with 7.5% silica fume replacement with
filler (SF2) had higher residual compressive strength than the other specimens. As
shown in this Figure, a linear relationship can be obtained for compressive strength
and weight loss at temperatures between 450-800 °C.
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Figure 7. Relation between residual compressive strength and weight loss for all mixtures

3.7. Residual Ultrasonic Pulse Velocity and Weight Loss
The relation between residual ultrasonic pulse velocity and weight loss at the age
of 28 days for all mixtures is shown in Figure 8. It can be seen that higher
temperature has resulted in higher weight losses due to the chemical decomposition
of materials. This has caused microcracks in the cement pastes and micro-structure
change and hence lower pulse velocity results. There is also no linear relationship
between Ultrasonic Pulse Velocity (UPV) and weight loss at all temperatures.
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Figure 8. Relation between residual ultrasonic pulse velocity and weight loss for all mixtures
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4. CONCLUSIONS
The following conclusions were drawn from the study:
(1) In the range of 25–200°C, an increase in strength was observed in all concrete
mixtures which can be resulted due to the evaporation of free water and
further hydration of cementitious materials. From 200 to 450°C, a decrease in
strength was observed in SCCs containing Silica Fume and Pumice as a
replacement for filler. A loss in strength within the range of 70–75% was
observed in the 400–600°C temperature range. At 800°C residual strength of
SCCs varies between 25 and 30%. The sever loss in strength at an elevated
temperature is probably due to the intensive internal cracking and chemical
decomposition of concrete components.
(2) In general, concretes without Silica Fume and Pumice as a replacement for
filler show slightly better performance in terms of lower strength loss.
(3) Results obtained for residual strength of heated samples by standard crushing
test, rebound hammer and pulse velocity are different. This variation is
attributed to the surface hardness measurement by hammer test and the
influence of the microcracks on UPV test results.
(4) It is important that building designers, building officials, and the fire service
organization be aware of the loss in mechanical properties of concretes which
could reduce the load carrying capacity and durability of affected structural
components.
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ABSTRACT
The intensity of damage in concrete structures has a vital relationship to the
position of concrete versus the sea water level. With regard to this concept, the
environment of located structures near the coast (i.e. coastal structures) can be
divided into four zones: marine atmospheric, splashing, tidal and submerged [1, 2].
A hydraulic model consists of a channel with 10 meters in length, 0.7 meters width,
1 meter depth and a wave maker machine capable of making regular waves with
various heights and periods, has been designed and constructed in hydraulic
laboratory of Sahand University of Technology to simulate the marine environment
and conditions in this research study. The Oroomiyeh lake water was used to
reproduce severe corrosive marine environment. Two water/ cement ratios (0.45
and 0.55) and two cement contents (350 and 400 kg/m3) were selected for
reinforcement and plain concrete specimens. Furthermore, silica fume was used as
supplementary cementing material.
After standard curing, these specimens were kept in different conditions:
submerged, tidal, splash, atmospheric and outdoors.
A series of tests such as corrosion potential measurement, electrical resistivity and
reinforcement corrosion intensity, chloride ion concentration and compressive
strength were carried out at different ages of concrete. In this paper, the function of
specimens, durability in different zones have been investigated and compared with
one to the others.
Keywords: reinforcement corrosion, chloride ion concentration, corrosion
potential, splashing zone, atmospheric zone
1. INTRODUCTION
Due to the importance of the oil industry, marine transportation and mining in seas,
construction of various structures (e.g. jetty, platform, etc) has been increased
remarkably in recent years. Although concrete is a durable material, there are some
reasons that can damage it in its lifetime. In designing the concrete structures, it is
necessary to consider various factors to which the concrete should be exposed [3].
Research in real marine environment is very difficult to do as it needs many tools,
equipments, etc. However, the marine conditions can be simulated partly in the
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laboratory to perform experiments on specimens.
Investigations have been done in durability of concrete in marine environment
across the world. For instance, marine durability of some concrete specimens in
tidal condition in Japan coasts was reported in late 20th century [4]. Also, in
I.R.Iran durability of concrete specimens in different conditions in Persian Gulf has
been investigated by Building and Housing Research Center (BHRC) in 2006[5].
The specimens in latter research had been kept in real coastal environment, tidal
and submerged conditions. In most researches, durability of concrete has been
reported only for submerged, tidal and outdoors conditions. However, there were
no reports in atmospheric and splashing conditions. In this research, durability of
concrete in splashing and atmospheric conditions has been investigated in addition
to submerged, tidal and outdoors conditions.
2. EXPERIMENTAL PROGRAM
2.1. Materials
Cement type 2 and silica fume have been used. The chemical analysis of cement
and silica fume is shown in table 1.
Table 1: Chemical analysis of cement and silica fume
Chemical
SiO2 Al2O3 Fe2O3 MgO CaO SO3
C3S
composition (%)
Cement type 2
21.97
4.62
3.55
2.33
64.56 1.65 50.68
Silica fume

95.1

1.32

0.87

0.97

0.49

0.1

-

C2S
24.76
-

Gravel, having the size of 19mm at maximum and sand with a stiffness module of
2.94 were used. Gravel and sand unit weights are 2650, 2560 kg/m3, respectively.
Tap water was used for mixing.
2.2. Mix Proportion, Specimens' Details, Exposure Conditions and Tests
In this research, two water/cement ratios (0.45 and 0.55) and two cement contents (350
and 400 kg/m3) were selected. Silica fume was used as supplementary cementing
material. Expected slump in all mixes gained by adding plasticizer up to 1% of total
mass of cementitous material. Concrete mix proportions are shown is Table 2.

Abbreviation
Symbol
M1
M2

Table 2: Concrete mix proportions made (1 m3)
Weight (kg)
W
Concrete mix
Cement
Silica
C
Sand Gravel
type 2
fume
Cement type 2
0.55
350
977
825
Cement type 2 +
0.45
360
40
787
977
10% Silica fume

Water
192
180

All specimens were kept in mold for 24 hours, then in tap water in laboratory
environment for 72 hours and finally they were moved to different conditions:
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•
•
•

Outdoors: laboratory environment
Reference environment: pond tap water in the laboratory conditions
Submerge zone: A pond containing Oroomiyeh Lake water (the water was
renewed every month) in the average temperature of 30˚C.
• Tidal zone: Composed of two ponds containing Oroomiyeh Lake water.
The water was pumped from the first pond to the second and vice versa.
The specimens were on average subjected to 10h of wetting and 14h of
drying per 24h. The average pond water temperature was approximately
30˚C.
• Splashing zone: A channel with 10 meters length, 0.7 meters width, 1
meter depth and a wave maker machine capable of making regular waves.
This channel contained Oroomiyeh Lake water. The specimens were kept
at the still water level to be exposed to the waves and splashes.
• Atmospheric zone: In this simulation, a pump and several nozzles were
used to spray water into the system. The specimens were kept at a short
distance from nozzles to get more accurate results.
In Table 3, a comparison between the constituents of Oroomiyeh Lake and Persian
Gulf water is shown.
Tabel 3: Chemical analysis of Oroomiyeh lake water
K+
Ca2+
Mg2+
So42Na+
Oroomiyeh lake
1404
1360 12418 22752 86066
Persian Gulf
450
430
1460
2720 12400
Ratio of Oroomiyeh
lake water constituents
3.12
3.16
8.5
8.3
6.9
to Persian Gulf's water

Cl143704
21450
6.7

The details of specimens and keeping conditions for each test are shown in Table 4.
Table 4: Details and characteristics of specimens and the keeping conditions
Specimens
Test
Characteristics
keeping conditions
size (cm)
submerged, tidal, splash,
compressive strength 10 × 10 × 10
atmospheric and
Reference environment
chloride ion
submerged, tidal, splash,
10 × 10 × 10
concentration
atmospheric
2.5 cm concrete
submerged, tidal, splash,
corrosion potential
10 × 10 × 20
cover
atmospheric and outdoors
and intensity
submerged, tidal, splash,
electrical resistivity
atmospheric and
10 × 10 × 10
Reference environment

3. TESTS AND RESULTS
Compressive strength of specimens in different conditions was measured at ages of
28 and 90 days. Furthermore, corrosion potential, reinforcement corrosion intensity
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and electrical resistivity were measured at different ages and conditions. The half
cell apparatus with Ag/AgCl reference electrode was used to measure the rate of
corrosion potential [6]. Reinforcement corrosion intensity was also measured by
Potentiostat [7, 8]. Electrical resistivity was measured by using Weston (standard)
cell [9]. Chloride ion concentration was measured at the age of 3 months used
concrete by powder sample from the depth of 2-3 cm and chloride ion (% wt. of
concrete) determined.

100

Corrosion potential (mv)

0
-100
-200
M1

-300

M2
-400
-500
-600

Outdoors
Free air

Submerged

T idal

Splash

Atmospheric

keeping conditions

Figure 1. Half cell potential for various mixes in different conditions at the age of 90 days

Compressive strength (kg/m^2)

380
360
340
320
300
280

Reference

Submerged

T idal

keeping conditions

(a)

Splash

Atmospheric
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compressive strength (kg/m^2)

560
540
520
500
480
460

Reference

Submerged

T idal

Splash

Atmospheric

keeping conditions

(b)
Figure 2. Compressive strength in different conditions at the age of 90 days for a) M1
mix b) M2 mix
Table 5: Corrosion potential range and corrosion probability based on ASTM-C876
for Ag/AgCl Half Cell [6]
Corrosion potential range
Corrosion probability
There is 90% probability that
≤-84 mv
corrosion does not exist.
Corrosion does not exist positively
-234 mv≤ ≤ -84 mv
but is absolutely possible
There is 90% probability for
≤-234 mv
corrosion
Table 6: Chloride ion (% wt. of concrete) in different conditions at the age of 90 days.
Chloride ion(% wt. of concrete)
W
Abbreviation
Concrete mix
Submerged
Tidal Splash Atmospheric
Symbol
C
zone
zone
zone
zone
M1
Cement type 2 0.55
0.19
0.25
0.28
0.22
Cement type 2
M2
0.45
0.11
0.15
0.17
0.13
+ 10% Silica
fume
Table 7: Corrosion current density for various mixes in different conditions at the age
of 180 days.
Corrosion current density (µA/cm2)
W
Abbreviation
Concrete mix
Submerge
Tidal
Splash Atmospheric
Symbol
C
d zone
zone
zone
zone
M1
Cement type 2
0.55
0.839
1.24
1.609
0.95
Cement type 2 +
M2
0.45
0.333
0.412
0.423
0.398
10% Silica fume
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Table 8: Corrosion intensity range and its interpretation [8]
Corrosion Current
Extent of Corrosion
Density(µA/cm2)
Icorr < 0.1
Passive condition
0.1 < Icorr < 0.5
Low to moderate corrosion
0.5 < Icorr < 1
Moderate to high corrosion
Icorr > 1
High corrosion

(a)

(b)
Figure 3: Chloride ion (% wt. of concrete) and Electrical resistivity in different
conditions at the age of 90 days for a) M1 mix b) M2 mix
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4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Chloride Ion Penetration
For the splashing zone, due to capillary absorption and surface condensation
phenomenon, concrete is more prone to be damaged [10].
In the second mix, because of the reduction of water/cement ratio and effects of
silica fume on making concrete pores smaller, the rate of chloride ion penetration
decreased.
4.2. Corrosion Potential and Intensity
In terms of corrosion, the splashing zone has the worst conditions, by increasing
moisture, free chloride ion concrete and enough oxygen, corrosion intensity also
increased.
In submerged condition, because of thin air, although corrosion potential of
reinforcement was high, the rate of corrosion intensity was low.
4.3. Compressive Strength
Presence of Sulphate (SO42-) ion in corrosive environment caused some decreases
in compressive strength for all concrete mixes in comparison with reference
specimens. Specimens in splashing zone have the highest strength deterioration
factor (SDF) because of leach out, efflorescence under cyclic consequence wetting,
drying and salt crystallization (which creates internal pressure and causes cracking
of concrete).
In the second mix, decreasing of water/cement ratio and using silica fume caused
lower SDF [11].
5. CONCLUSION
1. The main reasons of destruction of marine concrete structures are the chloride
ion penetration and reinforcement corrosion which result in cracking of
concrete.
2. Splashing condition has the highest chloride ion penetration in concrete which
decreases electrical resistivity and increases reinforcement corrosion intensity.
3. Specimens in splashing condition have the highest strength deterioration factor.
4. In marine environment, concrete in splashing zone, which is exposed to waves
and splashes, is more vulnerable in comparison with other zones and needs
special attention in the curing of buildings.
5. In submerged condition, because of thin air, although corrosion potential of
reinforcement is high, the rate of corrosion intensity is low.
6. In all specimens kept in various conditions, electrical resistivity was decreased
as time passed. This attenuation may result in an increase in corrosion
intensity.
7. Comparison between the experimental results shows that reinforcement
corrosion intensity reduces in splashing, tidal, atmospheric and submerged
condition, respectively.
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ABSTRACT
In certain industrial activities sulfuric acid is used during the production process,
which may cause degradation of concrete structures. Another important
phenomenon where sulfuric acid is responsible for concrete corrosion is biogenic
sulfuric acid corrosion, which occurs often in sewer systems. Therefore,
researchers used sulfuric acid solutions to simulate of such aggressive
environments. Also, they used suitable cement replacement materials such as silica
fume to improve acid resistance of concretes. But some researchers reported lowest
susceptibility of concrete containing silica fume to corrosion at such environments
while the other groups reported unsuitable performance of silica fume.
In this paper, control specimens and specimens containing 8% silica fume as
cement replacement materials were immersed in sulfuric acid solutions with pH of
1.0 and 2.0. The dense packing of siliceous aggregates and cementitious materials
were used to achieve low porosity concretes. They were periodically examined for
appearance and measured for mass change up to 315 days. Total porosity of
samples at the age of 90 days was measured. Results show that the porosity plays
an important and twofold role in the mass loss of mortar specimens immersed in
sulfuric acid solutions. In low pHs such as 1.0 corrosion rate of low porosity
concretes is more than that of high porosity concretes. But, in the high pHs such as
2.0 corrosion rate of low porosity concretes is less than that of the high porosity
concretes. In the low and high pHs of sulfuric acid solutions internal and external
or surface degradations were observed respectively.
Contradictory results were obtained for the concretes containing silica fume
because of its effect on the porosity and the production of silica gel at ITZ by
reacting of portlandite. Investigations by optical microscopy on thin section
samples indicate that the use of silica fume makes mixtures more homogeneous
and hence lowers the corrosion rate in sulfuric acid environments.
Keywords: silica fume, sulfuric acid attack, dense concretes, porosity
1. INTRODUCTION
Concrete is the most widely used construction material for sewer structures.
However, the environment in some sewer structures can become very acidic due
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mainly to formation of sulfuric acid converted from hydrogen sulfide by bacterial
action. Significant deterioration of concrete in such harsh environments has been
reported all over the world [1,2,3]. Also several reports were published elucidating
the mechanisms of concrete deteriorations in sewer environments [4,5,6].
Although, it has been reported that some new materials such as high performance
coating, glass fiber reinforced lining, special mortars and high proportions of
polymer modified binder can be more acid resistant, but they are too costly for
most practical applications [7,8,9]. Therefore, the research on evaluation of acid
resistance of normal concretes is still attractive.
It is well known that the porosity of the cement paste is the most important
parameter determining mechanical properties and consequently, the durability of
the material in the hardened stage. Therefore, information on porosity is a
paramount importance for engineering concrete applications. The densest packing
of the complete mixture made of aggregates and binder can lead to an extremely
high density, low porosity system, and at the same time to the minimum binder
content requirement.
In this paper, the dense packing of siliceous aggregates was obtained by replicating
ASTM C29 standard test method for the aggregate fractions. The Fuller ideal
grading curve for particle size distribution (PSD) of cementitious material
including ultra fine filler was used. Finally, the effect of different pHs of sulfuric
acid solutions, silica fume and ultra fine filler on resistance of mixtures to sulfuric
acid attack were investigated. Sulfuric acid solution with pH of 1.0 and 2.0 were
considered to represent the aggressive sewer environments. The pH of 1.0 is widely
used in many laboratory tests to investigate the acid resistance of concretes for
sewer structures [6,7,10]. But the pH of 2.0 is considered by some researchers to
simulate the aggressive environments [11, 12]. Three mixtures including control
mixture, mixture containing ultra fine filler and mixture containing 8% silica fume
and ultra fine filler were investigated. Mortar and concrete samples were immersed
in sulfuric acid solution for over 315 days. Water binder ratio and cementitious
material content were considered as 0.42 and 325kg/m3 respectively. Specimens
were regularly investigated by visual inspection of surface deterioration and
measuring mass change. Porosity of mortar samples was investigated to find more
knowledge about the mechanism of sulfuric acid attack. Also cement matrix and
protection layer in samples that is formed during the sulfuric acid attack were
investigated by optical microscopy on thin section samples.
2. EXPERIMENTAL PROGRAM
2.1. Materials
The materials used in this investigation were locally sourced and they satisfied the
requirements of respective National Standards. Table 1 presents the results for
typical chemical compositions of the Type II Portland cement, silica fume, and
Quartz powder. The coarse and fine aggregates used in this investigation were 520mm and 0-5mm siliceous crushed river gravel and silica river sand respectively.
A superplasticizer was used in the concrete mixtures to achieve a slump between
50-100mm.
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Table1.Chemical composition of cement, silica fume and Quartz powder
Oxide
CaO
SiO2
Al2O3
Fe2O3
SO3
MgO (Na2O)eq
Cement
62.94
21.1
5.05
3.08
1.5
3.4
0.87
Silica fume
1.02
95.1
0.6
1.1
1.2
0.6
Quartz
96.4
1.05
1.08
0.5
powder
5

2.2. Material Proportions
2.2.1. Aggregates
Aggregates take up 60-90% of the total volume of concrete. Proper selection of
aggregate type and particle size distribution affects the main properties of concrete
such as workability, mechanical strength, permeability, durability and the total cost
of hardened concrete. High density along with low specific surface of aggregates is
used to achieve minimum cement consumption and low porosity concrete
production by replicating ASTM C29 standard test method. Process of aggregate
proportion selection was published in the previous works [13-16]. Grading curve of
selected aggregates and BS standard limits are shown in Figure 1.
Avialable Agg

BS

BS

120
100

60
40

Passing %

80

20
0
0.1

1

D ( mm ) 10

100

Figure 1. Grading curve of aggregates and BS standard limits.

2.3. Quartz Powder Content
It is well known that porosity has an important role on many properties of concrete
such as strength, permeability and durability. To obtain a dense structure in the
hardened mortars, the density of dry binder should be maximized [17]. The packing
density of the commercial cement powder is relatively low because of its narrow
PSD obtained through a closed-circuit grinding process. It could be demonstrated
mathematically that the cement powder lacks the section of super fine particles
compared with the dense packing powder [18, 19]. In order to achieve the dense
packing powder in the cementitious material, a very fine Quartz powder as a filler
with particle size between 0-16 microns was added to the cementitious material.
Proportion of super fine Quartz powder (k ) was calculated from optimization of
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followed objective function:
n

F = ∑ [U 1 ( Di ) − (( 1 − k )U 2 ( Di ) + kU 3 ( Di ))]

(1)

2

i =1

Where n : is the number of sieves, U1 ( Di ) : is the PSD of ideal grading curve
according to Fuller ideal curve by n = 0.38 , U 2 ( Di ) : is the PSD of cementitious
material and U 3 ( Di ) : is the PSD of ultra fine filler or Quartz powder. Optimization
process has been published elsewhere [13, 14]. Results indicated that the use of
22% and 13.7% ultra fine filler in the second and third mixtures could lead to the
production of low porosity concretes. Exception was the control concrete mixture
which had no filler addition. Quartz powder was used as aggregate replacement in
the second and third mixtures.
2.4. Preparation of Test Specimens
Three concrete mixtures were designed with constant cementitious material
contents and water binder ratios to investigate their mechanical properties and
resistance in sulfuric acid solution with pH of 1.0 and 2.0. Water binder ratio and
cementitious material content were considered 0.42 and 325kg/m3 respectively.
Mixture proportions are shown in Table 2. Mortar plates (10×10×2cm) and
concrete cubes (10×10×10cm) were cast from each mixture according to ASTM
C192 test method. In addition, mortar prisms (4×4×16cm) and concrete cubes
(10×10×10 cm and 15×15×15cm) were cast for flexural, compression and water
permeability tests respectively. All mortars were obtained by sieving concretes
using No. 4 sieve. After 24 hours, specimens were demoulded and cured up to 28
days in the control room. Some specimens remained in the control room up to 90
days for flexural, compression and water permeability tests. The samples were then
immersed in acid solution for a period of 315 days. Specimens were periodically
washed during the test period and then their mass changes were measured. All
measurements were carried out at the saturated surface dry condition (SSD).

Mixture

W/C

C1
C2
C3

0.42
0.42
0.42

Table 2. Mixture proportions
Silica
Trass Pumice
Cement
fume
(kg)
( kg)
(kg)
(kg)
325.0
------325.0
------299.0
26
-----

Filler
(kg)

Sand
(kg)

Gravel
(kg)

--71.5
44.5

889.4
852.7
863.4

1019.9
977.70
990.00

2.5. Sulfuric Acid Solution
The ASTM C267 test method was modified to investigate mortars and concretes in
sulfuric acid solution. A sulfuric acid solution with pH of 1.0 and 2.0 were chosen
to simulate the aggressive environment of sewer structures. The pH of sulfuric acid
solution was kept constant in the range of 0.97 to 1.07 for pH of 1.0 and 1.87 to
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2.23 for pH of 2.0 by adjusting the pH weekly using 98% sulfuric acid. All
specimens were continuously immersed in monthly refreshed sulfuric acid solution
during the test period. Test setup is shown in Figure 2.

Figure 2. Test setup for simulation of sewer structures

3. TEST RESULTS AND DISCUSSIONS
3.1. Air Content, Water Absorption and Water Penetration Depth
Air content of fresh concrete, half an hour and 24 hour water absorption at the age
of 28 days and water penetration depth of hardened concretes at the ages of 28 and
90 days were measured according to ASTM C231, BS1881-122, ASTM C642 and
DIN 1048 test methods, respectively. Test results are summarized in Table 3.
Selection of dense packing aggregate proportions decreased the air content, water
absorption and water penetration depth of the control mixture in comparison with
the plain concretes. Utilization of ultra fine Quartz powder that improves PSD of
cement decreases the air content, water absorption and water penetration depth of
the second mixture (C2 ) when compared with the control one. In addition using
silica fume that improve the interfacial transition zone (ITZ) decrease the above
parameters in comparison with the second mixture (C2 ) . The dense packing of
aggregates and dry binder seems to disconnect the capillary pores. Disconnection
of voids in the C2 and C3 mixtures seems to be greater than the control mixture due
to the usage of ultra fine filler and silica fume.
Table 3: Air content of fresh concrete, water absorption and water penetration depth
(WPD)
Mixture

W/C

Cementitious
material
(kg)

C1

0.42
0.42
0.42

325
325
325

C2
C3

Air
content
%
2.8
2.0
1.5

Water
Absorption
Half hour
(%)
1.72
1.49
1.62

Water
Absorption
1 day (%)

WPD (28
days)
mm

WPD (90
days)
mm

5.55
4.07
4.01

8
3
0

7
2-3
0
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3.2. Mechanical Properties of Concretes and Mortars
Compressive and flexural strengths test results for concrete mixtures under
standard curing conditions are shown in Figure 3 and 4. Higher compressive
strengths with low cementitious material content (325kg/m3) are due to the dense
packing of aggregates. Flexural strength of the third mixture or C 3 at the age of 28
days is higher than other mixtures because of the high pozzolanic activity of silica
fume. Also, higher compressive and flexural strengths of control mixture were
probably obtained due to low porosity production (see Table 4). Total porosity of
mixtures containing ultra fine filler is more than the control mixture probably due
to satisfactory compaction of control mixture. Therefore, compressive and flexural
strengths of these mixtures were less than the predicted values.
80

28 Days

Com. Strength, MPa

70

90 Days

60
50
40
30
20
10
0

C1

C2

C3

Figure 3. Compressive strength of concrete mixtures
28 Days

90 Days

Flex. Strength, MPa

14
12
10
8
6
4
2
0

C1

C2

C3

Figure 4. Flexural strength of mortar prisms

3.3. Acid Attack Test Results
3.3.1. Visual Inspection of Mortar and Concrete Specimens
During the immersion period in sulfuric acid solutions, the samples were
periodically retrieved from the acid solutions for measurements and visual
inspection of the surface appearance. At the early age of immersion, surface of
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specimens changed to white and yellow color for specimens subjected to sulfuric
acid solution with pH of 1.0 and 2.0 respectively as shown in Figure 5. Then,
softening of the cement matrix due to excessive expansion and dissolution was also
observed during visual inspections of the concrete and mortar samples. The
expansions of mortar and concretes were increased by exposure of aggregates.
Typical surface appearances of concrete cubes after 3 and 6 months immersion in
sulfuric acid solution with pH of 1.0 are shown in Figure 6. After 3 months of
immersion, it is clearly seen that the control concrete (C1) containing Portland
cement has suffered the most severe damage with exposure of coarse aggregates and
significant loss of cement mortar at all external surfaces. For C2 and C3 concrete
mixtures, the acid affects the edges, corners, and part of the surfaces of the
specimens. After 6 months immersion, surfaces of the mixtures were corroded by
acid with exposure of aggregates. After 315 days immersion, all specimens were
corroded at different depths. It should be noted that, there is a tan layer between
corroded and uncorroded concrete which is more resistant to acid (see Figure 10).
Apparently this protective layer is formed near the surface of specimens subjected to
sulfuric acid solutions with pH of 2.0. Also, typical surface appearances of mortar
plates after 2 and 6 months immersion in sulfuric acid solution with pH of 2.0 are
shown in Figure 7. After 2 months immersion, all mortar plates have suffered
damage with exposure of aggregates and significant loss of cement mortar. After 6
months immersion, C1 mixture performed better when compared with other mixtures.

Figure 5. Mortar plates of C 2 mixture after 1 week immersion in sulfuric acid
solutions with pH of 1.0 and 2.0

C1
C2
C3
Figure 6. Concrete cubes after 3 and 6 months immersion in sulfuric acid solution
with pH of 1.0
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Figure 7. Mortar plates after 2 and 6 months immersion in sulfuric acid solution with
pH of 2.0

3.4. Mass Change Measurement
The mass change of a sample as a percentage of the initial mass is a widely used
indicator for assessment of the deterioration of concrete subjected to acid attack. In
this investigation the initial mass of samples was determined under saturated
surface dry (SSD) conditions at the age of 28 days. Then, the specimens were
immersed in sulfuric acid solutions. The measurements of mass change of samples
at SSD condition were taken weekly within the first and second months and
monthly afterwards until 11 months except for the third, fifth and seventh week and
eighth and tenth month. During measurement, the samples were rinsed with tap
water, brushed gently with a plastic brush to remove loose particles and then
measured for their SSD masses. Test results of mortar and concretes in sulfuric
acid solution with pH of 1.0 are shown in Figure 8. Also weight loss of mortar
plates in sulfuric acid solution with pH of 2.0 is shown in Figure 9. As shown in
Figure 8, the control concrete or C1 samples showed mass gain over the first 14
days immersion in the acid solution. But, the C2 and C3 concrete mixtures had net
mass gains over 45 days after immersion. In the mortar specimens, mass loss of C1
begins after 14 days immersion. However, mass loss of C2 and C3 begins after 30
days immersion. Deterioration of mortar specimens is higher than the concrete
samples because of their low thicknesses and higher cementitious material
contents. Also, mass loss of the control mixture or C1 in the concrete and mortar
specimens is higher than the other mixtures. After 315 days immersion, the C1 to
C3 concrete specimens showed a reduction in mass loss of about 31,9%, 30,1% and
30,6%, respectively. However 69.1%, 64.0% and 57.2% mass reduction in the
mortar specimens after 7 months immersion were observed respectively. Some of
the mortar specimens after 7 months immersion were failed. Therefore, based on
visual inspections and weight loss test results, it can be seen that the usage of silica
fume and ultra fine filler may enhance the service life of concretes against high
concentration of sulfuric acid solutions.
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Figure 8. Weight loss of samples after 315 days immersion in pH of 1.0 a) concrete
cubes b) mortar plates
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Figure 9. Weight loss of mortar samples after 11 months immersion in pH of 2.0
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But, performance of mortars in sulfuric acid solutions with pH of 2.0 is quite
different. The control mixture that had the worst performance in the sulfuric acid
solution with pH of 1.0 showed minimum weight loss at about 8.2%. The C2 and
C3 specimens showed a reduction of about 12.9% and 12.6% respectively. Based
on visual aspects and weight loss test results, mechanism of sulfuric acid attack
with different pHs is different. Therefore, micro structural analysis should be
carried out on the samples for further clarifications.

Figure 10. Tan layer formation between corroded and uncorroded concrete in mixture

3.5. Micro Structural Analysis
3.5.1. Porosity Study
Mortar samples were taken from freshly broken prisms after 90 days curing in
control room. Samples dried at 105o c until mass stabilization and then their total
porosity were measured by using following equation:

(

)

Pt = 1 − ρρ × 100%
0

(2)

Where, ρ and ρ 0 are dry bulk and solid phase densities and Pt is the volume
percent of total porosity. Test results are summarized in Tab. 4. Also, total porosity
of C1 and C2 samples that is measured by mercury porosimeter is shown in Tab. 4.
Comparison of total porosity that is measured by mercury porosimeter with total
porosity obtained according to equation (2) indicates that the compaction of control
mixture was satisfactory. Also, actually porosity plays a twofold role in sulfuric
acid attack to concrete. When a sulfuric acid solution with low pHs such as 1.0
attacks the concrete with low porosity or dense concrete, the dense structure
prevents the absorption of acid by the concrete. Consequently the acid reacts with
the cement paste at the narrow depth of concrete causing significant degradation
due to expansion of gypsum or ettringite. For high porosity concretes, owing to a
more porous structure, concrete absorbs the acid which reacts with hydration
products to form gypsum and ettringite, which would fill the pores of the concrete,
and create a protective layer. This layer forms within the depth of specimens
between corroded and uncorroded concrete causes reduction in chemical reactions
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(see Figure 10). Thus the depth of degradation which is a function of exposure
time, pH of sulfuric acid solution and mixture parameters should be investigated
separately.
Table 4: Total porosity of mixtures after 90 days curing
Samples
ID

ρ ( g cm )

C1

2.23
2.17
2.17

C2
C3

3

ρ

0

( g cm 3 )
2.557
2.586
2.632

Pt

Vol .%
12.8
16.1
17.6

Pt %, Mercury
porosimeter
10.4
10.1
-

Also, this layer formed near the surface of specimens in low porosity concretes and
deteriorated at a shorter time. Therefore, based on test results, using an airentraining agent could improve the resistance of concretes against sulfuric acid
solutions with low pHs as was investigated in the literature [20]. Also,
improvement of concrete resistance against sulfuric acid by increasing of water to
cement ratio have been reported by several researchers without investigation of
corrosion depth [13,21,22]. However, in case of higher pH of sulfuric acid
solutions such as 2.0, sulfuric acid solutions couldn't penetrate in the depth of
concretes owing to low concentration of sulfate ions. Consequently the acid reacts
with the cement paste at the narrow depth or surface of concretes in both low and
high porosity concretes causing degradation. Surface of high porosity concretes is
more than that of low porosity concretes. Therefore corrosion rate of high porosity
concretes is higher than that of low porosity concretes. Therefore, based on twofold
effect of porosity against sulfuric acid solutions, contradictory effect of silica fume
could be elaborated.
3.6. Investigate of Samples by Optical Microscopy
Mixture characteristics, Thickness of tan layer that is formed during the sulfuric
acid attack between corroded and uncorroded concrete and products of degradation
were investigated on thin sections using transmitted light microscopy. Mortar
samples were taken from freshly broken prisms after 315 days immersion in
sulfuric acid solution with pH of 1.0. Effect of ultra fine filler and silica fume on
portlandite consumption which resulted in homogeneous mixtures is shown in
Figure 11. Comparison of cement matrix of C 2 with control mixture indicates that
the mixtures containing ultra fine filler is more homogeneous than that of the
control mixture. Also using silica fume reduces calcium hydroxide content. In
Figure 12, typical micrographs of transmitted light microscopy on thin section
samples of C1 and C3 mixtures in the corroded area are shown. Also, average
thickness of tan layers measured by optical microscopy is summarized in Table 5.
It is clearly seen that the thickness of the tan layer depends on the cementitious
materials composition. In other words, a corrosion rate depends on stiffness of
cement matrix. Usage of silica fume increases the thickness of tan layer owing to
silica gel formation in the ITZ. Gypsum is observed in all samples in front of the
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tan layer as a product of degradation (see Figure 12). Based on Figure 8, Table 4
and 5, weight loss of high porosity concretes begins at the later ages, but corrosion
depth of high porosity concretes is probably more than that of the low porosity
concretes.

C1

C2

Figure 11. Cement matrix of different mixtures

C3

Table 5. Thickness of tan layer for different mixtures
C3
C1
C2
Mixture code
Thickness of tan layer ( μm ) 200 200 290

C1: 200 μm
C3: 290 μm
Figure 12. Thickness of tan layer in C1 and C6 mixtures

4. CONCLUSIONS
Based on the test results, the following observations and conclusions are drawn:
1. Using an ideal aggregate grading decreases the porosity of mortars and
concretes and increases their durability.
2. Most properties of concretes containing ultra fine filler such as compressive
and flexural strengths, density, air content of fresh concrete and porosity were
further improved.
3. Porosity plays a twofold role in different concentration of sulfuric acid
solutions. External and internal corrosion was observed for high and low
concentration, respectively.
4. For high concentration of sulfuric acid solutions that is caused internal
corrosion, higher porosity concretes showed less mass loss. But, their
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corrosion depths should be investigated separately.
5. Utilization of ultra fine Quartz powder reduces porosity and hence increasing
the resistance of concretes against sulfuric acid attack.
6. Utilization of silica fume prepared with an ideal grading curve of the
cementitious materials improved the durability of concretes in sulfuric acid
environments.
7. Corrosion rate varies with variation in micro structure of cement matrix.
8. Gypsum is observed in all specimens subjected to sulfuric acid solutions with
pH of 1.0 as a product of degradation.
9. Application of ideal grading curve for cementitious materials enhances the
homogeneity of the mixtures.
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ABSTRACT
Chloride diffusion is one of the major causes of deterioration of concrete
structures. A large amount of research has been conducted to study the chloride
diffusion of concrete, both experimentally and theoretically. Because chloride
diffusion experiments are time consuming, it is desirable to develop a model to
predict the chloride profiles in concrete. This paper studies the feasibility of using a
neural network as an adaptive synthesizer as well as a predictor to meet such a
requirement.
So some neural network models to predict chloride diffusion coefficient were
made. The models were trained by results of chloride profile experiments. Input
parameters were water to binder ratios, the amount of silica-fume and
environmental condition of samples. The output parameter was chloride diffusion
coefficient.
Neural network models are multi layer Perspetron models and they differ in the
number of hidden layers and neurons. To control the accuracy of the model, an
ANNs model was made and the result of the model was compared with test
specimens. The result demonstrates that both neural network models have the
ability of predicting the chloride diffusion coefficient with good accuracy.
Keywords: neural network model, chloride diffusion coefficient
1. INTRODUCTION
Steel reinforced concrete is one of the most durable and cost effective construction
materials. The durability of reinforced concrete depends on the surrounding
environment and exposure conditions, including the factors such as carbonation,
corrosion, alkali-slices reaction and freezing/thawing [1,2]. Corrosion of reinforced
steel resulting from the ingress of chloride ion is one of the most important issues
concerning the durability of concrete structures. The prevention of reinforcement
corrosion is primarily in the design stage with the use of high quality concrete and
adequate cover. It is well known that steel is protected from corrosion by a
microscopically thin oxide layer (Passive film: γ-Fe2O3-H2O) that is formed in the
highly alkaline condition of concrete pore solution. This protective film suppresses
the iron dissolution to negligibly low values and furthermore, this oxide is
insoluble and highly stable [3]. Corrosion occurs by loss of the alkalinity of
concrete in the form of carbonates, thereby providing a direct route for chlorides to
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approach the reinforcing steel and prevent re-passivation reaction that leads to
pitting corrosion [4].Carbonates, chlorides and sulphates media can be found in
concrete when using contaminant aggregate, or adding CaCl2 during the mixing
step or they are found under the effect of sea-water or ground water on concrete
and they can also result from an attack on concrete by the surrounding environment
in coastal regions. Carbonation destroys the protective oxide layer presented on the
surface of embedded steel in concrete leading to corrosion. As the corrosion of
embedded steel continues, the products formed exert enormous stress on the
surrounding concrete leading to cracking and later sapling of the concrete. These
stresses have been reported to be as high as 450 Mpa [5]. Methods of corrosion
control include cathodic protection, surface treatments of the rebar and the use of
admixtures in concrete [6]. Use of blended cements incorporating supplementary
cementing materials such as silica-fume, blast furnace slag, fly ash or natural
pozzolan, is a solution that leads to mixtures with greater resistance against
chloride [7].
There are a number of computational analysis techniques that deal with concrete
[8-12]. One of the most known techniques is artificial neural network (ANNs) [13,
16]. Topcu and Sndemire [17] that used ANNs and Fuzzy logic for prediction of
mechanical properties of recycled aggregate concretes containing silica fume. They
obtained successful simulation result from both ANNs and fuzzy logic. Altun et al.
[18] used ANNs for predicting the compressive strength of steel fiber added
lightweight concrete and they compared ANN result with multi layer regression
technique results. They concluded that ANNs predicts the compressive strength of
steel fiber added lightweight concrete more accurately than multi layer regression.
Sakla and Ashour [19] predicted tensile capacity of single adhesive anchors using
ANNs. They concluded that ANN is a useful technique for predicting of tensile
capacity of adhesive anchors. Since ANNs has taken into account nonlinear
transfer functions, they can automatically consider the nonlinear relations between
the data. Hence better prediction results than other statistical tools can be obtained
in general. Topcu et al. [3] used ANNs to model corrosion currents of reinforced
concrete. They used two types of cement and 3 different ratios of fly ash for their
modeling. Their Ann model produced close prediction current values to currents
measured in experiment. They concluded that ANN is an appropriate tool for
modeling the corrosion currents. Parichatprecha, and Nimityongskul.[20] used
ANNs to durability analysis of high performance concretes. Their results indicated
that the ANN models can be used to efficiently predict the chloride ions
permeability across a wide range of ingredients of HPC. Based on the simulated
total charge passed model, built using trained neural networks, they also concluded
that the optimum cement content for the design of HPC in terms of total charge
passed ranges from 450 to 500 kg/m3.
The aim of this study is to construct an ANNs model to investigate the influence of
mix proportion parameters on the resistance of chloride ion penetrability on
concretes containing silica-fume. For this purpose, data for developing the neural
network model are collected from the experiments. The design of the experimental
program is based on the relevant parameters, namely W/B, cement content, silica
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fume content and some experimental data.
2. ARTIFICIAL NEURAL NETWORKS
Artificial neural networks are computing systems that simulate the biological
neural systems of the human brain. They are based on a simplified modeling of the
brain’s biological functions exhibiting the ability to learn, think, remember, reason,
and solve problems. Conceptually, a neural networks model consists of a set of
computational units and a set of one-way data connection joining units or weights
as shown in Figure 1.

Figure 1. Single processing element of ANNs

Units that receive no input from others are called input nodes, while those with no
outgoing links are called output nodes. All other intermediate units are called
hidden nodes. The multi-layered model has several layers, and each layer consists
of numerous neurons which are connected with each other. In this model,
information is sent from input layer to output in one direction, and learning is
preceded so as to minimize the difference between the output of the model and the
target output. ANNs can solve challenging problems of interest to computer
scientists and engineers such as pattern classification, categorization, function
approximation, prediction and forecasting, optimization, content-addressable
memory, and control robotics. Rumellhart et al. [21] developed a method called
error back-propagation, or more simply back-propagation, for learning associations
between input and output patterns using more than the two layers of Rosenblat’s
original perceptron. Back-propagation is a supervised learning technique that
compares the responses of the output units to the desired response, and readjusts
the weights in the network so that the next time when the same input is presented to
the network, the network’s response will be closer to the desired response. Errors
that arise during the learning process can be expressed in terms of mean square
error (MSE) and are calculated using Eq. (1).

⎛1⎞
2
MSE = ⎜⎜ ⎟⎟ * ∑ (t j − σ j )
⎝ p⎠ j

(1)
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In addition, the absolute fraction of variance (R2) and mean absolute percentage
error (MAPE) are calculated using Eqs. (2) and (3), respectively.

⎛ ∑ (t j − σ j )2 ⎞
⎟
⎜ j
⎟
R2 = 1 − ⎜
2
⎜⎜ ∑ (σ j ) ⎟⎟
j
⎠
⎝
⎞
1 ⎛ σ j −tj
MAPE = ∑ ⎜
*100 ⎟
⎟
p j ⎜⎝ σ j
⎠

(2)

(3)

where tj is the target value of jth pattern, σj is the output value of jth pattern, and p is
the number of patterns.
3. EXPERIMENTAL STUDIES
3.1. Materials Used
3.1.1. Cement and silica-fume
In experimental studies, the CEM I 425 R Portland cement which is produced by
Tehran cement factory were used.
3.1.2. Aggregates
Crushed sand and crushed stone aggregates were used. The maximum particle size
of aggregates is 20 mm. As a result of the experiment, the specific gravities of sand
and crushed stone are obtained as 2.62 and 2.71 kg/dm3, respectively.
3.2. Mix Proportions
Cement type I.425 was used in concrete mixtures. Concretes are produced using 0,
7 and 10% replacement level of SF by weight of cement. These specimens were
cured at 28, 90 and 270 days. The amounts of materials used in 1 m3 concrete are
given in Table 1.
Table 1: Mix design of specimens
csf/(c+csf)*
sand
Specimen code
W/B
M-35-0
0.35
0
800
M-35-7
0.35
7
800
M-35-10
0.35
10
800
M-40-0
0.4
0
800
M-40-7
0.4
7
800
M-40-10
0.4
10
800
M-50-0
0.5
0
800
M-50-7
0.5
7
800
M-50-10
0.5
10
800
*
csf : content of silica-fume in concrete

gravel
1050
1050
1050
1050
1050
1050
1050
1050
1050
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4. EXPERIMENTAL PROGRAM AND DATA COLLECTION
The first step in developing the network is to obtain good and reliable training and
testing examples. To obtain the data for developing the neural network models,
different experiments were done on specimens. The aim of these experiments was
to find a relationship between mix design and chloride diffusion coefficient in
concrete. For this reason, the specimens were exposed to chloride in 3 different
conditions for more than 270 days. The environmental conditions were submerge,
tidal and atmospheric zone. Persian Gulf modeling room of Building and Housing
Research Center (BHRC) was used to model the mentioned environment. In
addition to this experiment, RCPT, concrete compressive strength and water
permeability of concrete under pressure were done to find a relationship between
concrete durability contents and chloride penetration coefficient. Results of
experiments can be finding in ref. [22].
4.1. Variables Selected for Neural Networks
Considering the environmental conditions at the construction sites and in order to
find the important variables that might strongly affect the chloride diffusion
coefficient, 7 different ANNs were selected with different input variables and
hidden layers. 1 variable was chosen as the desired output. Table 2 gives the list of
the ANNs inputs and outputs. In this study, the neural networks were developed
and performed under MATLAB programming. The learning algorithm used in the
study was gradient descent with adaptive learning rate back-propagation, a network
training function that updates weight and bias values according to gradient descent
with adaptive learning rate [21]. The error incurred during the learning process was
expressed in terms of mean-squared-error (MSE).

Code
M1
M2
M3
M4
M5
M6
M7

Table 2: Input and output parameters of ANNs
Input
Output
Diffusion
SF
RCPT Time of
RCPT
W/B
coefficient
(%)
index exposing index
D
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

Number
of Data
24
16
16
24
24
24
24

All model structures were based on the following cases:
1. The minimum and maximum neurons in the hidden layer were changing
between 1.5 and 3 times the input number of parameters. For example, in the
model with 2 input parameters, the number of hidden layer neurons was 3 to 6.
2. The number of iterations and MSE between output parameter of model and test
data was the criteria used for selecting the best model.
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5. RESULTS AND DISCUSSION
For 7 models, the summary of models has been collected in tables 3-9. According
to the criteria mentioned for choosing the best model in each ANNs, the selected
model has been shown in different colors in the rows.

Code
M1-3-1
M1-4-4
M1-5-6
M1-6-4

Table 3: The summary of results of M1 ANNs model
Number of Number of neurons
MSE (*10-4)
iterations
in hidden layer
6
3
6.52
5
4
6.52
5
5
6.52
4
6
6.52

MAPE
7.93
7.93
7.93
7.93

Table 4: The summary of results of M2 ANNs model
Number of
MSE
Number of
neurons in hidden
Code
MAPE
iterations
(*10−4)
layer
M2-5-1
13
5
1
12.68
M2-6-5
9
6
1
22.93
M2-7-7
7
7
1
7.63
M2-8-2
7
8
1
11.97
M2-9-4
6
9
1
62.57
Table 5: The summary of results of M3 ANNs model
Number of Number of neurons
MSE
MAPE
Code
iterations
in hidden layer
(*10-4)
M3-5-3
9
5
1
21.50
M3-6-1
9
6
1
20.61
M3-7-2
8
7
1
9.30
M3-8-3
6
8
1
1.76
M3-9-2
5
9
1
16.14

Code
M4-3-1
M4-4-2
M4-5-2
M4-6-4

Code
M5-3-3
M5-4-3
M5-5-2
M5-6-2

Table 6: The summary of results of M4 ANNs model
MSE
Number of Number of neurons
iterations
in hidden layer
(*10−4)
1000
3
5.01
1000
4
1.19
1000
5
0.02
1000
6
0.0008

MAPE
120.4
84.97
92.90
9894.78

Table 7: The summary of results of M5 ANNs model
MSE
Number of
Number of neurons
MAPE
iterations
in hidden layer
(*10−4)
1000
3
3.23
66.05
1000
4
0.772
23.12
1000
5
0.0002
150.07
1000
6
0.0919
205.68
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Code
M6-3-3
M6-4-3
M6-5-1
M6-6-2

Table 8: The summary of results of M6 ANNs model
Number of
Number of neurons
MSE
MAPE
iterations
in hidden layer
(*10-4)
1000
3
1.27
7.30
1000
4
0.0975
8.64
1000
5
0.0448
36.79
1000
6
8.04*10-9
29.46

Table 9: The summary of results of M7 ANNs model
Number of Number of neurons
MSE
Code
MAPE
iterations
in hidden layer
(*10-4)
M7-3-3
1000
3
5.7
9.46
M7-4-1
1000
4
0.0683
14.27
M7-5-3
1000
5
0.0683
23.10
M7-6-1
1000
6
3.33*10-8
84.35

As it can be seen from the results, the selection of mix design parameter (W/B and
S.F percentage) makes better output than RCPT. It is because of the uncertainties
of RCPT. Furthermore, both the number of neurons in hidden layer and number of
hidden layers in relation with each other has a positive effect in ANNs output. It's
because of the nonlinear nature of chloride diffusion in concrete.
6. CONCLUSION
After the tests, it is observed that the diffusion of chloride in concrete changes by SF
ratio used instead of cement and water to binder ration. As a result of the analysis,
ANN structures that produce close prediction current values to measured ones are
presented and the robustness of ANN structure is tested. 7 ANN model was tested and
in each model, the input and output parameters was changed to find the best input
variable for prediction of chloride diffusion coefficient in concrete. The results show
that W/B ration and percentage of silica-fume in concrete are better inputs than RCPT
results. Furthermore, the results show that both the number of neurons in hidden layer
and number of hidden layers in relation with each other has positive effect in ANNs
output. To sum up, it is concluded that ANN is an appropriate tool for modeling the
diffusion coefficient of chloride in concrete.
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ABSTRACT
One of important causes for failure of concrete structures particular in Persian Gulf
region is diffusion of chloride in concrete .One of the parameters which can
increase the diffusion chloride ion is level of diffusivity of the concrete. prediction
of concrete diffusion factor is an important issue as a key parameter in life cycle of
concrete structures.
Experimental method in this field have problems such as time consummation, high
cost, lack of experimental instruments, existence of inconvenience ions during
experiment, committing unwanted errors and distorting from the true model.
For this reason in this research singular value decomposition (SVD) for modeling
the diffusivity of chloride ion in concrete has been used.
The aim of this modeling is to find mathematical relation between the concrete
diffusivity coefficient with effective parameters on it which means the proportion
of water per cement and percent of silica fume.
Keywords: prediction, dimensionless analysis, persian gulf, chloride diffusion,
SVD
1. INTRODUCTION
Concrete is such a construction material that is widely used in the world. The
advantages of concrete are low cost, availability of constituents, workability,
durability and convenient compressive strength that make it popular near engineers
and builders. However, these advantages seriously depend on the correct mix and
placing and curing [1,2].
Per year millions dollars are spent as the result of destruction of concrete structures
near seashore and industrial refineries which contain chloride ions. The concrete
used in this structures-specially sea structures- should resist against factors such as
chloride attack and steel corrosion. In middle east specially in Persian gulf and
southern banks of the Iran, the problems in concrete processing with high
reliability cause high cost for the country[3].
Economically the best solution for preventing the precocious destruction is
increasing the concrete resistance against chloride permeation during the concrete
life. By operating of laboratory instruments we can produce concrete which can
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fulfill our needs. But there is no clear way to determine the duration of concrete
structures and predicting the diffusion of chloride. The main problem is the vast
variation of mixing proportion and huge number of effective parameters [4]. One
of the methods for predicting the life time of concrete in the world is gathering the
result of experiments and the present structure information for making a model that
its usage decreases costs and time, easing in application and flexibility in any
concrete structure.
Prediction of concrete diffusion factor is an important issue as a key parameter in
life cycle of concrete structures.
System identification and modeling of complex processes using input-output data
have always attracted many research efforts. In fact, system identification
techniques are applied in many fields in order to model and predict the behaviors of
unknown and/or very complex systems based on given input-output data [5].
Theoretically, in order to model a system, it is required to understand the explicit
mathematical input-output relationship precisely.
There have been many research efforts for theoretical modeling the properties of
concrete to predict the relationship of concrete diffusion factor as a function of the
water per cement ratio and silica fume percent [6].
In this paper, experimental data of Construction Materials Institute at the
University of Tehran [7] In which parameters water per cement ratio and silica
fume percent are considered as input variables are used to find an equation for
predicting concrete diffusion factor as output variable using singular value
decomposition (SVD) method. In this way, the above mentioned input variables are
re-grouped as dimensionless parameters which are then used to obtain the closedform equation of concrete diffusion factor under aggressive environment in Persian
gulf experiments carried out by M.shekarchi zadeh and others [7]. Such hybrid
application of SVD and dimensionless analysis modeling is very simple and
promising in modeling of the complex processes such as concrete diffusion factor
under aggressive environment.
2. EXPERIMENTAL PROCEDURE
Experiments were carried out on result of experimental data on concrete durability
in the south of Iran region.
In that regard, 20 concrete prism specimens measuring 15×15×60cm were exposed
to the marine environment of Bandar Abbas city in the south of Iran, see Figure 1.
All concrete specimens were made with 400kg/m3 Portland cement type II and
crushed coarse aggregate (maximum size of 12.5 mm). Among the variables, five
percentages of cement replacement with silica fume (0, 5, 7.5, 10, and 12%), and
four water to cement ratios (0.35, 0.40, 0.45, and 0.50) were Investigated [7,8].
The data for the chloride diffusion coefficient for the age of 86 days were obtained.
In this age, a 10 cm part of the specimens was cut for measuring the chloride ion
content at different depths from the surface, see Figure 2, and thereby obtain the
associated chloride profile on the top and bottom surfaces of the specimen.
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Figure 1. Bandar-Abbas exposure site on the southern Iranian coast

Figure 2. Concrete prism specimens exposed to marine environment
for durability studies

3. DIMENSIONLESS MODELING OF CONCRETE DIFFUSION FACTOR
USING SVD
The use of dimensionless parameter in modeling of concrete diffusion factor has
been reported by Institute at the University of Tehran [7] using some experimental
data, including those used by Beheshti Nezhad and Ranjbar [6]. They applied
group method of data handling (GMDH)-type neural networks for modeling and
prediction of concrete diffusion factor. However, singular value decomposition
(SVD) and dimensionless parameters can be readily used together to obtain a
simple equation for predicting the concrete diffusion factor based on the
experimental data.
The formal definition of modeling is to find a function fˆ so that can be
approximately used instead of actual one, f , in order to predict output ŷ for a
given input vector X = ( x1 , x 2 , x3 ,..., x n ) as close as possible to its actual output
y. Therefore given M observation of multi-input-single-output data pairs so that
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yi = f ( xi1 , xi 2 , xi 3 ,..., xin ) i = 1,2,..., M ,

(1)

it is now possible to obtain fˆ to predict the output values ŷ i for any give input
vector
X i = ( xi1 , xi 2 , xi 3 ,..., xin )
(2)
Such that

yˆ i = fˆ ( xi1 , xi 2 , xi 3 ,..., xin ) i = 1,2,..., M

(3)

The problem is now to determine fˆ so that the square of different between the
actual output and the predicted one is minimized, i.e.
M

∑[ fˆ ( x
i =1

i1

, xi 2 , xi 3 ,..., xin ) − yi ]2 → Min.

(4)

In
dimensionless
modeling,
however,
a
dimensionless
set, π = {π 0 , π 1 , π 2 , π 3 ,..., π k } , rather than the set of real physical variable

{ y, X } = { y, x1 , x 2 , x3 ,..., x n } , is used to obtain fˆ , i.e.

πˆ 0i = fˆ (π 1i , π 2i , π 3i ,..., π ki )

i = 1,2,..., M

(5)

Such that
M

∑[ fˆ (π
i =1

1i

, π 2i , π 3i ,..., π ki ) − πˆ oi ]2 → Min

(6)

In the order to construct such independent dimensionless parameters for modeling
of concrete diffusion factor ( D f ) , total water per cement ratio ( w / c) and silica
fume percent (SF ) have been considered. From the set of such input-output
parameter, K=3 independent dimensionless parameters can be constructed
according to three main dimensionless (M, L, T) as follows

π 1 = log(1 / D)
W
,
C
SF
,
π3 = 1−
100

π2 =

So that,

π 1 = f (π 2 , π 3 ) .

(7-a)
(7-b)

(7-c)
(8 )
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In order to use SVD to obtain the model, equation (8) can be represented as

π 1 = C (π 2 )α (π 3 ) β

(9)

Therefore, the problem of modeling is now to find coefficients C, α and β so
that equation (6) is satisfied. By using natural logarithm, equation (9) can be
represented as a linear relation with respect to the coefficients
(η = LnC ), (α ) and ( β ) as
Ln ( π1 ) = η + α Ln ( π 2 ) + β Ln ( π 3 )

(10)

Consequently, a system of M Linear algebraic equation with K=3 unknown of the
above mentioned coefficients is now constructed based on M input-output
experimental data pairs as follows

where

⎧η + αζ 11 + βζ 12 = ζ 10
⎪η + αζ + βζ = ζ
⎪
21
22
20
,
⎨
⎪::::::::::::::::::::::::::::::::::::::::
⎪⎩η + αζ M 1 + βζ M 2 = ζ M 0

(11)

ζ ij = Ln(π ij ) . i = 1,2,..., M , j=1,2

(12)

ζ i 0 = Ln(π i 0 ) . i = 1,2,..., M

(13)

and

Such system of linear equations in which M>>K=3 can be represented as

AX = Y ,

(14)

X = [η α β ]T ,

(15)

Y = [ζ 10 ζ 20 ... ζ M 0 ]T ,

(16)

⎡1 ζ 11 ζ 12 ⎤
⎢1 ζ
ζ 22 ⎥⎥
21
A=⎢
⎢:
:
: ⎥
⎢
⎥
⎣1 ζ M 1 ζ M 2 ⎦

(17)

Where

And
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The least-squares technique from multiple-regression analysis leads to the solution
of the normal equation in the form of

X = ( AT A) −1 AT Y ,

(18)

Which determines the vector of the best k = 3 unknown of equation (9) for the
whole set of M experimental observation data. However, such solution directly
form solving normal equations (18) is rather susceptible to round off error and,
more importantly, to the possible singularity of these equations. Therefore, SVD is
used to solve equation (14) which leads to better results in comparison with those
of using equation (18).
SVD is the method for solving most linear least-squares problems that some
singularities may exist in the normal equations. The SVD of a matrix, A ∈ ℜ M × K ,
is a factorization of the matrix into the product of three matrices, column
orthogonal matrix U ∈ ℜ M × K , diagonal matrix W ∈ ℜ K× K with non-negative
elements (singular values), and orthogonal matrix V ∈ ℜ K× K such that

A = UWV T

(19)

The most popular technique for computing the SVD was originally proposed in [9].
The problem of optimal selection of vector of the coefficients in equation (15) and
(18) is firstly reduced to the modified inversion of diagonal matrix W [10] in which
the reciprocals of zero or near zero singulars (according to a threshold) are set to
zero. Then, such optimal X are obtained using the following relation

⎡
⎛ 1
X = V ⎢diag ⎜
⎜w
⎢⎣
⎝ j

⎞⎤ T
⎟⎥ U Y
⎟⎥
⎠⎦

(20)

In order to demonstrate the prediction ability of SVD in such dimensionless
modeling, the data have been divided into two different sets, namely, training and
testing sets. The training set, which consists of randomly chosen N t input-output
data pairs, is used for training the K = 3 unknown coefficients involved in the
dimensionless model of concrete diffusion factor. The testing set, which consists of
N P unforeseen input-output data samples during the training process, is merely
used for testing to show the prediction ability of the obtained simple model.
4. RESULTS AND COMPARISONS
In order to obtain a simple model for concrete diffusion factor under aggressive
environment (equation (9)), the experimental data of shekarchi [7] described in
section of experimental procedure is now converted into a dimensionless data table
based on definitions (7-a)-(7-d) and their natural logarithms equations (12)-(13).
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The unknown K = 3 coefficient involved in the simple model representing by
equation (9) can now be determined by either solving normal equation (SNE) by
pseudo- inverse of matrix A given by equation (18) or by SVD approach proposed
in this work given by equation (20). Such approach is accomplished by randomly
selecting N t data pairs out of total N=20 data pairs. The remaining

N p = N − N t data pair is used to show the prediction ability of the obtained simple
model in the form of equation (9).
In order to obtain the best possible model (as the amount of N t can vary
between N t = K = 3 to N t = N ), series of runs in which N t and N p vary
between (3 to N) and (N to 3), respectively, have been performed. The values of
root mean squares of errors (RMSE) obtained using SVD and SNE are 0.959353
and 1.37529, respectively, which demonstrates the superiority of SVD over SNE.
In this paper, N t = 5 and N p = 15 has been chosen to represent the simple
dimensionless concrete diffusion factor in Persian gulf environment. The
corresponding values of parameters are found as C = 10.628, α = −4.353519 E − 02,
β = −3.952748 E − 01 Hence, the model can now be given as

log(1 / D) = 10.628(w/c) -4.353519E-02 (1 − sf / 100) -3.952748E-01

(21)

Figure (3) shows the comparison of (log1 / D) given by equation (21) with respect
to the experimental values both for training and testing data sets. It is evident from
this figure that equation (21) predicts the midpoint concrete diffusion factor
successfully for the testing data.
exprimental value

computed by simplified model (eq.21)
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Figure 3. Variation of concrete diffusion factor using the simplified model (equation
21) in comparison with the experimental values

However, the obtained model given by equation (21) can be further simplified in
order to compare with some other models in world.
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5. CONCLUSION
Singular value decomposition and dimensionless analysis have been used to model
the concrete diffusion under aggressive environment using some experimental
input-output data. It has been shown that the simple obtained model can
successfully predict the concrete diffusion factor compared with the actual
experimental values. The methodology of this paper can be readily applied to find
simple closed-form equations of complex real-world processes where some
experimental input-output data pairs are available.
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ABSTRACT
Replacement of cement with pozzolan in the production of concrete not only
improves the mechanical properties and durability of concrete but also decreases
the amount of consumed cement in construction projects as well.
For many decades, the concretes incorporating Rice Husk Ash (RHA) as an
artificial Pozzolan have been noticed for its qualities and properties. The ash
remaining from burning rice husk with high specific surface, decreases porosity
and permeability and increases durability of concrete as a result of considerable
pozzolanic activities and chemical activities with Calcium Hydroxide.
In this paper, in order to supply typical RHA, a special furnace was designed and
constructed in Amirkabir University of Technology.
XRD and XRF techniques were used to determine the amorphous silica content of
the burnt rice husk. Consequently, temperature of 650 degrees centigrade and 60
minutes burning time was found to be the best combination.
Then, various experiments were carried out to determine properties of concretes
incorporating optimum RHA. The results show that RHA as an artificial pozzolanic
material has increased the strength and reduced chloride permeability leading to
higher durability. As an example, the tensile strength increased up to 13% after 28
days and up to 23% at 90 days.
Keywords: RHA, durability, special furnace, mechanical properties, RCPT
1. INTRODUCTION
Sustainable development of the cement and concrete industry requires the
utilization of industrial and agricultural waste components. At present, for a variety
of reasons, the concrete construction industry is not sustainable. Firstly, it
consumes huge quantities of virgin materials which can remain for next
generations. Secondly, the principal binder in concrete is Portland cement, the
production of which is a major contributor to greenhouse gas emissions that are
implicated in global warming and climate change. Thirdly, many concrete
structures suffer from lack of durability which may waste the natural resources. So,
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finding a solution to substitute a practical recycled product for part of the cement
seems to be desirable for sustainable development. [1-7]
Recycling of waste components contributes to energy savings in cement
production, to conservation of natural resources, and in protection of the
environment. Furthermore, the use of certain components with potentially
pozzolanic reactivity can significantly improve the properties of concrete [8-14].
One of the most suitable sources of pozzolanic material among agricultural waste
components is rice husk, as it is available in large quantities and contains a
relatively large amount of silica. When rice husk is burnt, about 20% by weight of
the husk is recovered as ash in which more than 75% by weight is silica. Unlike
natural pozzolan, the ash is an annually renewable source of silica. It is worth
mentioning that the use of RHA in concrete may lead to the improved workability,
the reduced heat evolution, the reduced permeability, and the increased strength at
longer ages. [15-21]
In Iran, rice production has increased during these years, becoming the most
important crop. Rice husks are residue produced in significant quantities. While in
some regions, they are utilized as a fuel in the rice paddy milling process, in our
county they are treated as waste, causing pollution of environment and disposal
problems. Due to increasing environmental concern, and the need to preserve
energy and resources, efforts have been made to burn the husks under controlled
conditions and to utilize the resultant ash as a building material. In addition, rice
husks are able to be an ideal fuel for electricity generation [11-14].
The use of Rice Husk Ash (RHA) in concrete was patented in the year 1924 [14].
Up to 1978, all the researches were concentrated to utilize ash derived from
uncontrolled combustion. Mehta published several papers dealing with rice husk
ash utilization during this period. He established that burning rice husk under
controlled temperature-time conditions produces ash containing silica in
amorphous form [22-26].
Depending on produce method, the utilization of rice husk ash as a pozzolanic
material in cement and concrete provides several advantages, such as improved
strength and durability properties. Rodrı´guez de Sensale [16] reported that mortars
and concrete containing RHA have compressive strength values inferior or superior
to that of OPC concrete. In addition, in most of the cases [18, 19, 26], mortars and
concrete containing RHA improves durability of concrete at various ages.
Generally, there are two types of RHA in concrete. The type of RHA which is
suitable for pozzolanic activity is amorphous rather than crystalline. Therefore,
substantial research has been carried out on producing RHA containing high
amount of amorphous silica. The results have shown that RHA quality depends on
temperature and burning time.
In fact, for an incinerator temperature up to 700°C the silica is in amorphous form
and silica crystals grew with time of incineration. The combustion environment
also affects specific surface area, so that time, temperature and environment also
must be considered in the processing of rice husks to produce ash of maximum
reactivity [5, 7].
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2. MATERIALS USED
The following materials were used in the preparation of the concrete specimens.
Local natural sand according to ASTM Standard with maximum aggregate size of
4.75 mm; Crushed granite according to ASTM Standard with maximum aggregate
size of 19 mm; Tehran potable water, Type I Portland cement and homogeneous
rice husk ash produced by the special designed furnace at 650°C and 60 minutes
burning time. Table 1 shows the physical and chemical characteristics of RHA
(RHA-650-60) and cement.
Table 1: Physical and chemical characteristics of cement and RHA
Physical Tests

Chemical Analyses, (%)

Bogue Composition, (%)

Specific
Gravity

Blaine,
(cm2/gram)

SiO2

Al2O3

Fe2O3

CaO

MgO

Na2O

K2O

LOI

C3S

C2S

C3A

C4AF

RHA

2.15

3600

89.61

0.04

0.22

0.91

0.42

0.07

1.58

5.91

―

―

―

―

Cement

3.21

3200

21.50

3.68

2.76

61.50

4.80

0.12

0.95

1.35

51.1

23.1

5.1

8.4

3. TEST METHODS
A total of 4 concrete mixtures were made; one corresponding to a control concrete
(CTL) and three others with 7%, 10% and 15% RHA replaced with cement by
weight. Table 2 lists the mix proportions of concrete. Slumps were kept constant at
70 ± 10 mm. Superplasticizer with polycarboxylate base was used at very low
percentages according to the results obtained for the slumps. Concrete test
specimens were compacted by external vibration and kept protected after casting to
avoid water evaporation. After 24 hr. they were demolded and cured in limesaturated water at 23 ± 2°C to prevent possible leaching of Ca (OH) 2 from these
specimens.
Concrete cubes of 100×100×100mm dimension were cast for compressive strength
and water penetration tests. The results obtained are reported as an average of two
tests. While two 150×300 mm cylinder concrete specimens were prepared for the
tensile strength test and static modulus of elasticity, samples of rapid chloride
permeability tests (RCPT), according to ASTM C 1202, were prepared by cutting
and discarding 25mm slices from the top and bottom of 100×200 mm cylinders,
and the remaining section cut into three 50mm thick slices. The water permeability
test was conducted using a high-pressure permeability cell. The specimens used
were cubes of 150×150×150 mm dimension. In addition, 50×50×50 mm mortar
samples were prepared for the pozzolanic activity test. All specimens were moist
cured until the time of testing.
Table 2: Mix proportions of concrete
CTL
7%RHA
10%RHA
15%RHA

RHA
(kg/m3)
0
29.4
42
63

cement
(kg/m3)
420
390.6
378
357

Aggregate (kg/m3)
Fine
coarse
815
995
815
995
815
995
815
995

SP/cement
(%)
0
0.15
0.25
0.40

water/
cement
0.45
0.45
0.45
0.45
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4. TEST RESULTS
The results of pozzolanic activity test are shown in Table 3. Results demonstrate
high pozzolanic activity index of RHA over that of the control in accordance with
ASTM C-311/ASTM C-618 test method. On the other hand, produced rice husk
ash is a high reactive pozzolanic material, and entirely satisfies other requirements.
Figure 1 shows XRD patterns of the ash.
Table 3: Comparison in chemical and physical specifications of produced RHA with
ASTM standard C618-03
ASTM
RHA results
Chemical Requirements
SiO2 + Al2O3 + Fe2O3, min., %
70
89.9
SO3, max., %
4
0.15
Moisture Content, max., %
3
0.23
Loss On Ignition (LOI), max., %
6
5.9
Physical Requirements
Fineness: Amount retained when wet-sieved
34
8
on 45 µm sieve, max., %
Strength Activity Index (20% RHA) at 3-day,
--102
min. % control
Strength Activity Index (20% RHA) at 7-day,
75
106
min. % control
Strength Activity Index (20% RHA) at 2875
110
day, min. % control

Figure 1. Results of XRD on rice husk ash sample

Results of the compressive strengths of concretes are given in Figure 2. In general,
the RHA concrete had higher compressive strengths at various ages and up to 90
days when compared with the control concrete. The results show that it was
possible to obtain a compressive strength of as high as 46.9 MPa after 28 days. In
addition, strengths up to 63.2 MPa were obtained at 90 days.
Figure 3 shows that concrete containing RHA has a greater splitting tensile strength
than that of the control concrete at all ages. It is clear that, as the amount of RHA
increases, the tensile strength increases up to 20%. For instance, at 90 days the
15%RHA concrete had a compressive strength of 5.62 MPa compared with 4.58
MPa for the control concrete.
Figure 4 shows the static modulus of elasticity in compression of concrete mixed
with different proportions of RHA at 28 and 90 days. After 90 days, mixture
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containing 15% of RHA showed 7% increase in static modulus of elasticity in
compression as compared to the control concrete. On the other hand, concrete
containing RHA depicts a higher static modulus of elasticity when compared to the
control concrete.

Figure 2. Compressive strength (MPa)
at various ages for control (CTL) &
RHA mixtures

Figure 3. Tensile strength (MPa) at various
ages for control (CTL) & RHA mixtures

Figure 4. Modulus of elasticity (GPa) at
various ages for control (CTL) & RHA
control mixtures

Figure 5. Resistance to chloride ion
penetration (coulomb) at various ages for
(CTL) & RHA mixtures

Results of the rapid determination of chloride permeability of concrete test (Figure
5) show that using RHA drastically enhances resistance to chloride penetration
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compared to control concrete on average, around 4~5 times higher for the 15%
RHA. At 7 days, the control concrete showed the highest value of 6189 coulombs
while the charge passed through the 15%RHA concrete was 1749 coulombs.
With a continuous moist-curing of up to 91 days, the charge passed through all
concretes; was reduced. The charge for the 15%RHA concrete was reduced to 576
coulombs, which was well below that of the control concrete (2563 coulombs).
According to ASTM C 1202, when the charge passed through concrete is below
1000 coulombs, it is categorized as a very high resistance concrete to chloride ion
penetration.
The chloride permeability of the concrete specimens incorporating 15%RHA was
“very low”, while that of the concrete specimens with 0%, 7%, 10% RHA were
“moderate”, “low” and “low”, respectively, as per ASTM C 1202 criteria.
In addition to RCPT, investigations of water permeability were carried out. In this
test, water was forced into the concrete samples from one side for three days and
under constant pressure of 0.5 MPa. Then, the samples were split in a plane parallel
to the direction of water penetration, and the greatest depth of water penetration
into the concrete sample was measured. The depth of water penetration of concrete
incorporating RHA specimens is shown in Figure 6. As expected, depth of water
penetration of concrete specimens decreased significantly with an increase in RHA
content and curing period.
Figure 7 gives a linear relationship between compressive strength and tensile
strength, it is significant. A good relationship was also found between RCPT and
compressive strength, which is shown in Figure 8.

Figure 6. Depth of water penetration (mm) at various ages
for control (CTL) & RHA mixtures
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Figure 7. Relationship between compressive strength and tensile strength

Figure 8. Relationship between compressive strength and RCPT test

5. DISCUSSION
Improvements in mechanical and durability properties of the concretes containing
RHA can be explained by the chemical and physical effects of RHA. Chemical
effect is mainly due to the pozzolanic reactions between the amorphous silica of
RHA and calcium hydroxide (C-H) produced by the cement hydration to form
calcium-silicate-hydrates (C-S-H). The physical effect which can also be
considered as filler effect is that RHA particles increase the packing of the solid
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materials by filling the spaces between the cement grains in much the same way as
cement fills the spaces between fine aggregates, and fine aggregates fill the spaces
between coarse aggregates in concrete. Moreover, small particles of additions
generate a large number of nucleation sites for the precipitation of the hydration
products. This will accelerate the reactions and form smaller C-H crystals. RHA
reduces the number of large pores and increases the probability of transforming the
continuous pores into discontinuous ones. Therefore, all these mechanisms make
the microstructure of the paste more homogeneous and denser.
6. CONCLUSIONS
Based on the results of the present experiments, the following conclusions can be
drawn out:
1) The quality of the RHA cement is widely varied due to the differences in the
methods of production. So, it is generally advocated to use special
incinerators, which can guarantee controlled burning conditions. With the
proper production method, rice husk ash of a pozzolanic reactivity
comparable to other pozzolans can be obtained. A special furnace which was
designed and constructed was able to produce RHA with various qualities.
2) The duration and temperature of furnace are important parameters,
influencing the reactivity of RHA pozzolans. Silica in the rice husk initially
exists in the amorphous form, but may become crystalline when rice husk is
burnt at high temperature. In addition, silica in rice husk ash will not remain
porous and amorphous, when combusted for a prolonged period at a
temperature above 650°C, or during less than a few minutes at 1100°C, under
oxidizing conditions. The results of XRD analysis show that quartz crystal is
present in both types of ashes. So, investigation on the influence of
combustion conditions on the amorphous silica suggests that the RHA-650-60
can be considered to be non-crystalline RHA and to save the RHA production
time.
3) Huge amounts of crystalline silica or higher carbon content are detrimental to
the pozzolanic reactivity of the ash. Presence of un-burnt carbon can
adversely affect the reactivity even though it is rich in amorphous silica. The
results of pozzolanic activity demonstrate high pozzolanic activity index of
produced rice husk ash concrete over that of the control. In addition, the
produced rice husk ashes containing up to 90 percent amorphous silica
entirely satisfy other requirements of ASTM standard C618-03. This shows
the high quality of produced rice husk ashes.
4) The RHA concrete showed higher compressive strength at various ages in
comparison with that of the concrete without RHA. In addition, the RHA
concrete had higher splitting tensile strength and modulus of elasticity in
comparison with that of the concrete without RHA. It is concluded that
produced RHA provides a positive effect on the compressive strength of
concretes.
5) The performance of concrete with cement replacement by RHA is outstanding
considering resistance to water and chloride ion penetration which is in many
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cases the most important characteristic concerning durability and corrosion
prevention.
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ABSTRACT
Nowadays, concrete plays an outstanding role in construction industry and variety
of engineering infrastructures such as bridges, dams, jetties, piers and channels
which are made of concrete. Since from one hand, these huge and critical concrete
structures in which some cases are of lifelines of a country are of great importance
and on the other hand, the necessity of conservation and durability of these
structures is inevitable, the importance of concrete durability will become vividly
apparent. One of the factors that can deteriorate the reinforced concrete condition
by corrosion and cause cracking in severe cold weather, has turned out to be water
penetration into concrete. With this respect, one of the practical and efficient ways
ever used to countermeasure this situation is to use water proof additives in
concrete mix in order to reduce water and waste water absorption and penetration
into concrete. In this investigation, PN gel, PN liquid and PN liquid along with
micro silica powder as waterproofing additives, were used in separate mix designs
to make specimens and then these specimens and the witness were tested by two
methods in order to determine water absorption and penetration depth in concrete.
in one of these two methods, water absorption percentage was just determined and
in the other one which was more accurate and was implemented by triaxial
apparatus, both water absorption and penetration depth in the specimens were
investigated. Finally, the tables and diagrams for gained results concerning
specimens containing PN additives and witness were prepared and compared. The
results showed about more than 50% improvement in water penetration reduction.
Keywords: concrete, durability, waterproof additives, penetration depth, water
absorption
1. INTRODUCTION
In the present research, the methods and results of water absorption and penetration
depth tests are presented which have been carried out for four groups of specimens
including waterproofing additives PN gel, PN liquid, PN liquid along with micro
silica powder. These additives are produced by 'Vand Chemie Sakhteman"
company, and the tests have been implemented on 28-day concrete specimens in
Material and Concrete Technical Unit laboratory of Power & Water University of
Technology (PWUT).
General characteristics of materials used in concrete mix designs are presented in
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the following tables:
Table 1: Materials used in mix designs
Materials
Characteristics
Cement
Tehran Portland cement Type I
Aggregates
Materials and Concrete Technical Unit lab
Water
Tehran drinking water
Water proofing gel
PN additives (produced by 'van shimi' Co.)
Water proofing liquid
PN additives (produced by 'van shimi' Co.)
Micro silica
Powder (produced by 'van shimi' Co.)
Table 2: Mix design characteristics of specimens
Group
NO.

Mix
design

w/c
ratio

Slump
no.
(cm)

Cement
content
(kg/m3)

Aggregate
content
(kg/m3)

Coarse
aggregates
(kg/m3)

Fine
aggregates
(kg/m3)

Weight
ratio of
additives to
cement
(%)

1
2
3

witness
PN gel
PN liquid
PN liquid
+
microsilica
powder

0.63
0.63
0.63

5
16
17

350
350
350

945
945
945

473
473
473

473
473
473

0
7
0.5

0.63

16

350

945

473

473

0.5
+10

4

2. DEFINITIONS AND CALCULATIONS FORMULAS
1. Saturated with dried surface weight or SSD (Saturated Surface Dry):
Weight of aggregates in saturated state with dried surface or weight of concrete
specimen in saturated state with dried surface.
2. Water absorption:
Weight difference ratio for two states as SSD (Saturated Surface Dry) and fully
C
dried (heated in the oven for at least 48 hours in 110° ) to fully dried specimen
weight described in percentage
3. Dry weight:
C
Specimen weight after being heated in oven for 48 hours at 110° .
2.1. Construction and Test Procedure
2.1.1. Specimens construction
According to the mix design prepared as witness, at first aggregates and half of the
mix water were poured into the mixer and then cement and the rest of the water
were added into the mixer. The slump was tested in order to reach the specified
slump to the amount of 5cm. therefore, water to cement ratio was determined as
0.63 and this ratio was used in other mix designs of the specimens.The molds were
opened 24 to 26 hours after placing the concrete.[1]
2.1.2. Construction standards
Steps of making and curing of the specimens have been done as presented in the
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following table:

Row
No.
1
2
3
4

Table 3: Standards of making the concrete specimens
ABA standard (Iran
Description
concrete standard)
503 .ت.د
Making concrete specimens for concrete tests
503 .ت.د
Curing the specimens in the laboratory
Determination of concrete workability
505 .ت.د
(slump)
509 .ت.د
Determination of fresh concrete unit weight

2.2. Curing Condition of the Specimens
The specimens were kept in water with the temperature of 23°C until the age of 28
days.

Figure 1. Water pool where the specimens were kept

2.3. Implementation of Penetration Test
In order to do the penetration test by triaxial apparatus (Figures. 2-1 to 2-4), since
the maximum height of the apparatus was less than 20 cm, the specimens were cut
2 cm in length and their heights reached 18 cm.

Figure 2.1. General view of tri axial
apparatus

Figure 2.2. Digital sensor for axial force

804 / Influence of Waterproofing Admixture in Water….

Figure 2.3. Digital sensor for water input
measurment in to the specimen(volume
change)
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Figure 2.4. Measurement gauge for
confining and injection pressure with
continuous control

2.4. Sealing the Specimens and Test Procedure Selection
Since the water must be just entered from top surface of the specimen, its lateral
sides ought to be completely sealed. For this purpose, an elastic cover was used and
all of the seams were sealed with silicon glue and the cover was fully attached to
the top and bottom supports by special elastic rings, Then the confining pressure
which was higher than injection pressure was applied to the specimen and sealed it
completely (Figure 3).

Figure 3. Covering the specimen with elastic jacket

Then the witness specimen kept in the oven for 48 hours at 110°C was placed in
the triaxial apparatus and injection and confining pressures were applied as much
as 490Kpa(4.9bar) and 500Kpa(5bar), respectively. With these preparations, the
time period which lasted until the water reached the other side of the specimen
could be determined. Since in the period of one hour, no water output considered,
this time period was used as a criterion for time period test of the specimens and
this procedure was finalized after two series of tests. [2]
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2.5. Test Standard of Water Penetration Depth
According to implemented steps, standard method for the test is summarized as
following:
- First all of the specimens should be kept in the oven for 48 hours at 110°C.
- Then the specimens should be placed into the triaxial apparatus for 60 minutes
and under injection and confining pressures equal to 490Kpa and 500Kpa,
respectively.
- Finally the specimens are brought out of the apparatus and broken in Brazilin
way into two pieces. By considering the wet part of the half of the specimen,
the wet distance measured from top surface of the specimen can be determined
as water penetration depth.
It should be mentioned that the final penetration depth has been determined as
average of five readings of middle, 1/2 from sides and 1/4 from sides of diameter
of the specimens.
2.6. Characteristics of Test Specimens
2.6.1. Characteristics of Fresh Concrete
Characteristics of fresh concrete such as slump, density and ambient temperature
are listed in Table (4).

Mixture design
Witness
PN gel
PN liquid
PN liquid + micro
silica powder

Table 4: Fresh concrete characteristics
Ambient
Slump
Fresh concrete
temperature (°C)
(cm)
density (gr/cm3)
15
5
2.5
15
16
2.53
15
17
2.5
15

16

2.54

It can be concluded from the above table that slump variation of the concrete
containing water proof materials is considerable in comparison to the witness
specimen. Figure (4) demonstrates these variations properly. This vividly reveals
the improvement of concrete workability.

Figure 4. Slump comparison in different mixture designs
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2.7. Characteristics of Hardened Concrete
2.7.1. Water absorption
Two procedures were used to measure water absorption of the specimens. The first
one was mentioned in section 1-1 and the second one was in such a way that
having the specimens placed in the oven for 48 hours at 110 °C and let them to be
cooled in the air for two hours, they were placed in water for two hours and then
water absorption of the specimens were measured.
The results of both methods are presented in the table below:
Table 5: Characteristics of hardened concrete and water absorption
(first method-SSD)
Age
(days)

SSD
Weight
(gr)

Dry
weight
48hours
(gr)

witness 1

28

3538

2

PN gel 1

28

3

PN liquid 1

4

PN liquid
+ Ms 1

Row
No.

Specimen

1

Specimen
dimensions (cm)

Volume
(Cm3)

SSD
density
(gr/cm3)

Dry
density

Water
absorption
(%)

diameter

height

3244

10

18

1413.7

2.5

2.29

9.06

3480

3226

10

18

1413.7

2.46

2.28

7.87

28

3954

3686

10

20

1570.8

2.52

2.35

7.27

28

3835

3586

10

20

1570.8

2.44

2.28

6.94

Calculation results can be seen in figure (5).

Figure 5. Water absorption comparison of the specimens in the first method
Table 6: Characteristics of hardened concrete and water absorption in second method
Row
No.
1
2
3
4

Specimen
witness 1
PN gel 1
PN liquid
1
PN liquid
+ Ms 1

Specimen
dimensions
(cm)
diameter height
10
18
10
18

Age
(days)

Wet
Weight
(gr)

28
28

3428
3370

Dry
weight
48hours
(gr)
3244
3226

28

3843

3686

10

28

3701

3586

10

Volume
(Cm3)

wet
density
(gr/cm3)

Dry
density

Water
absorption
(%)

1413.7
1413.7

2.42
2.4

2.29
2.28

5.67
4.46

20

1570.8

2.45

2.35

4.26

20

1570.8

2.36

2.28

3.21
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Water absorption variations in second method are demonstrated in Figure (6).

Figure 6. Water absorption comparison of the specimens in the second method

2.8. Water Penetration Depth
In order to start the test, the specimens were placed in standard conditions and tests
were carried out for 4 specimens and the results are presented in the table and
figure below:
Table 7: Results of water penetration depth tests
Row
No.
1
2

Specimen

Age
(days)

Specimen
dimensions (cm)
diameter height
10
18
10
18

Water penetration depth
(cm)

Average
(cm)

witness 2
28
15 14 13 14.5 15
14.3
PN gel 2
28
*
3.8 4.9 5.1
*
4.6
PN liquid
3
28
10
18
6
5.5
6
5.5
6
5.6
2
PN liquid
4
28
10
18
5.1 4.5
4
4
5
4.52
+ Ms 2
*since in the specimens containing PN gel, a small part of upper surface has become water
resistant by the glue, therefore the values for the sides were invalid and measurements were
made at three middle points.

Figure 7. Water penetration depth comparison based on the mentioned standard
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Figure 8. Water penetration depth in
witness specimen

Figure 9. Water penetration depth in the
specimen containing PN gel

Figure 10. Water penetration depth in the
specimen containing PN liquid

Figure 11. Water penetration depth in
the specimen containing PN liquid + Ms

3. CONCLUSION
All of the obtained results for different tests on 28-day specimens have been listed
in the following table. In this table, water absorption and penetration depth
improvements for two methods are presented.
The results can be interpreted as following:
- Using PN water resistant additives, penetration depth can be reduced by 60%
in average.
- Based on the fist method, concrete water absorption decreases by 13% to 23%.
- Based on the second method, concrete water absorption decreases by 21% to
43%.
- Using PN water resistant additives, the workability of concrete increased
considerably, i.e. the slump value increased three times compared to the
witness.
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Row
NO.
1
2
3
4

5
6
7
8

9
10
11
12

Table 8: Results add up and Comparison
Specimen age
Test type
(days)
Water penetration depth in witness
28
specimen
Water penetration depth in the
28
specimen containing PN gel
Water penetration depth in the
28
specimen containing PN liquid
Water penetration depth in the
specimen containing PN liquid + Ms

28

Water absorption percentage (first method)
Water absorption depth in witness
28
specimen
Water absorption depth in the
28
specimen containing PN gel
Water absorption depth in the
28
specimen containing PN liquid
Water absorption depth in the
specimen containing PN liquid + Ms

28

Water absorption percentage (second method)
Water absorption depth in witness
28
specimen
Water absorption depth in the
28
specimen containing PN gel
Water absorption depth in the
28
specimen containing PN liquid
Water absorption depth in the
specimen containing PN liquid + Ms

28

Improvement
percentage
67.83
60.84
68.39

13.13
19.76
23.4

21.34
24.87
43.39
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ABSTRACT
In the recent years, many researches have been implemented in the field of
composite fibers in concrete. One of the effective and efficient methods of
rehabilitation and strengthening of RC members is application of composite
materials and FRP jackets and laminates. These laminates are made in different
ways with respect to the direction and orientation of fibers forming the layers.
Generally 1D, 2D or 3D layers are used for this purpose for which the direction of
fibers varies for different types. Selection of the best and optimized direction of
fibers is of great importance to fully utilize the strength capacity of composite
fibers and the layers.
In this paper, genetic algorithm is considered to be used to find the optimized
direction of fibers in composite layers. In this way, different angles of fibers in the
layer are tested by genetic algorithm to so that the best performance of the
composite layers is obtained. It should be considered that by this optimization,
lateral resistance of concrete members wrapped by composite layers can be
improved.
Keywords: genetic algorithm, fibers direction, composite fibers, optimization, FRP
jackets
1. INTRODUCTION
As a result of development of composite materials technology and their cost
decrease during last three decades, application of such materials as a good
replacement of metallic alloys has been promoted. Generally, a composite is
combination of at least two materials which are combined to produce desirable
characteristics. In practice, most of composites contain a base material and a
strengthening element which is added to the base material to increase its strength.
The most common composite materials are those composed of a series of strong
fibers tightly packed together by means of a bonding material. In fact, the bonding
material acts as a paste or matrix and let the stress transfer from one fiber to
another so that a uniform and integrated formation is produced.
Composites offer variety and combinations of characteristics which are not
available in traditional materials. It is possible for the fibers in high stress areas to
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be in the position, orientation and volume so that maximize the efficiency and
functionality and again in another area of low stress in the same member, the
characteristics may be changed to satisfy the requirements. Other advantages
include: light weight, corrosion resistance, flexibility and desirable functionality in
structures.
Fibers form an important element of composite materials. Totally, 30 to 70 percent
of composite volume consists of fibers which may be in individual or woven form.
Regardless of the geometry, fibers are mad of different materials the most common
of which in structural applications are glass, carbon and aramid. Also new fibers of
high strength have been developed which are known as 'Advanced fibers'.
Composites made of such materials are also called 'advanced' composites.
Mechanical properties of composites are dependant on different parameters such as
fibers type, volume and orientation. These materials are anisotropic and their
strength varies in different directions. Their stress-strain curve shows a sudden
failure at the yielding point. Although the resin shows visco-elastic behavior under
applied loads and bear creep and relaxation, the total composite is design so as to
satisfy the needed requirements.
A kind of composites known as FRP are made of different fibers as mentioned
earlier such as carbon (CFRP) and glass (GFRP) and also aramid (AFRP). These
products are being widely used in different applications such as cylindrical shells
and in different forms like jackets and laminates for structures retrofitting. In the
latter application, FRP may be used as lateral confinement around the concrete
member to enhance its load bearing capacity.
For example in Europe and New Zealand, the seismic philosophy for achieving
ductility is different, relying more on increasing the non-linear concrete stains
through concrete confinement [3]. The advantage of this philosophy is that apart
from smaller cross-sections, a significantly higher amount of lateral reinforcement is
required. This lateral reinforcement, which is there to confine the concrete, is also
beneficial in resisting additional shear and preventing splice and anchorage failures.
The enhancement of concrete ductility by confinement is central to the principles
of Eurocode 8. However, researchers dealing with FRP confinement do not always
consult the huge wealth of published work, which is derived from the earthquake
engineering research.
From Figure 1, it can be easily recognized that lateral confinement has effectively
improved the load bearing capacity of the RC columns confined by CFRP and
GFRP. Physical and mechanical properties of the composites are presented in the
following tables:
Efrp
ffrpu εfrpu
TGM
Vf+

Young’s modulus of elasticity
Ultimate tensile strength and elongation of pultruded laminate
Glass transition temperature
Volumetric fibre content
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Table 1: Physical and Mechanical properties of Fibre sheets [6]
Fibre

Efrp
GPa

εfrpu
%

ffrpu
MPa

Density
gr/cm3

TGM
Co

Vf
%

Composition

GFRP AR

65

1700

2.88

2.6

-

100

Bi-Directional

CFRP 240

240

3900

1.55

1.7

100-130

100

Uni-Direction

Table 2: Physical and Mechanical properties of Epoxy Plus Structural Adhesive [6]
Strength
Em flexural Density TGK Manufacturer
Epoxy
Colour
MPa
GPa
kg/litre
Co
U.K.
Adhesive
Mid grey
19
9.8
1.535
60
SBD
Primer
Translucent
1.12
SBD
70
60

stress (MPa)

50
40
Lat.Not.Pre-stressed

30

Lon.Not.Pre-stressed
Lat. Plain concrete.

20

Lon. Plain concrete.
Lon. Pre-stressed
Lat. Pre-stressed

10
0
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

Ave. long. & late. strain

Figure 1. Comparison of Ave. longitudinal and lateral strain measured by strain
gauges VS. stress

2. CLASSIFICATION OF COMPOSITES BASED ON GEOMETRY AND
STACKING OF LAYERS
Classification of composites varies depending on geometry and stacking of layers.
The basic form is the unidirectional layers with continuous fibers. The one layer
may itself be composed of several layers however; all of the fibers are oriented in
the same direction, weather in simple or woven form.
Multi layer laminates are made by stacking of unidirectional layers each of which
having different fiber orientation. Efficient properties of multi layer laminates vary
by fibers orientation, layers thickness and stacking order. Hybrid composites which
are used in many applications include more than one kind of fiber or combination
of fibers and metallic materials. Different types of fibers are combined in a
composite to achieve the best performance and lowest cost. Nevertheless, in many
applications one kind of fibers may be used in different layers with various fibers
orientation and in order to achieve the best performance, the angle of the fibers
should be optimized (Figure 2)
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Figure 2. Different fibers orientation in different layers of composite material

3. GENETIC ALGORITHM (GA) METHOD
Optimization algorithms are divided into two basic types, one based on differential
equations and other based on numerical methods. The former one uses gradientbased search with a suitable primary guess. These algorithms search range is local
and concerning ill-posed target functions, they are instable and get involved in local
optimized points. Many numerical methods have been proposed to overcome the
local optimized problem however; these methods increase the calculations volume.
Genetic algorithm which belongs to the latter type of optimization algorithms is the
most applicable evolutionary algorithms. In spite of many methods, the genetic
algorithm utilizes the probabilistic rules instead of deterministic ones for conducting
the search process to the more suitable search space.
GA algorithms basically were developed to study intelligent systems nevertheless;
they were used from the beginning in optimization of practical engineering
problems. GA usually include a population of individuals, fitness function,
crossover operator and new generation replacement. Figure 3 shows the cycle of
classic GA (CGA) and basic elitist GA (BEGA).
In the GA, first a determined numbers of inputs, which belong to the sample space
X are selected and displayed as a vector, X=( x1, x2,…xn), which is called
'chromosome'. A group of chromosomes form 'colony' or 'population'. In each step,
the population evolves based on determined rules. There is a fitness for each
chromosome as f(xi). Stronger elements or chromosomes the fitness of which is
closer to the optimized of the colony would have more chance to survive in next
generations. In other word, inputs closer to the optimized solution will remain and
others will be disregarded.
Another important step is the birth which is occurred once in each period. In this
process, two suitable chromosomes are combined to generate more optimized
chromosome. Furthermore, during each period a series of chromosomes might have
mutation.
4. DIFFERENCE BETWEEN GA AND TRADITIONAL OPTIMIZATION
METHODS
The difference between GA and other optimization methods may be summarized as
follows:
- Despite the other methods, GA uses several search points (as a set of
individuals) which are convergent instead of one search point. Therefore, the
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possibility of getting involved in local optimized points decreases significantly and
on the other hand, the access probability of the global optimized point will increase.
GA takes advantage of the data obtained (from fitness function) instead of the
derivatives or subordinate data.
It is applicable to optimization problems with multi-objective functions.
It is applicable to linear, nonlinear and ill-posed problems
It can be combined with other optimization methods
It s a powerful algorithm to approach the nearest optimized solution with high
probability.
start

start

Assignment of values to the
parameters of GA, generation
numbers, …

Assignment of values to the
parameters of GA, generation
numbers, …

Calculation of the first
generation

Calculation of the first
generation

Estimation of individuals fitness

Estimation of individuals fitness

Parents selection

elitism

Selected parents

Parents selection
Mutation of the generation

Selected parents crossover

generation= generation+1

Mutation of the generation

generation= generation+1

no

Generation is max

no

yes

Generation is
max

Print the results
yes
Classic genetic algorithm (CGA)

Print the results
Basic elitist genetic algorithm (BEGA)

Figure 3. diagram of CGA and BEGA cycles
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5. THE ROLE OF NEURAL NETWORK IN GA OPTIMIZATION
GA is a powerful method in optimization problems especially multi-objective
optimization, however, one of disadvantages of GA is high CPU time. This reason
and also stochastic nature of GA in solving the optimization problems make the
process of optimization slow down. Using ANN, this problem can be overcome
while maintaining the other useful characteristics of GA.

In this study, first the neural network was trained and then tested and the
trends obtained from ANN was used in GA to optimize fibers angles and
also final value of objective function.
6. SIMPLE OPTIMIZATION OF NATURAL FREQUENCY OF FOURLAYER FRP CYLINDRICAL SHELL
Characteristics of the composite cylindrical shell are illustrated in Figure 4.

Figure 4. Sketch of a Multi-layer composite cylindrical shell

In this study, the ANN trained and tested to be used in GA was one of the back
propagation algorithms called Levenberg-Marquardt which had the best results and
less errors compared to other algorithms. This four-layer network has 4 neurons in
input layer and one neuron in output layer. The characteristics of the network are
presented in Table 3.
Table 3. Characteristics of trained ANN to model natural frequency of four-layer shell
for h/r=0.01
Hidden layers
Output layer
Number
of inputs
First layer
second layer
Third layer
Number
Transition
Transition Number of Transition
Number
of
function
function
neurons
function of neurons
4
neurons
Tangent
Tangent
25
12
Pure lin
1
sigmoid
sigmoid

In order to assure the appropriate performance of the network, it should be tested
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and the training error should be determined. Figure 4 shows MSE curve with
respect to the cycles of ANN for modeling of first natural frequency.

Figure 5. MSE curve with respect to the ANN cycles to train first natural frequency in
four-layer shell for h/r=0.01

Figure 6. Errors of the trained ANN for natural frequency in test space

As can be seen in Figures 4, 5 MSE in the network is around 10-8 and maximum
error in the trained network in test stage is about 2.5% which shows appropriate
accuracy of the network.
When the network is tested and its performance is assured, the process of
optimization starts. Increase of fitness function of GA using analytical solution and
ANN for following state is compared in Figure 7.
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L = 1(m) ,

Rm =
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R
L
, h= m
2
100

Figure 7. Comparison of two fitness function increase in GA obtained by analytical
solution and ANN for four-layer shell in the case of h/r=0.01

According to Figure 7, the best frequency obtained from GA and analytical
solution is equal to 7016 (Hz) which was reached after 46 generation and after that
no improvement in frequency observed. Angles of layers stacking are as following:

θ = [-45o 46 o 40 o 45o ]
However, the frequency obtained from GA and neural network is equal to
7152(Hz) which was reached after 42 generation. In this method, Angles of layers
stacking are as following:

θ = [73o 58o - 48o 73o ]
It should be mentioned that in this process, number of 50 generation was
considered as stop criterion of the cycle.
As it is obvious in Figure 8 increase of fitness function in both methods are in good
agreement and the final result which is the optimized frequency has rather small
error. Therefore, using ANN has speeded up the optimization while keeping the
error desirably small. The error due to application of ANN in GA instead of
analytical solution is presented in Table 4.
Table 4. Results comparison of ANN and analytical solution in GA for frequency
calculation of four-layer shell in the case of h/r=0.01
Maximum of
fitness
function(GA
and analytical
solution)

Optimized
fibers angle in
the layers

g

7016

[-45,46,40,45]

46

*

Maximum
of fitness
function
(GA and
ANN)

Optimized
fibers angle
in the layers

g

7152

[73,58,-48,73]

42

*

Error
percentage
in frequency
calculation
1.94
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Figure 8 shows average of fitness functions in generation of sequential populations
for four-layer shell which is calculated by following equation:
ns

fm =

∑ f (c i )
i =1

ns

Where:
ci is ith member of the population.
Also fitness function increase and fitness functions average in GA for four-layer
shell for h/r=0.01 are presented in the same plane in Figure 9.
It can be observed that average of fitness functions increases at 45th generation
until reaches its maximum which the corresponding frequency of 45 is 4400(Hz)
that implies the appropriate performance of the process.
Having made sure the proper performance of ANN in GA for h/r=0.01, ANN may
be used for other conditions such as h/r=0.05, 0.1 to find the optimized frequency.

Figure 8. average of fitness functions in generation of sequential populations for fourlayer shell in the case of h/r=0.01

Figure 9. presentation of fitness function increase and fitness functions average in
generation of sequential populations for four-layer shell in the case of h/r=0.01
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The best frequency obtained for four-layer shell for h/r=0.05 was equal to
7222(Hz) that was reached after 20 generations. The corresponding stacking of
layers is as below:
θ = [-74o 56o 71o - 18o ]

Also the best frequency obtained for four-layer shell for h/r=0.1 was equal to
7243(Hz) that was reached after 46 generations. The corresponding stacking of
layers is as below:

θ = [−73o 73o - 73o 72 o ]
In both cases number of 50 generations considered as end of the cycle. All of the
optimization results for four-layer shell for different thicknesses are presented in
Table 5.
Table 5: optimization results of layer stacking in four-layer shell
Number of generations
Maximum
Optimized fibers
h/r
for maximum
frequency(Hz) angle in the layers
frequency(Hz)
0.01
7152
[73,62,-48,73]
42
0.05
7222
[-74,-56,71,-18]
20
0.1
7243
[-73,73,-73,72]
46

7. CONCLUSION
Since the strength of FRP shell composed of several layers is affected by
orientation of fibers in different layers, so finding the best angle of fibers in each
layer to optimize the strength of FRP shell is of great importance. With this respect,
GA was applied to do this optimization. In the process, ANN was used to speed up
the optimization process while keeping the errors small. Results comparison of
analytical solution and ANN showed good agreement.
The results of optimization showed that the increase of thickness and number of
layers would result in increase of optimized solution and frequency.
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ABSTRACT
Within the framework of studies on FRC, a series of tests were undertaken in the
laboratory in order to better understand the behavior of FRC and composite fibers
to characteristic loading. The results obtained in the tests vary according to the type
and arrangement of fibers, the water content, the size of grains (grains size
distribution) and percentage of composite fibers. Therefore, it is important to
estimate the strength of concrete according to available data and in the case of
lacking of enough experimental data. For this purpose, neural network technique
was used to predict the strength of concrete based on mix proportions. At first the
results of experimental tests carried out in PWUT laboratory on fiber reinforced
concrete specimens are presented and then the missing experimental data and gaps
in compressive strength trends are predicted by back propagation method in neural
network. It is worth mentioning that it can also be used to study the different mix
parameters on concrete strength.
Keywords: neural network, back propagation, fiber reinforced concrete, composite
fibers
1. INTRODUCTION
Compressive strength of the hardened concrete is the most important property that
describes its quality and suitability for construction works. Also, it considers the
mother strength, where most of other properties and strengths; such as tension,
flexural, shear and bond with steel reinforcement are improved with the
improvement in compressive strength and vice versa. Most often, an ultimate target
in the mixture design is the 28-day compressive strength. This strength is usually
determined based on a standard uniaxial compression test, and is accepted
universally as a general index of concrete strength.
Most research in material modeling aims to construct mathematical models to
describe the relationship between components and material behavior. These models
consist of mathematical rules and expressions that capture these varied and
complex behaviors. Concrete is a highly nonlinear material, so modeling its
behavior is a difficult task. However, the artificial neural network (ANN) was
proved to be able in predicting the concrete compressive strength, without the need
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of specific equations (Yeh 1998, Guang and Zong 2000, Lee 2003, Kim et at.
2004). Also, its application would reduce the time and cost required for making
specimens and the 28 day waiting period before they could be tested.
The ANNs have recently been widely used to model some of the human activities
in many areas of science and engineering. They need sufficient input-output data,
which may be theoretical, experimental or empirical. ANNs can deal with
incomplete and noisy data, which is the predominant case in engineering
applications.
In this study, the back-propagation neural network (BPNN) was used to predict the
fiber reinforced concrete compressive strength based on the mix proportions and
fiber percentages. Training and testing patterns of the network were prepared using
the data sets containing the mix proportions of two ready-mixed concrete
companies and fiber percentages from specimens tested in the laboratory. The
estimated strengths were compared with those tested in the laboratory.
2. ARTIFICIAL NEURAL NETWORKS
As in the biological neurons, the information processing system of the ANN
consists of three main aspects: transmission of information, processing of
information and storage of information. The counterparts in ANN are the input
layer, one or more hidden layer and the output layer. The input layer consists of
number of nodes each of which receives input data of an independent variable.
Thus, the total number of nodes in the input layer is equal to the total number of the
input variables of the problem.
The hidden layer receives information from input layer, using the applied weights
and pre-specified activation functions (Waszczszyn, 1998). The output layer
receives the processed information from the hidden layer and sends the results to
an external recreant. The number of nodes in the output layer is equal to the
number of output variables.
The number of hidden layers and the number of nodes in each hidden layer are
important factors in the design of the network, and there are no generally
applicable rules to determine these numbers exactly (Flood and Kartam, 1994). llowcvcr, there are some suggestions, which were proposed to aid in selecting the
optimum number of nodes and layers in the hidden part (Flood and Kartam 1994,
Hajela and Berke 1991).
The collected data for the problem is divided into training and testing data sets.
Depending on the available data, about 60-70% of the total data is used as a
training data. The number and distribution of training patterns affect the
generalization ability of the ANN (Flood and Kartam, 1994). The training pattern
must cover all the possible ranges of the study.
Once the topology of the ANN is determined, the training process is started by
assigning values to the training parameters and specifying the activation function
and learning algorithm. Different learning algorithms could be used; among of
which the back- propagation algorithm is predominant one used in civil
engineering applications (Adeli, 2001). This algorithm looks for the minimum of
the error function in weight space using the method of gradient decent.
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3. PROPOSED ANN MODEL FOR THE PRESENT CASE
The data used in this study consisted of actual mix proportions provided by two
different ready mixed concrete companies and also the data of force-deflection
curve of the specimens containing different percent of fibers. The back propagation
neural network was applied on these data using the MATLAB software. Several
MATLAB subroutines were developed and various other commands were used to
perform the task. Constructing the proposed ANN model consisted of the following
steps:
3.1. Preparation of Training and Testing Data Sets
The total number of records obtained was about 70; table 1 gives the minimum
maximum and average values of each parameter of the concrete mix proportions
and fiber percentages. Two-third of the data set (i.e., 47 records) was used for
training and one-third (i.e., 23 records) was used for testing the ANN.
Due to the large difference in the values of the data provided to the ANN and since
the activation functions are often varied within 0 to 1 or -l to 1, the training patterns
were normalized before they were applied to the ANN.
Table 1: Minimum maximum and average values of each mix parameter
fiber
unit water unit cement natural
coarse agg.
percentage
content
sand
content
3
kN/m
%
kN/m3
kN/m3
kN/m3
0.32
1.3
2.66
2.5
8.9
0
0.6
1.6
5.67
9.2
10.1
5
0.46
1.45
3.75
5.35
9.5
2.5

slump
w/c
cm
Min
Max
Ave.

1
9
5

Admix strength
%
Mpa
0.74
2.2
1.47

19.3
44.1
31.7

3.2. Determination of Mean Square Error (MSE)
MSE is an important parameter to be specified in training and testing ANNs. To
identify its value, an ANN having one hidden layer with 20 nodes was used with
MSE decreasing up to about 10-6. The curves of MSE for different percent of fibers
are presented in Figure 1.

Figure 1a. MSE curve for specimens
containing 1% of fibers

Figure 1b. MSE curve for specimens
containing 2% of fibers
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Figure 1c. MSE curve for specimens
containing 3% of fibers
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Figure 1d. MSE curve for specimens
containing 5% of fibers

3.3. Training of the ANN
Computer subroutines were developed to utilize the ANN tools in MATLAB
environment and used in training the suggested ANN. It consisted of the following
main steps:
a. Reading the training data set and specifying the input and output variables to the
ANN.
b. Normalizing the training data according the normalization rule selected.
c. Defining the topology of the ANN. This was achieved by specifying the number
of hidden layers in excess of the input and output layers. The number of hidden
layers was selected to be 1 and 2. In each one of these ANNs, the number of nodes
in the input and output layers was 8 and 1, respectively, see figure 2 for the onehidden layer ANN. The number of nodes in the hidden layer was varied and
searching was carried out to determine the optimum number of nodes that satisfies
the acceptable value of MSE with a minimum possible time (number of epochs)
consumed during the run.
d. Specifying the transfer functions used for the hidden and output layers; they
were log-sigmoid (logsig) and linear (purline), respectively.
e. Specifying the learning rule used, which was the evenberg_MarqUdt algorithm
with the identity acronyms within the MATLAB - Trainlm (Demuth et aL., 2006).
f. Specifying the training parameter required for convergence (MSE) and the
limiting maximum number of epochs.
g. Training the ANN defined according the above steps.
h. Computing the normalized target variables, then converting them to the same
units of the original targets.
i. Evaluating the ANN training efficiency by plotting the output of ANN versus the
original target values.
X1
X2
X3
X4
X5
X6

The slump
The water to cement ratio
The unit water content
unit natural sand content
The unit natural sand content
The unit coarse agg. content
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X7
X8
Y

The fiber percentage
The admixture ratio
The compressive strength

Output layer

Input layer

Hidden layer

Figure 2. Topology of one-hidden layer ANN

3.4. Determination of the optimum topology for the ANN
At each suggested number of nodes, the maximum error and the total number of
epochs required to converge the specified MSE were recorded and. As clarified, the
ANN with 22 nodes was considered the optimum for the case of one hidden layer.
It gave reasonable maximum % error with very low number of epochs; 1.3526 at 8,
respectively. Also, the ANN with 6 nodes in the first hidden layer and 5 nodes in
the second hidden layer (6-5) was considered as the optimum for the case of two
hidden layers, because it gave the lowest value of the maximum % error with
reasonable number of epochs; 1.2268 at 98, respectively.
Comparing the performance of the above mentioned ANNs showed that the both
types of ANN were performed well with this type of data. The one-hidden layer
ANN with 22 nodes was the optimum in view of the time consumed (number of
epochs), however, the two-hidden layers ANN with 6-5 nodes was the optimum in
view of the maximum percent of error. In fact the difference in accuracy between
the two types of ANN was very small when compared with the higher reduction in
the number of epochs, so the one-hidden layer ANN was more preferable.
3.5. Testing of the Optimum ANN
Once trained, the optimum ANN need to be tested to evaluate whether it can
successfully estimate the force-deflection curve (stress-strain behavior) and
compressive strength of fiber reinforced concrete based on mixing proportions. The
testing data set was used for this task. Again this set contained actual data provided by
companies and empirical results from laboratory, but completely different from those
used for training the ANN. Figure 3 shows the train error curves of ANN method.
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Figure 3a. training error for 1% of fibers

Figure 3b. training error for 2% of fibers

Figure 3c. training error for 3% of
fibers

Figure 3d. training error for 5% of
fibers

4. FACTORS AFFECTING PERFORMANCE OF ANN
4.1. Effect of Learning Algorithm
There are a lot of learning algorithms available in the neural network toolbox for
use with the MATLAB (Demuth et. al., 2006). The Trainlm or LevenbergMarquardt algorithm was used in the training process of the optimum ANN. As
well observed the Training algorithm was the best, since it had the lower value of
the maximum % error at smaller number of epochs.
4.2. Effect of Normalization Method
The normalization method used in obtaining the optimum ANN was the mean and
standard deviation (mean-std) method. To study the effect of the normalization
method, the optimum ANN was trained and tested using the minimum and maximum
(mm-max) normalization method. The results showed that a lower error in the target
was obtained by the use of the mean-std method. This means that the mean-std
normalization method can be considered as more suitable for this type of data.
5. APPLICATIONS USING OPTIMUM ANN
The use of ANN extended to be applied for studying the effect of certain
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parameters on the 28-day FRC strength and force-deflection curve. For example,
figure 4 shows the effect of fibers on the 28-day force-deflection curve and final
compressive strength of concrete. Figure 5 shows the fitness curves of
experimental and predicted values.

Figure 4a. predicted force-deflection curve
for 1% fiber specimens

Figure 4b. predicted force-deflection curve
for 2% fiber specimens

Figure 4c. predicted force-deflection curve
for 3% fiber specimens

Figure 4d. predicted force-deflection curve
for 5% fiber specimens

Figure 5a. Fitness curve for 1% of fibers

Figure 5b. Fitness curve for 2% of fibers
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Figure 5c. Fitness curve for 3% of fibers
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Figure 5d. Fitness curve for 5% of fibers

6. CONCLUSION AND PERSPECTIVES
In this study the feed-forward back-propagation ANN was used to predict the
force-deflection curve and compressive strength of concrete based on mix
proportions and also fibers percentages. The results showed that the one-hidden
layer ANN with 22 nodes and the two-hidden layers ANN with 6-5 combination of
nodes could accurately estimate the Concrete force-deflection curve and
compressive strength. However, the one-layer ANN was more preferable. The
optimum ANN was also used to study the effect of certain mix parameters on the
28-day compressive strength and stress-strain behavior; the relations developed
showed trends similar to the experimental ones. The standard deviation
normalization method and the Levenberg-Marquardt learning algorithm were
proved to be more efficient for the present study.
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ABSTRACT
Nowadays, the concrete structures are strengthening in several ways. One of these
ways that has drawn considerable attentions in the recent years is using composite
fibers (FRP) in concrete structures strengthening. There have been many studies on
the effects of these fibers on resistance and ductility of the structures. The present
study intends to focus on the effects of two types of composite fibers, Carbonic and
glass fibers, with three different arrangements that are being currently used in
strengthening of the columns. At first, we referred to how the samples have been
developed, and then introduce the arrangements that are being used. The results
indicate that strengthening the short columns by carbonic composite fibers with
complete wrapping which is perpendicular to the direction of loading, along the
fibers; have the highest effect on the resistance and formability.
Keywords: composite fibers, short concrete columns, structure strengthening,
confinement CFRP, GFRP
1. INTRODUCTION
The studies on the effect of wrapping on resistance and shape of concrete began by
introducing enclosed columns with wrapping reinforcement columns. Enclosing or
wrapping by cross-sectional reinforcement are inactive. It means that the wrapping
pressure is created after the pressure resulting from Poisson's ratio of the enclosed
concrete and the strain of the ring material of wrapper. One way which is
nowadays used to wrap the concrete is using the FRP composite sheets. The sheets
have been drawn considerable attention during the recent yeas in improvement and
repairing the structures especially concrete structures due to their high resistance
compared to their high weight (FRP layer with a weight of 20% of steel and stress
resistance of app. 200 to 1000% of steel) and Resistance to the scratch and
chemicals, resistance to exhaustion arising out of loading and immediate
installation. FRP composites are made up of two fibrous and resin materials which
may strengthening the column or stake of the related element.
Since this is a new technique of supporting, there has been considerable attempt on
the behavior of these polymers in making the concrete buckle resistance by
attaching these fibers to the intersection which is under stress which all highlight
the mechanical behavior and increased buckling resistance buckling. Present article
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reviews the effect of FRP sheets in the both kinds, carbonic and glass, on the
compressive resistance of the short concrete columns.

Figure 1. The components of FRP

2. GEOMETRICAL SPECIFICATIONS OF CONCRETE COLUMNS
EXPERIMENTAL SAMPLES
The present study uses cylindrical columns with 500mm length and 200mm
diameter which fulfills the requirements of short columns. In the improvement
process or seismic resisting by composite fibers, the column that was introduced
earlier may be slender due to increased loading. Therefore, prior to strengthening
and for avoidance of possible breaking as a result of extreme buckling, the
column’s behavior was controlled. To review the effect of FRP on the resistance of
columns, six cylindrical samples were used in the experiments. Two samples were
used without cover of FRP and two other samples had the GFRP, other two
samples were wrapped with CFRP. Concrete samples were developed in a standard
environment within 28 days from producing. After the development process
completed, 2 samples, E and F, remained as controller samples. B and A samples
with CFRP sheets were strengthen with one layer in the form of complete ring and
spiral cover with null phase and a 1cm cover with approximately 30C angel then
tested (Figure 2). D and C samples were strengthen with GFRP sheets as well.

Figure 2. Sample A&B confined with CFRP- C&D confined with GFRP
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To prepare the surfaces, the concrete surface was cleaned and dried completely,
then an even resin layer was distributed on the surface that was going to be
confined. The fibers were cut into the various numbers, and then it was put on the
resin layer without any compression. Another resin layer was distributed on the
surface. Resin development is a phenomenon depending on the heat and time.
Contraction of the resin completely takes place normally in standard conditions. In
the samples under test, the development of resins in environmental conditions took
place under the temperature of 110C. during this phase, all necessary actions was
taken to prevent direct contact of sunlight, rain, dire heat changes as well as any
pollution, dust and moisture exposition. The quality of the samples was satisfactory
with no spume observed.
3. CONCRETE MIX DESIGN AND SPECIFICATIONS OF COMPOSITE FIBER
Concrete mix design in producing the cylindrical columns per 1 m3 of volume is as
follows:
Table 1: Specification of consumed concrete in tests
Gravel
800 kg
Sand
1100kg
Cement
350kg
Water to cement Ratio
0.48
Type of cement
Portland Type 2

No additives were used in concrete producing procedure. The results obtained from
tests that were conducted on the concretes indicate that the utilized concrete has
compression resistance of cylindrical sample of about 25MPa. Also, the
specifications of the material of FRP are presented in the following table:

Material
GFRP
CFRP

Table 2: Material specification of FRP
Sheet thickness Layers Number
E (GPa)
0.6
0.17

1
1

76
240

σy (MPa)
2300
4900

4. HOW TO CONDUCT THE AXIAL COMPRESSION TESTS
The final step of the test is breaking the samples under the compression. Prior to
breaking the samples, their surface were saturated with melt sulfur in order that
even power exert on the surface. Breaking the samples by two jacks of 100 and 300
tons was conducted in the laboratory. Considering the facilities, the test was
conducted in the controlled form. The jack of 100tons was calibrate digitally;
while, the jack of 300tons lacked this advantage. So it was essential to read the
force and displacement changes manually. Consequently, the of human error also
affected the results. Unconfined samples which were E and F sample broken by
jack of 100tons and confined samples were broken by jack of 300tons due to lack
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of needed capacity. In order to registering the displacement and longitude strain of
the samples along the cylinder axis, two LVDT devices were used in both sides of
the jack. The precision of these devices were 0.01mm.
4.1. Results of Tests
The conducted tests on controlled samples of E and F indicated that the average
compression resistance of short columns was 70.5 MPa which has approximately
5% difference with analytical equations.

Figure 3. Sample A during the test and after the failure

Diagram 1 shows the stain-stress behavior of the enclosed columns by CFRP. In the
confined sample in the form of a ring, the weakness of performance of integrated
column and supporter layer causes a local yielding in strain of approximately
0.00135. After the force was increase from this phase onward, in fact, the confined
layers are activated. It can create a confinement behavior in the wrapping in a form
of spiral. Probably, correct implementing the CFRP is a main reason for good
performance of the column that indicates the role and importance of the
implementation in practice. Behaviors suggest that elasticity module of diagram A.
had decreased but had reached the same after loading with column B. also, the
wrapped column in the form of ring indicated resistance and forming. In fact,
enclosing the ring exerts better control compared to the lateral strains perpendicular
to the axis of the column. Increased strain such as breaking (app.90%) is more
significant than the resistance of (app.22%) compared to that of column B.
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Diagram 1. Strain-Stress of Sample A&B confined with CFRP
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In diagram 2 the strain-stress graph of the confined columns with GFRP has been
indicated. Column B broke just like the columns of wrapped with carbon
composite fibers. In continuing, the GFRP was used. In column B, failure strain
increased (app.38%) was more significant than resistance increasment (app.20%)
the column B.
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Diagram 2. Strain-Stress of Sample C&D confined with GFRP

Finally all 4 Samples strain-stress graph gathered for comparison in diagram 3.
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Diagram 3. Strain-Stress of all 4 Samples

5. CONCLUSION
Confined columns had resistance with an average of 265MPa. It clearly indicates
that Samples A&C in the compression resistance tests whose results are being
observed in diagrams 1&2, the failure observed double. This has caused that FRP
has not loaded from the beginning and after the early concrete beating, the samples
are equipped with FRP, then the loading capacity is increased. This indicates the
need to focusing on the proper manner of covering, involvement of composite
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fibers with concrete samples when strengthening the columns using these fibers.
In both models of GFRP and CFRP, the samples that have been taken a form of
complete wrap can be tested compared to other samples. They may have stronger
resistance and formability. It, therefore, seems that using these fibers in the form of
wrapped may has highest effect on the resistance and formability of the concrete
columns.
Although, sample C has the form of wrapped, it may has the least elasticity
module, consequently, its resistance may be least. But the results obtained indicate
that using these composite fibers, even if they are being used in some sections of
the column, may exert considerable effect on the resistance and formability.
Samples A and B as well as C and D have the same slope in most part of the
diagram which suggests the effect of FRP on elasticity module of equipped
columns and the arrangement and manner of using FRP has little effect on this
module.
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اراﺋﻪ ﺷﺒﻜﻪ ﻋﺼﺒﻲ ﻣﻨﺎﺳﺐ ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ﺳﺪﻫﺎي ﺑﺘﻨﻲ ﻏﻠﺘﻜﻲ
3

ﺣﻤﻴﺪ رﺿﺎ وﺛﻮﻗﻲ ﻓﺮ ،1ﻋﺒﺎس ﻣﻨﺼﻮري ،2وﺣﻴﺪ ﺧﻠﻴﻠﻲ ﺧﺮّم

 .1اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﮕﺎه آزاد اﺳﻼﻣﻲواﺣﺪ ﺗﻬﺮان ﺟﻨﻮب
 .2اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﮕﺎه آزاد اﺳﻼﻣﻲواﺣﺪ ﺗﻬﺮان ﺟﻨﻮب
 .3داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ ﺳﺎزهﻫﺎي ﻫﻴﺪروﻟﻴﻜﻲ ،داﻧﺸﮕﺎه آزاد واﺣﺪ ﺗﻬﺮان ﺟﻨﻮب

ﭼﻜﻴﺪه
ﻳﻜﻲ از روشﻫﺎﻳﻲ ﻛﻪ در ﺳﺎﺧﺖ ﺳﺪﻫﺎي ﺑﺘﻨﻲ و ﺧﺎﻛﻲ ﺑﻪ ﻋﻨﻮان ﺟـﺎﻳﮕﺰﻳﻨﻲ ﻣﻨﺎﺳـﺐ ﻣﻄـﺮح اﺳـﺖ روش ﺳـﺎﺧﺖ
ﺳﺪﻫﺎ ﺑﻪ ﺷﻴﻮه ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻣﻲﺑﺎﺷﺪ .ﺻﺮف ﺑﻮدﺟﻪ ﻛﻤﺘﺮ ،اﺳﺘﻔﺎده ازﻣﺎﺷﻴﻦ آﻻت راﻫﺴﺎزي ،ﻛﻮﺗﺎه ﺷﺪن زﻣﺎن ﺳﺎﺧﺖ
و ﺗﺪاوم ﺳﺎﺧﺖ ،ﻫﻤﮕﻲ از وﻳﮋﮔﻴﻬﺎي اﻳﻦ ﻧﻮع روش ﺳﺎﺧﺖ ﺳﺪﻫﺎ ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﺑﺎﻋﺚ ﺑﺮﺗﺮي ﻳـﺎﻓﺘﻦ اﻳـﻦ روش ﺷـﺪه
اﺳﺖ و در ﻧﻬﺎﻳﺖ اﻳﻦ ﺷﻴﻮه ﺑﺮاي ﺳﺎﺧﺖ ﺳﺪﻫﺎ در ﻧﻘﺎط ﻣﺨﺘﻠﻒ ﺟﻬﺎن ﺑﻪ ﻋﻨـﻮان ﺟـﺎﻳﮕﺰﻳﻨﻲ ﻣﻨﺎﺳـﺐ ﻣﻄـﺮح ﺷـﺪه
اﺳﺖ .از ﻃﺮﻓﻲ ﮔﺴﺘﺮدﮔﻲ ﻣﻮاد و ﻣﺼﺎﻟﺢ ﻣﻮرد اﺳﺘﻔﺎده در اﻳﻦ ﻧﻮع ﺑﺘﻦ و ﭘﻴﭽﻴﺪﮔﻲ ﻃـﺮح اﺧـﺘﻼط آن و ﻣﺘـﺎﺛﺮﺑﻮدن
ﻃﺮح اﺧﺘﻼط آن ازﭘﺎراﻣﺘﺮﻫﺎي ﻣﺨﺘﻠﻒ وﻧﻴﺰ ﻳﺎﻓﺘﻦ رواﺑﻂ ﺑﻴﻦ ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺨﺘﻠﻒ ﻃﺮح اﺧﺘﻼط آن ،ﺑﺎﻋﺚ ﺷـﺪه اﻧـﺪ
ﺗﺎ اراﺋﻪ ﻣﺪﻟﻲ ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺿﺮوري ﺑﻪ ﻧﻈﺮﺑﺮﺳﺪ .ﺷﺒﻜﻪﻫﺎي ﻏﺼﺒﻲ ﻣـﺼﻨﻮﻋﻲ از ﺟﻤﻠـﻪ روﺷـﻬﺎي
ﻣﺪل ﺳﺎزي ﻣﻲﺑﺎﺷﻨﺪ ﻛﻪ ﻗﺪرت ﺑﺴﻴﺎرزﻳﺎدي ﺟﻬﺖ ﺗﻄﺒﻴﻖ ﺑﺎ ﻣﺴﺎﺋﻞ ﻣﻬﻨﺪﺳﻲ ازﺧﻮد ﻧـﺸﺎن داده اﻧـﺪ .ﻧـﻮﻋﻲ از اﻳـﻦ
ﺷﺒﻜﻪﻫﺎ ﺑﺎ ﻋﻨﻮان ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﭼﻨﺪ ﻻﻳﻪ ﭘﺮﺳﭙﺘﺮون ) (MLPﺑﻪ ﻫﻤﺮاه اﻟﮕﻮرﻳﺘﻢ آﻣﻮزش ﭘﺲ اﻧﺘﺸﺎر ﺧﻄـﺎ ،ﻛـﻪ
ﺑﻴﺸﺘﺮ در زﻣﻴﻨﻪ ﻣﺪلﺳﺎزي رﻓﺘﺎرﻫﺎي ﻧﮕﺎﺷﺖ ﮔﻮﻧﻪ ﻛﺎرﺑﺮد داﺷﺘﻪ اﻧﺪ ﺑﻪ ﻋﻨﻮان ﻫـﺴﺘﻪ اﺻـﻠﻲ ﻣـﺪل ﺳـﺎزي در اﻳـﻦ
ﻣﻘﺎﻟﻪ ،اﺳﺘﻔﺎده ﺷﺪهاﻧﺪ.
ﺑﺎ اﺳﺘﻔﺎده از اﻳﻦ ﻧﻮع ﺷﺒﻜﻪ ﻋﺼﺒﻲ ،ﻛﻪ داراي ﻳﻚ ﻻﻳﻪ ﭘﻨﻬﺎن ﺑﺎﺷﺪ و ﺑﺮ اﺳﺎس دادهﻫﺎﻳﻲ ﻛﻪ از ﻃﺮحﻫـﺎي اﺧـﺘﻼط
ﺳﺪ ﺑﺘﻦ ﻏﻠﺘﻜﻲ زﻳﺮدان ﺟﻤﻊآوري ﺷﺪهاﻧﺪ ،ﻣﺪلﻫﺎﻳﻲ ﺑﻪ ﻣﻨﻈﻮر ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري اﻳﻦ ﻧـﻮع ﺑـﺘﻦ آﻣـﻮزش
داده ﺷﺪهاﻧﺪ ﻛﻪ ﻣﻲﺗﻮان ازآﻧﻬﺎﺟﻬﺖ ﭘﻴﺶ ﺑﻴﻨﻲﻫﺎي ﻣﻬﻨﺪﺳـﻲ اﺳـﺘﻔﺎده ﻛـﺮد و ﻫﻤﭽﻨـﻴﻦ ﺑـﺎ اﺳـﺘﻔﺎده از روﺷـﻬﺎي
ﺑﻬﻴﻨﻪﻳﺎﺑﻲ ﺑﻪ اﻗﺘﺼﺎديﺗﺮﻳﻦ و ﻳﺎ ﺑﻬﻴﻨﻪﺗﺮﻳﻦ ﻃﺮح اﺧﺘﻼط دﺳﺖ ﻳﺎﻓﺖ.
ﻛﻠﻴﺪواژه :ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ،ﺑﺘﻦ ﻏﻠﺘﻜﻲ ،ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﭼﻨﺪ ﻻﻳﻪ ﭘﺮﺳﭙﺘﺮون
 -1ﻣﻘﺪﻣﻪ
ﺑﺎ ﻛﺸﻒ اﻳﻦ ﺣﻘﻴﻘﺖ ﻛﻪ ﻣﻐﺰ اﻧﺴﺎن ﻣﺤﺎﺳﺒﺎت را ﺑﺎ روﺷﻲ ﻛﺎﻣﻼً ﻣﺘﻔﺎوت از ﻛﺎﻣﭙﻴﻮﺗﺮﻫـﺎي دﻳﺠﻴﺘـﺎل ﻣﺘـﺪاول اﻧﺠـﺎم
ﻣﻲدﻫﺪ ،ﻣﻄﺎﻟﻌﺎت ﺑﺮ روي ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﻣﺼﻨﻮﻋﻲ ﻛﻪ ﻣﻌﻤﻮﻻً ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﻧﺎﻣﻴﺪه ﻣﻲﺷﻮﻧﺪ ،آﻏﺎز ﺷﺪ .ﻣﻐـﺰ
در ﺣﻘﻴﻘﺖ ﻳﻚ ﻛﺎﻣﭙﻴﻮﺗﺮ ﺑﺴﻴﺎر ﭘﻴﭽﻴﺪه ،ﻏﻴﺮ ﺧﻄﻲ و ﺑﺎ ﺳﺎﺧﺘﺎر ﻣﻮازي ﻣﻲﺑﺎﺷﺪ .ﺑﻪ دﻟﻴـﻞ ﺗﻮاﻧـﺎﻳﻲ در ﺳـﺎزﻣﺎن دﻫـﻲ
ﻋﻨﺎﺻﺮ ﺑﻨﻴﺎدي ﻳﻌﻨﻲ ﻧﺮونﻫﺎ ،ﻣﻐﺰ ﺗﻮاﻧﺎﻳﻲ اﻧﺠﺎم ﺑﺴﻴﺎري از ﻣﺤﺎﺳﺒﺎت )ﻣﺎﻧﻨﺪ ﺗﺸﺨﻴﺺ اﻟﮕﻮ ،ادراك و (...را ﺑﺎ ﺳﺮﻋﺘﻲ
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ﺑﺴﻴﺎر ﺑﺎﻻﺗﺮ از ﺳﺮﻳﻊ ﺗﺮﻳﻦ ﻛﺎﻣﭙﻴﻮﺗﺮﻫﺎي دﻳﺠﻴﺘﺎل اﻣﺮوزي دارا ﻣﻲﺑﺎﺷﺪ] .[7اﻟﮕﻮرﻳﺘﻢ ژﻧﺘﻴـﻚ ﻛـﻪ ﺑـﺮ ﭘﺎﻳـﻪ ﺗﺌـﻮري
ﺗﻜﺎﻣﻞ داروﻳﻦ اﺳﺘﻮار اﺳﺖ اوﻟﻴﻦ ﺑﺎر ﺗﻮﺳﻂ ﻫﻮﻟﻨﺪ در ) (1975ﻣﻄﺮح ﺷﺪ و ﺑﻌﺪ از آن ﮔﻠﺪﺑﺮگ ) (1989و ﻣﻴﺸﻮﻳﻜﺲ
) (1992ﻣﻌﺮﻓﻲ ﻛﺎﻣﻞ و دﻗﻴﻘﻲ از اﻳﻦ روش اراﺋﻪ دادﻧﺪ ].[12
ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﻣﺼﻨﻮﻋﻲ از ﻛﺎرﺑﺮدﻫﺎي ﻫﻮش ﻣﺼﻨﻮﻋﻲ ﻫﺴﺘﻨﺪ ﻛﻪ ﺑﻪ ﻃﻮر وﺳﻴﻊ در ﻣﺪﻟـﺴﺎزي ﺗﻌـﺪاد زﻳـﺎدي از
ﻣﺴﺎﻳﻞ ﻣﻬﻨﺪﺳﻲ وﻋﻠﻤﻲﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﻣﻲﮔﻴﺮد .ﺗﻌﺪاد زﻳﺎدي ﻣﻄﺎﻟﻌـﻪ وﺗﺤﻘﻴـﻖ در ﻣـﻮرد ﭘـﻴﺶ ﺑﻴﻨـﻲ ﻣﻘﺎوﻣـﺖ
ﻓﺸﺎري ﺑﺘﻦ ﺑﻪ وﺳﻴﻠﻪ ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﺻﻮرت ﮔﺮﻓﺘﻪ اﺳﺖ ].[17
ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻳﻜﻲ از ﺷﻴﻮهﻫﺎي ﻧﺴﺒﺘﺎ ﺟﺪﻳﺪ ﺳﺎﺧﺖ ﺳﺪ در اﻳﺮان اﺳﺖ .ﭘﻴﺶ ﺑﻴﻨـﻲ و ﻣـﺪل ﺳـﺎزي ﻃـﺮح اﺧـﺘﻼط و
ﻣﻘﺎوﻣﺖ اﻳﻦ ﺑﺘﻦ ﺑﺮ اﺳﺎس ﭘﺎراﻣﺘﺮﻫﺎي ورودي ﺑﻪ ﻣﺎﻧﻨﺪ اﻧﻮاع دﻳﮕﺮ ﺑﺘﻦ و ﭼﻪ ﺑﺴﺎ ﺑﻴﺸﺘﺮ ازدﻳﮕﺮ اﻧـﻮاع ،از ﭘﻴﭽﻴـﺪﮔﻲ
ﺧﺎﺻﻲ ﺑﺮﺧﻮرداراﺳﺖ .از ﻃﺮﻓﻲ ورود اﻧﻮاع ﭘﻮزوﻻﻧﻬﺎ ،ﻣﻮاد اﻓﺰودﻧﻲ ﺟﺪﻳﺪ در ﻃﺮح اﺧﺘﻼط اﻳﻦ ﻧﻮع ﺑـﺘﻦ و ﻫﻤﭽﻨـﻴﻦ
ﻣﺘﺎﺛﺮ ﺑﻮدن اﻳﻦ ﺑﺘﻦ از روﺷﻬﺎي ﻣﺘﻔﺎوت ﺑﺘﻦ رﻳﺰي ،اﺧﺘﻼط وﺗﺮاﻛﻢ ،ﭘﻴﭽﻴﺪﮔﻲ ﻃﺮح اﺧﺘﻼط آن را ﻣـﻀﺎﻋﻒ ﻧﻤـﻮده
اﺳﺖ ] .[13ﻣﺪل ﺳﺎزي ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺗﻮﺳﻂ ﺷﻴﻮهﻫﺎي ﺳﻨﺘﻲ و رﮔﺮﺳﻴﻮﻧﻲ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﭘﻴﭽﻴﺪﮔﻲﻫﺎي ﻣﻮﺟـﻮد
در اﻳﻦ ﻣﻮﺿﻮع ،ﻗﺎدر ﺑﻪ ﭘﻴﺶ ﺑﻴﻨﻲﻫﺎي ﻣﻨﺎﺳﺐ ﻧﺨﻮاﻫﺪ ﺑﻮد ،ﭼﺮا ﻛﻪ رﻓﺘﺎر ﻣﻘﺎوﻣﺘﻲ ﺑـﺘﻦ ﺗﺤـﺖ ﺗـﺎﺛﻴﺮ ﺷـﺮاﻳﻂ ﻏﻴـﺮ
ﺧﻄﻲ اﺳﺖ و از ﻛﻮﭼﻜﺘﺮﻳﻦ ﺟﺰﺋﻴﺎت اﺟـﺰاي ﻣﻮﺟـﻮد در ﻣﺨﻠـﻮط و ﺗﻌﺎﻣـﻞ ﺑـﻴﻦ اﻳـﻦ اﺟـﺰا ﻣﺘـﺎﺛﺮ ﻣـﻲﺑﺎﺷـﺪ ].[17
ﺧﺼﻮﺻﻴﺎت ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﺑﺎ اﻟﮕﻮرﻳﺘﻢ ﭘﺲ اﻧﺘﺸﺎر ﺧﻄﺎ ﺑﺎﻋﺚ ﺷﺪه ﺗﺎ اﺳﺘﻔﺎده از اﻳﻦ ﺷﻴﻮه ﻣﺪل ﺳﺎزي ﻏﻴﺮ ﺧﻄﻲ
ﺑﺮاي ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ اﻧﻮاع ﺑﺘﻦ ﺑﺴﻴﺎر ﺟﺬاب وﻣﻨﺎﺳـﺐ ﺑﺎﺷـﺪ ] .[15ﻟـﺬا اﻳـﻦ ﺗﻜﻨﻴـﻚ ﺑـﻪ ﻋﻨـﻮان ﭘﺎﻳـﻪ اﺻـﻠﻲ
ﻣﺪلﺳﺎزي در اﻳﻦ ﺗﺤﻘﻴﻖ ﺑﻪ ﻛﺎر ﺑﺮده ﺷﺪه اﺳﺖ.
 -2روش ﺗﺤﻘﻴﻖ
 ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﺑﻪ ﻛﺎر رﻓﺘﻪ ﺟﻬﺖ ﻣﺪل ﺳﺎزيﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﭼﻨﺪ ﻻﻳﻪ ﭘﺮﺳﭙﺘﺮون ) (MLPﺑﺎ اﻟﮕﻮرﻳﺘﻢ ﭘﺲ اﻧﺘﺸﺎر ﺧﻄﺎ ﻳﻜﻲ از ﭘﺮ ﻛﺎرﺑﺮدﺗﺮﻳﻦ اﺑﺰارﻫﺎﻳﻲ ﻫﺴﺘﻨﺪ
ﻛﻪ ﺗﻮاﻧﺎﻳﻲ ﻓﻮق اﻟﻌﺎده اي در اﻧﻮاع ﻣﺪل ﺳﺎزيﻫﺎي ﻏﻴﺮ ﺧﻄﻲ و ﺧﻄﻲ از ﺧﻮد ﻧﺸﺎن داده اﻧﺪ] .[16در اﻳﻦ ﺗﺤﻘﻴﻖ از
ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ  MLPﺑﺎ ﻳﻚ ﻻﻳﻪ ﻣﺨﻔﻲ ﻛﻪ ﻣﻄﺎﺑﻖ ﺑﺎ ﺷﻜﻞ  1ﻋﻤﻞ ﻣﻲﻛﻨﻨﺪ ،اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ ﭼـﺮا ﻛـﻪ اﻳـﻦ
ﺳﺎﺧﺘﺎر ﺑﺎ ﺗﻌﺪاد اﻟﻤﺎن ﭘﺮدازﺷﮕﺮ )ﺳﻠﻮل ﻋﺼﺒﻲ( ﻣﻨﺎﺳﺐ در ﻻﻳﻪ ﻣﺨﻔﻲ ﻗﺎدر ﺑﻪ ﺷﺒﻴﻪ ﺳﺎزي اﻧﻮاع ﺗﻮاﺑﻊ و ﻧﮕﺎﺷـﺘﻬﺎي
ﻣﺨﺘﻠﻒ ﻣﻲﺑﺎﺷﺪ ] .[15ﺷﻜﻞ ﺷﻤﺎره  1ﺳﺎﺧﺘﺎر ﺷﺒﻜﻪ ﺑﻪ ﻛﺎر رﻓﺘﻪ ﺟﻬﺖ ﻣﺪل ﺳﺎزي را ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ از ﺳﻪ ﻻﻳﻪ
ورودي و ﻣﺨﻔﻲ و ﺧﺮوﺟﻲ ﺗﺸﻜﻴﻞ ﺷﺪه اﺳﺖ ﻛﻪ  xp1 , xp2 ,…, xpNوروديﻫﺎي  Nﻋﻨﺼﺮي Whi ،و Wjh
اوزان ﻗﺎﺑﻞ ﺗﻨﻄﻴﻢ ﺷﺒﻜﻪ را ﺗﺸﻜﻴﻞ ﻣﻲدﻫﻨﺪ.

ﺷﻜﻞ  -1ﺳﺎﺧﺘﺎر ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﺑﺎ اﻟﮕﻮرﻳﺘﻢ ﭘﺲ اﻧﺘﺸﺎر ﺧﻄﺎ

––––––––––––––––––––––––– اراﺋﻪ ﺷﺒﻜﻪ ﻋﺼﺒﻲ ﻣﻨﺎﺳﺐ ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ﺳﺪﻫﺎي83 /....

اﻳﻦ ﺷﺒﻜﻪﻫﺎ ﺑﺮاﺳﺎس اﻟﻤﺎﻧﻬﺎي ﭘﺮدازﺷﮕﺮي ﺑﻪ ﻧﺎم ﺳﻠﻮل ﻋﺼﺒﻲ ﻋﻤﻞ ﻣﻲﻛﻨﻨﺪ )ﺷﻜﻞ .(1ﺳـﻠﻮلﻫـﺎي ﻻﻳـﻪ ورودي
ﻣﻘﺎدﻳﺮ ﻋﻨﺎﺻﺮﺑﺮدار ورودي ﻫﺮ ﻳﻚ از اﻟﮕﻮﻫﺎ را ﺑﺪون ﻫﻴﭻ ﭘﺮدازﺷﻲ ﺑﻪ ﻻﻳﻪ ﭘﻨﻬﺎن ﻣﻨﺘﻘﻞ ﻣﻲﻛﻨﻨﺪ و ﺳﻠﻮلﻫﺎي ﻻﻳﻪ
ﭘﻨﻬﺎن و ﻻﻳﻪ ﺧﺮوﺟﻲ ﺑﺮ اﺳﺎس ﺷﻜﻞ  2ﺑﺮ روي ﻣﻘﺎدﻳﺮ ورودي ﺧﻮد ﺑﻪ ﭘﺮدازش اﻃﻼﻋﺎت دﺳﺖ ﻣﻲزﻧﻨﺪ .ﺗـﺎﺑﻊ  fدر
اﻳﻦ ﺷﻜﻞ ﺑﺎ ﻧﺎم ﺗﺎﺑﻊ ﺗﺤﺮﻳﻚ در اﻳﻦ ﺷﻜﻞ ﺷﻨﺎﺧﺘﻪ ﻣﻲﺷﻮد وﻣﻲﺗﻮاﻧﺪ از ﻧﻮع ﺗﺎﺑﻊ ﺳﻴﮕﻤﻮﺋﻴﺪ وﻳﺎ ﺗﺎﻧﮋاﻧﺖ ﻫﻴﭙﺮﺑﻮﻟﻴـﻚ
و ﻳﺎ ﺧﻄﻲ ﺑﺎﺷﺪ ].[14

ﺷﻜﻞ ) -2ﭼﭗ( ﺳﻠﻮل ﻋﺼﺒﻲ وﻋﻤﻠﻴﺎت رﻳﺎﺿﻲ آن)،راﺳﺖ(1ﺗﺎﺑﻊ ﺗﺎﻧﮋاﻧﺖ ﻫﻴﭙﺮﺑﻮﻟﻴﻚ )راﺳﺖ (2ﺗﺎﺑﻊ ﺳﻴﮕﻤﻮﺋﻴﺪ

در اﻳﻦ ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ دو روال اﻧﺠﺎم ﻣﻲﺷﻮد .روال ﺗﺎﺑﻌﻲ ﻛﻪ ﺷﺎﻣﻞ اﻋﻤﺎل اﻟﮕﻮﻫﺎ و ﻣﺜﺎلﻫﺎي ورودي ﺑﻪ ﺷـﺒﻜﻪ
و ﺗﻌﻴﻴﻦ ﺧﺮوﺟﻲﻫﺎي ﺳﻠﻮﻟﻲ ﻫﺮ ﻻﻳﻪ و اﻧﺘﻘﺎل ﺧﺮوﺟﻲ ﻫﺮ ﻻﻳﻪ ﺑﻪ ﻻﻳﻪ ﺑﻌـﺪي اﺳـﺖ .روال ﭘـﺲ اﻧﺘـﺸﺎر ﺧﻄـﺎ ،ﺑـﺎ
ﻣﻘﺎﻳﺴﻪ ﻧﺘﻴﺠﻪ ﻻﻳﻪ ﺧﺮوﺟﻲ ﺑﺎ ﻣﻘﺪار ﻫﺪف ﻫﺮ اﻟﮕﻮ وﺗﻌﻴﻴﻦ ﺧﻄﺎي اﻳﻦ ﻣﻘﺎﻳﺴﻪ آﻏﺎز ﻣﻲﺷﻮد )راﺑﻄـﻪ (1و ﺑـﺮ اﺳـﺎس
اﻟﮕﻮرﻳﺘﻢﻫﺎي ﻣﺨﺘﻠﻒ آﻣﻮزش اﻳﻦ ﺧﻄﺎ را از ﻻﻳﻪﻫﺎي اﻧﺘﻬﺎﻳﻲ ﺑﻪ ﻻﻳﻪﻫﺎي ﻗﺒﻠﻲ اﻧﺘﻘﺎل داده و در ﺣـﻴﻦ اﻳـﻦ اﻧﺘﻘـﺎل
اوزان و ﺑﺎﻳﺎسﻫﺎ راﺑﻪ ﮔﻮﻧﻪ اي ﺗﻨﻈﻴﻢ ﻣﻲﻛﻨﺪ ﻛﻪ ﺧﻄﺎي ﺷﺒﻜﻪ ﺑﻪ ﭘﺎﻳﻴﻦ ﺗﺮﻳﻦ ﺳﻄﺢ ﺑﺮﺳﺪ ].[14
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ﺗﺎﺑﻊ ﺧﻄﺎ و ﻋﻤﻠﻜﺮد ﺷﺒﻜﻪ
در راﺑﻄﻪ )(1
 tﻫﺪف
 0ﺧﺮوﺟﻲ ﻣﺪل
iاﻣﻴﻦ ﺳﻠﻮل ﺧﺮوﺟﻲ
jاﻣﻴﻦ اﻟﮕﻮ
 Nﺗﻌﺪادﺳﻠﻮل درﺧﺮوﺟﻲ
 S0ﺗﻌﺪاداﻟﮕﻮ
 ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺨﺘﻠﻒ ﺷﺒﻜﻪ ﻋﺼﺒﻲ در ﻣﺪلﺳﺎزي ﻣﻘﺎوﻣﺖﺷﺒﻜﻪﻫﺎي  BPﺑﺎ ﻳﻚ ﻻﻳﻪ ﭘﻨﻬﺎن و ﺗﺎﺑﻊ ﺗﺤﺮﻳﻚ ﺧﻄﻲ در ﻻﻳﻪ ﺧﺮوﺟﻲ اﺳـﺎس ﻣـﺪل ﺳـﺎزي ﻗـﺮار ﮔﺮﻓﺘـﻪ اﺳـﺖ.
ﻫﻤﭽﻨﻴﻦ از ﺗﺎﺑﻊ ﺗﺤﺮﻳﻚ ﺗﺎﻧﮋاﻧﺖ ﻫﭙﺮﺑﻮﻟﻴﻚ ) (Tanhدر ﻻﻳﻪ ﻣﺨﻔﻲ اﺳـﺘﻔﺎده ﺷـﺪه اﺳـﺖ .در ﺿـﻤﻦ از ﻧـﺮم اﻓـﺰار
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 MATLABﺑﺮاي ﺑﺮﻧﺎﻣﻪ ﻧﻮﻳﺴﻲﻫﺎي ﻣﻮرد ﻧﻴﺎز ﻣﺪل ﺳﺎزي اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
 ﻣﺠﻤﻮﻋﻪ دادهﻫﺎي ﻣﺪلﺳﺎزياﻃﻼﻋﺎت ﺑﻪ ﻛﺎر رﻓﺘﻪ در اﻳﻦ ﻣﺪل ﺳﺎزي از ﻣﻴﺎن ﻃﺮح اﺧﺘﻼطﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺳﺪ زﻳﺮدان ﮔﺮدآوري ﺷﺪه اﺳﺖ.
رﻛﻮردﻫﺎي ﺟﻤﻊ آوري ﺷﺪه ﺷﺎﻣﻞ  190ﻃﺮح اﺧﺘﻼط ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﭘﺲ از ﺑﺎزﺑﻴﻨﻲ آﻧﻬﺎ دادهﻫﺎي ﺑﺎ ﺧﻄﺎي ﭼﺸﻤﮕﻴﺮ و
ﻫﻤﭽﻨﻴﻦ دادهﻫﺎي ﺑﺎ ﻧﻘﺼﺎن در ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻮﺛﺮ ﺑﺮ ﻃﺮح اﺧﺘﻼط و ﻣﻘﺎوﻣﺖ ﻛﻨﺎر ﮔﺬاﺷـﺘﻪ ﺷـﺪﻧﺪ و در ﻧﻬﺎﻳـﺖ 111
ﻃﺮح اﺧﺘﻼط ﺑﻪ ﻋﻨﻮان ﭘﺎﻳﮕﺎه اﺻﻠﻲ ﻣﺪل ﺳﺎزيﻫﺎي ﻣﺨﺘﻠﻒ ﺑﻪ ﻛﺎر ﮔﺮﻓﺘﻪ ﺷﺪه اﻧﺪ.
 ﻣﺪلﺳﺎزي ﻣﻘﺎوﻣﺖ  90 ،28 ،7و  180روزهﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺣﺎوي ﻣﺠﻤﻮع ﻣﻮاد ﺳﻴﻤﺎﻧﻲ  70ﺗﺎ  190ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ و ﺑﺎ ﭘﻠﻪﻫـﺎي 10
ﻛﻴﻠﻮﮔﺮم ﺳﺎﺧﺘﻪ ﺷﺪﻧﺪ ﺑﺮاي اﻳﺠﺎد ﻣﺪل ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ از ﻣﻴﺎن اﻃﻼﻋﺎت ﮔﺮدآوري ﺷﺪه ﻧﻴﺰ ﺑﻪ اﻳﻦ ﺗﺮﺗﻴﺐ ﻋﻤﻞ
ﺷﺪ ﻛﻪ ﺑﺮاي ﻫﺮ ﻃﺮح اﺧﺘﻼط رواﺑﻂ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري آن در ﺳﻨﻴﻦ ﻣﺨﻠﺘﻒ ﻣﺤﺎﺳﺒﻪ ﺷﻮد.
 ﭘﺎراﻣﺘﺮﻫﺎي ورودي ﻣﺪلﭘﺎراﻣﺘﺮﻫﺎي ﻣﺘﻔﺎوﺗﻲ ﺑﺮ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺗﺎﺛﻴﺮﮔﺬار ﻫﺴﺘﻨﺪ ﻛﻪ ازﺟﻤﻠﻪ اﻳﻦ ﭘﺎراﻣﺘﺮﻫﺎ ﻣـﻲﺗـﻮان ﺑـﻪ ﻣﻴـﺰان و ﻧـﻮع
ﺳﻴﻤﺎن و ﭘﻮزوﻻن ،ﺷﻦ و ﻣﺎﺳﻪ ،رﻳﺰي ذرات ﺳﻴﻤﺎن،ﻣﻘﺪارآب ،ﻣﺪول رﻳﺰي ﻣﺎﺳﻪ ،ﺣﺪاﻛﺜﺮﺑﻌﺪ ﺳﻨﮕﺪاﻧﻪ ،داﻧـﻪ ﺑﻨـﺪي
ﺳﻨﮕﺪاﻧﻪﻫﺎ و ﻣﻴﺰان و ﻧﻮع ﻣﻮاد اﻓﺰودﻧﻲ اﺷﺎره ﻛﺮد .ﻋﻼوه ﺑﺮ اﻳﻦ ﻣﻮارد ﭘﺎراﻣﺘﺮﻫﺎي ﺗﺮﻛﻴﺒﻲ ﻧﻴﺰ وﺟﻮد دارﻧﺪﻛﻪ از آﻧﻬﺎ
ﺑﻪ ﻋﻨﻮان ﺷﺎﺧﺺﻫﺎي ﻣﻮﺛﺮ ﺑﺮ ﻣﻘﺎوﻣﺖ ﻳﺎد ﺷﺪه اﺳﺖ] .[9از ﻣﻴﺎن ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺴﺘﻘﻞ ﻣﻮﺛﺮ ﺑﺮ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻏﻠﺘﻜـﻲ
آن دﺳﺘﻪ از ﭘﺎراﻣﺘﺮﻫﺎ و وﻳﮋﮔﻴﻬﺎﻳﻲ ﻛﻪ در اﻃﻼﻋﺎت ﮔﺮدآوري ﺷﺪه ﺣﻀﻮر داﺷﺘﻨﺪ اﻧﺘﺨﺎب ﺷﺪه ﺑﻪ ﻧﺤﻮي ﻛـﻪ ﺑﺘـﻮان
ازآﻧﻬﺎ در ﺷﺮاﻳﻂ ﮔﻮﻧﺎﮔﻮن اﺳﺘﻔﺎده ﻧﻤﻮد ،ﺑﻪ ﻛﺎر ﮔﺮﻓﺘﻪ ﺷﺪﻧﺪ .اﻳﻦ ﭘﺎراﻣﺘﺮﻫﺎ ﺑﻪ ﺗﺮﺗﻴﺐ ﻋﺒﺎرﺗﻨﺪ از:
ﺷﻦ  ،25~50ﺷﻦ  ،5~25ﻣﺎﺳﻪ  ،0~5ﻣﺎﺳﻪ  ،0~3ﺳﻴﻤﺎن ،ﭘﻮزوﻻن ﺧﺎش ،آب،
اﻓﺰودﻧﻴﻬﺎي  Chryso Tard CHR ، Chrysoplast CERو  Conplast RP264Mو ﺷـﺴﺘﻪ ﻳـﺎ ﻧﺸـﺴﺘﻪ
ﺑﻮدن ﻣﺼﺎﻟﺢ
 آﻣﺎدهﺳﺎزي و اﺳﺘﺎﻧﺪارد ﻛﺮدن دادهﻫﺎﺟﻬﺖ اﻧﺠﺎم ﻣﺤﺎﺳﺒﺎت در اﺑﺘﺪا ﻻزم اﺳﺖ ﻛﻪ دادهﻫﺎي ﺧﺎم ﺑﻴﻦ  0و  1اﺳﺘﺎﻧﺪاردﺳﺎزي ﺷﻮﻧﺪ ] .[7ﺑﻨﺎﺑﺮاﻳﻦ دادهﻫـﺎي
ورودي ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﻴﺰان دادهﻫﺎي ﺣﺪاﻛﺜﺮ و ﺣﺪاﻗﻞ اﺳﺘﺎﻧﺪارد ﺷﺪﻧﺪ .اﻳﻦ ﻋﻤﻞ ﻛﻪ ﻧﺮﻣـﺎﻟﻴﺰه ﻛـﺮدن دادهﻫـﺎ ﺧﻮاﻧـﺪه
ﻣﻲﺷﻮد از روﺷﻬﺎي اﺳﺘﺎﻧﺪارد ﺳﺎزي دﻳﮕﺮ ﻛﺎرﺑﺮدي ﺗﺮ اﺳﺖ .ﺑﻌﺪ از ﺧﺮوﺟﻲ ﮔﺮﻓﺘﻦ از ﺷﺒﻜﻪ ،ﺧﺮوﺟﻲﻫﺎي اﺳـﺘﺎﻧﺪارد
ﺷﺪه ﺑﺎﻳﺴﺘﻲ ﺑﻪ دادهﻫﺎي واﻗﻌﻲ ﺗﺒﺪﻳﻞ ﺷﻮﻧﺪ ﺗﺎ ﺑﺎ ﻣﻘﺎدﻳﺮ ﻣﺸﺎﻫﺪه ﺷﺪه ﻣﻮرد ﻣﻘﺎﻳﺴﻪ ﻗﺮارﮔﻴﺮﻧـﺪ .ﻫﻤﭽﻨـﻴﻦ ﻣﺤـﺪوده
ﻣﺎﻛﺰﻳﻤﻢ و ﻣﻴﻨﻴﻤﻢ داده ﺑﻪ ﺷﺮح ﺟﺪول  1ﻣﻲﺑﺎﺷﻨﺪ:

ﺟﺪول  :1ﻣﺤﺪوده دادهﻫﺎي ﻃﺮح اﺧﺘﻼطﻫﺎ

––––––––––––––––––––––––– اراﺋﻪ ﺷﺒﻜﻪ ﻋﺼﺒﻲ ﻣﻨﺎﺳﺐ ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ﺳﺪﻫﺎي85 /....
0~3

0~5

5~25

25~50

ﻣﺤﺪوده

ﻣﺠﻤﻮع ﻣﺼﺎﻟﺢ

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

دادهﻫﺎ

ﺳﻴﻤﺎﻧﻲ

444
608
440
576
432
567
413
560
496
573

353
488
335
483
332
460
327
480
332
383

806
902
843
914
830
907
751
906
728
907

403
451
399
468
393
465
392
486
441
561

ﻣﺎﻛﺰﻳﻤﻢ
ﻣﻴﻨﻴﻤﻢ
ﻣﺎﻛﺰﻳﻤﻢ
ﻣﻴﻨﻴﻤﻢ
ﻣﺎﻛﺰﻳﻤﻢ
ﻣﻴﻨﻴﻤﻢ
ﻣﺎﻛﺰﻳﻤﻢ
ﻣﻴﻨﻴﻤﻢ
ﻣﺎﻛﺰﻳﻤﻢ
ﻣﻴﻨﻴﻤﻢ

110
120
130
140
150

 -3ﻳﺎﻓﺘﻪﻫﺎ
ﭘﺲ از ﺗﺤﻠﻴﻞ داده ﺗﻮﺳﻂ ﺷﺒﻜﻪ ﻋﺼﺒﻲ ﻧﺮم اﻓﺰار ﻣﺘﻠﺐ ﺧﺮوﺟﻲﻫﺎ ﺑﻪ ﺻﻮرت وزن ﻫﺮ ﻳﻚ از دادهﻫﺎ ﺑﺮاي ﻣﻘﺎوﻣـﺖ
7روزه در ﺟﺪاول  2و  ،3ﺑﺮاي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه در ﺟﺪاول  4و  ،5ﺑﺮاي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  90روزه درﺟـﺪاول
 6و  7و ﻫﻤﭽﻨﻴﻦ ﺑﺮاي ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري  180روزه درﺟـﺪاول  8و  9ﻛـﻪ ﺑـﻪ ﺗﺮﺗﻴـﺐ در ﺟـﺪول اول ﺷـﺎﻣﻞ وزن
)W(1,1ﻫﺎ و در ﺟﺪول دوم ﺷﺎﻣﻞ ) ، b2 ،b1 ،w(2,1و ﻣﺎﻛﺰﻳﻤﻢ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻃﺮح ﻣﻮرد ﻧﻈﺮ ﻣﻲﺑﺎﺷـﻨﺪ اراﺋـﻪ
ﺷﺪه اﺳﺖ.
ﺟﺪول  :2ﻧﺘﺎﻳﺞ ) W(1,1ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  7روزه
ﻣﻘﺎوﻣﺖ
ﻓﺰودﻧﻲ

ﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

آب

ﭘﻮزوﻻن

 =0ﺷﺴﺘﻪ

Conplast
RP264M

ChrysoTard
CHR

Chrysoplast
CER

آزاد

=1ﻧﺸﺴﺘﻪ

ﺳﻴﻤﺎن

0-3

5-25

0-5

25-50

ﻓﺸﺎري
7روزه

3

3

ﺧﺎش

) (kg/m

) (kg/m

3

3

) (kg/m

) (kg/m

3

) (kg/m

)W(1,1

26128.3625

-1312.877

960.5746

2586.4581

2331.84

-30.1465

-271.3188

1018.7599

744.7871

862.765

857.6825

110

1315.5817

-3078.1852

494.7499

3614.0623

-1994.0385

24.5908

221.3177

-1259.5986

-1242.9058

1575.4713

-4014.6545

120

-279.3159

-1446.9252
238014.0819

-326.5085

-2178.5697

701.6738

1028.3934

238130.8079

220886.0558

-10.6125
3931.0348

-95.5121
22969.298

354.4187

344.5169

-20.6556

687.2884

130

59492.9423

63439.0382

59919.6422

61232.0142

140

-151.003

-439.9155

-209.5466

-644.9751

-106.7477

1.739

15.6507

54.2189

-192.0378

-48.2741

-48.2507

150

-38.9949

ﺟﺪول  :3ﻧﺘﺎﻳﺞ ) w(2,1و  b1و  b2و ﻣﺎﻛﺰﻳﻤﻢ دادهﻫﺎي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  7روزه
ﻣﺎﻛﺰﻳﻤﻢ
دادﻫﺎ

b2

b1

)w(2,1

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
7روزه

59.3

68.6172

-2455.6

67.8715

110

64.9

0.83419

1856.336

0.18378

120

75.9

0.84413

-732.407

-0.23585

130

88.4

0.87284

-173501

-0.08802

140

119.5

71.3546

128.3482

-70.8489

150

ﺟﺪول ﺷﻤﺎره  :4ﻧﺘﺎﻳﺞ ) W(1,1ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه

 / 86ﺳﻮﻣﻴﻦ ﻛﻨﻔﺮاﻧﺲ ﺑﻴﻦاﻟﻤﻠﻠﻲ ﺑﺘﻦ و ﺗﻮﺳﻌﻪ––––––––––––––––––––––––––––––– 1388 ،
ﻣﻘﺎوﻣﺖ
 =1ﻧﺸﺴﺘﻪ

ﻓﺰودﻧﻲ

ﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

آب

ﺳﻴﻤﺎن

ﭘﻮزوﻻن

0-3

5-25

0-5

ﻓﺸﺎري

25-50

28روزه
 =0ﺷﺴﺘﻪ

Conplast
RP264M

ChrysoTard
CHR

Chrysoplast
CER

آزاد

ﺧﺎش

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)W(1,1

1948.0145

826.065

-688.766

2772.5523

728.9701

-9.7292

-87.5631

304.3659

284.6204

271.5006

304.2699

110

-10468.0368

12054.4859

-2073.7938

-6904.3204

3257.0184

-32.5199

-292.6772

2322.3635

2384.6857

-4926.4887

9545.2621

120

-1939.9944

-186.3095

47.9842

347.6326

1.5363

36068.8599

16241.0049

-181491.7105

129567.3362

440296.6899

-0.636
6270.6733

-5.724
59248.174

-7.2057

15.0429

33.9636

-30.6109

130

156777.2375

157656.2341

151744.3845

152788.9625

140

-504.9597

-35.5678

3740.8166

-320.4495

-1737.1075

34.339

309.3358

537.8686

-2744.5241

-798.184

-783.1546

150

ﺟﺪول  :5ﻧﺘﺎﻳﺞ ) w(2,1و  b1و  b2وﻣﺎﻛﺰﻳﻤﻢ دادهﻫﺎي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه
ﻣﺎﻛﺰﻳﻤﻢ

b2

b1

)w(2,1

82.99
0.8724
33.7257
0.878
0.73674

-802.513
-2490.37
-21.8034
-423751
2083.601

82.2571
-0.12829
33.4206
-0.09141
-0.14299

دادﻫﺎ
94.3
88.9
106.6
123.8
165.5

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
28روزه
110
120
130
140
150

ﺟﺪول  :6ﻧﺘﺎﻳﺞ ) W(1,1ﻣﻘﺎوﻣﺖ ﻓﺸﺎري 90روزه
=1ﻧﺸﺴﺘﻪ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

آب

ﭘﻮزوﻻ
ن

ﻣﻘﺎوﻣﺖ
ﺳﻴﻤﺎن

0-3

5-25

0-5

25-50

ﻓﺸﺎري
90روزه

ﺷﺴﺘﻪ=0

Conplast
RP264M

ChrysoTard
CHR

Chrysoplast
CER

آزاد

ﺧﺎش

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)W(1,1

-155.6943

1201.9453

1383.355

1561.3317

219.7201

-3.2325

-29.0929

88.9994

90.6119

84.8313

90.5575

110

20662.366

415.202

-12040.6101

-15222.0467

-7883.7779

88.345

794.9786

-1422.8069

-1647.4708

-5862.5253

2863.2778

120

9276.0029

-1522.8943

22572.0953

28096.9814

5052.3912

-38.62

-348.7599

-97.4022

-191.8954

4311.5341

-4148.688

130

665.3672

873.041

1983.6598

-4896.7036

152.4836

-82.8525

-29.0349

235.6504

191.8984

197.6006

194.7366

140

18.8333

-631.5906

-10421.1236

-441.2291

60.7262

-2.4661

-22.1758

-122.8437

332.6311

64.6324

60.6244

150

ﺟﺪول  :7ﻧﺘﺎﻳﺞ ) w(2,1و  b1و  b2و ﻣﺎﻛﺰﻳﻤﻢ دادهﻫﺎي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  90روزه
ﻣﺎﻛﺰﻳﻤﻢ
دادهﻫﺎ
104.4
109.1
123.6
141.6
188.3

b2

b1

)w(2,1

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري 90روزه

16.6011
0.83464
-163.517
0.90005
0.86241

-245.634
6719.227
-2719.67
-507.018
-154.494

16.3178
0.12899
-164.474
0.11192
0.13146

110
120
130
140
150

راﺑﻄﻪ اي ﻛﻪ ﺑﺮﻧﺎﻣﻪ  MATLABﻃﺒﻖ آن ﻣﺤﺎﺳﺒﺎت را اﻧﺠﺎم ﻣﻲدﻫﺪ ﺑﻪ ﺻﻮرت راﺑﻄﻪ ) (2ﻣﻲﺑﺎﺷﺪ:
)(2
ﻛﻪ :

Purlin(W2,1*Tansig(W1,1* A+b1)+b2

 W1,1و  W2,1و  b1و  b2ﺿﺮاﺋﺐ ﻣﺤﺎﺳﺒﺎﺗﻲ ﺗﻮﺳﻂ ﻧﺮم اﻓﺰارﻣـﻲﺑﺎﺷـﺪ و  Aﻧﻴـﺰ ﻣﻘـﺎدﻳﺮ اوﻟﻴـﻪ ﻃـﺮح اﺧـﺘﻼط
ﻣﻲﺑﺎﺷﺪ.
ﺑﻪ ﻃﻮر ﻣﺜﺎل اﮔﺮ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  90روزه ﻃﺮﺣﻲ ﺑﺎ ﻣﺠﻤﻮع ﻣﺼﺎﻟﺢ ﺳـﻴﻤﺎﻧﻲ  120ﻛﻴﻠـﻮﮔﺮم ﺑـﺮ ﻣﺘـﺮ ﻣﻜﻌـﺐ و ﺑـﺎ

––––––––––––––––––––––––– اراﺋﻪ ﺷﺒﻜﻪ ﻋﺼﺒﻲ ﻣﻨﺎﺳﺐ ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ﺳﺪﻫﺎي87 /....

ﻧﺴﺒﺘﻬﺎي اﺧﺘﻼط ﻣﻄﺎﺑﻖ ﺟﺪول  10ﻣﺪﻧﻈﺮﺑﺎﺷﺪ ﺑﻪ ﺻﻮرت زﻳﺮ ﻋﻤﻞ ﻣﻴﺸﻮد:
ﺟﺪول  :8ﻧﺘﺎﻳﺞ ) W(1,1ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  180روزه
ﻣﻘﺎوﻣﺖ
اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

آب

ﭘﻮزوﻻن

ﺳﻴﻤﺎن

0-3

0-5

5-25

25-50

=1ﻧﺸﺴﺘﻪ
=0ﺷﺴﺘﻪ

Conplast
RP264M

ChrysoTard
CHR

Chrysoplast
CER

آزاد

ﺧﺎش

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)W(1,1

144.7062

2996.6691

474.101

34.565

-535.4856

7.6193

68.5733

-222.7109

-220.6838

-212.9597

-220.5406

110

5485.6287

-262.3356

85.621

-63.7307

1070.651

-8.1094

-72.9755

548.0719

479.459

-1010.1246

2047.2502

120

6023.9677

-1898.339

20247.5529

25025.2947

4879.5062

-40.6449

-365.7089

111.5684

52.0612

3743.3125

-3199.9818

130

-397.4239

-279.1942

698.62

155.6007

257860.4159

4843.492

26582.4219

69988.6009

74495.9859

70414.2492

71943.8467

140

7224.7236

2011.4399

13469.3763

1363.1841

891.4534

-13.5086

-121.5758

343.8102

262.3528

297.0688

295.3008

150

ﻓﺸﺎري
180روزه

ﺟﺪول  :9ﻧﺘﺎﻳﺞ ) w(2,1و b1و  b2و ﻣﺎﻛﺰﻳﻤﻢ دادهﻫﺎي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  180روزه
ﻣﺎﻛﺰﻳﻤﻢ

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري

b2

b1

)w(2,1

106.2
112.7
122.4
151.5
211.8

26.1003
0.82266
-184.077
0.87403
0.85081

603.6801
-644.509
-2814.37
203536.5
-828.736

-25.2946
-0.17735
-185.065
0.058119
-0.12929

دادهﻫﺎ

180روزه
110
120
130
140
150

ﺟﺪول  :10دادهﻫﺎي اوﻟﻴﻪ ﻣﺜﺎل
ﻣﻘﺎوﻣﺖ
=1ﻧﺸﺴﺘﻪ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

آب

ﭘﻮزوﻻن

ﺳﻴﻤﺎن

0-3

0-5

5-25

25-50

=0ﺷﺴﺘﻪ

Conplast
RP264M

ChrysoTard
CHR

Chrysoplast
CER

آزاد

ﺧﺎش

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

1

0

0

0.6

120

12

108

482

483

846

401

ﻓﺸﺎري
90روزه

120

اﺑﺘﺪا ﻣﻘﺎدﻳﺮ ﻫﺮ ﻳﻚ از ﻣﺼﺎﻟﺢ را در اوزان ﻣﺮﺑﻮط ﺑﻪ ردﻳﻒ دوم ﺟـﺪول  6ﻛـﻪ ﻣﺨـﺘﺺ ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري  90روزه
)ﺟﺪول (6ﻛﻪ ﻫﻤﺎن)W(1,1ﻫﺎ ﻫﺴﺘﻨﺪ ﺿﺮب ﺷﺪه آﻧﮕﺎه ﺣﺎﺻﻞ را ﺑﺎ ﻣﻘﺪار  b1ردﻳﻒ دوم ﺟﺪول  7ﺟﻤﻊ ﻣﻲﺷﻮد.
ﺟﺪول W(1,1) :11ﻫﺎي ﻣﻘﺎوﻣﺖ  90روزه ﻃﺮح اﺧﺘﻼط ﺑﺎ 120ﻛﻴﻠﻮﮔﺮم ﻣﻮاد ﺳﻴﻤﺎﻧﻲ
ﻣﻘﺎوﻣﺖ
 =1ﻧﺸﺴﺘﻪ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

اﻓﺰودﻧﻲ

آب

ﭘﻮزوﻻن

ﺳﻴﻤﺎن

0-3

0-5

5-25

25-50

 =0ﺷﺴﺘﻪ

Conplast
RP264M

ChrysoTard
CHR

Chrysoplast
CER

آزاد

ﺧﺎش

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

20662.366

415.202

-12040.6101

-15222.0467

-7883.7779

88.345

794.9786

1422.8069

1647.4708

5862.5253

2863.2778

ﻓﺸﺎري
90روزه

ﺳﭙﺲ ﺟﻮاب را ﺑﺮاﺑﺮ  xدرﻧﻈﺮﮔﺮﻓﺘﻪ و در راﺑﻄﻪ ) (3ﻗﺮار داده ﻣﻲﺷﻮد:

)W(1,1
120
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)(3

1 − e −2 x
1 + e− 2 x

=z

ﺣﺎل  zرا در ﻣﻘﺪار ) w(2,1ردﻳﻒ دوم ﺟﺪول  7ﺿﺮب ﺷﺪه و ﺑﺎ ﻋﺪد  b2ﺟﻤﻊ ﻣﻲﺷﻮد و در اﻧﺘﻬـﺎ ﺑـﻪ دﻟﻴـﻞ اﻳﻨﻜـﻪ
رواﺑﻂ ﺑﺮاﺳﺎس اﻋﺪاد ﻧﺮﻣﺎﻟﻴﺰ ﺷﺪه اﺳﺖ ﺟﻬﺖ رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣﺖ ﻣﻮردﻧﻈﺮ ﺑﺎﻳﺪ ﺣﺎﺻﻞ را در ﻣﺎﻛﺰﻳﻤﻢ دادهﻫﺎﻛﻪ ﺑﺮاﺑﺮ
ﺑﺎ  109.1kg/cm2اﺳﺖ ﺿﺮب ﺷﺪه ﻛﻪ ﺟﻮاب ﻧﻬﺎﻳﻲ ﺑﺮاﺑﺮ ﺑﺎ  100.3kg/cm2ﻣﻲﺷﻮد.
 -4ﺑﺤﺚ
اﺳﺘﻔﺎده از ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ،ﻣﺪل ﺳﺎزي ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﻏﻠﺘﻜﻲ را دﭼﺎر ﺗﺤﻮل ﺳﺎﺧﺘﻪ اﺳﺖ و ﻧﺘﺎﻳﺞ ﺑـﺴﻴﺎر ﻣﻨﺎﺳـﺐ و
دﻗﻴﻘﻲ را در ﺑﺮداﺷﺘﻪ اﺳﺖ .درﺗﺤﻘﻴﻘﻲ ﻛﻪ ﺗﻮﺳﻂ ﺳﻮرﻛﻦ و ﻫﻤﻜﺎراﻧﺶ ﺻﻮرت ﮔﺮﻓﺘﻪ ﻧﻴـﺰ ﻧﺘـﺎﻳﺞ ﺑـﺴﻴﺎر دﻗﻴﻘـﻲ ﺑـﻪ
واﺳﻄﻪ ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ در راﺑﻄﻪ ﺑﺎ ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﺘﻦ ﺻﻮرت ﮔﺮﻓﺘﻪ اﺳﺖ] .[9اﻳﻦ ﻣﺪل ﺗﻨﻬـﺎ ﻳـﻚ
ﺑﺎر ﺳﺎﺧﺘﻪ ﺷﺪه اﺳﺖ و دﺳﺖ ﻳﺎﺑﻲ ﺑﻪ ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ را ﺑﻪ ﺻﻮرت آﻧﻲ و ﺑﺎ دﻗﺖ ﺑﺴﻴﺎر ﻣﻨﺎﺳﺐ اﻧﺠﺎم ﻣﻲدﻫـﺪ و
ﻣﻲﺗﻮاﻧﺪ ﺑﺴﻴﺎري از ﻫﺰﻳﻨﻪﻫﺎي ﻧﻤﻮﻧﻪ ﺳﺎزي ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲ را ﻛﺎﻫﺶ دﻫـﺪ .ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري ﻣﻼﺗﻬـﺎي
ﺳﻴﻤﺎﻧﻲ ﺷﺎﻣﻞ اﻧﻮاع ﻣﺘﻔﺎوﺗﻲ از ﭘﻮزوﻻﻧﻬﺎ ﺑـﺮ اﺳـﺎس ﺷـﺒﻜﻪ ﻋـﺼﺒﻲ ﺑـﺪون ﻧﻴـﺎز ﺑـﻪ اﻧﺠـﺎم ﻫـﻴﭻ ﮔﻮﻧـﻪ ﻣﻄﺎﻟﻌـﺎت
آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺳﺒﺐ ﺻﺮﻓﻪ ﺟﻮﻳﻲ ﻫﺰﻳﻨﻪﻫﺎ ﺑﻪ ﻣﻘﺪار ﺑﺴﻴﺎر زﻳﺎدي در ﭘﺮوژهﻫﺎ ﻣﻲﮔﺮدد].[13
ﺑﺎ ﺑﻪ ﻛﺎرﺑﺮدن اﻳﻦ ﻣﺪلﻫﺎي ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ و اﺳﺘﻔﺎده ازروشﻫﺎي ﻣﻴﻨـﻴﻤﻢ ﺳـﺎزي ﻣـﻲﺗـﻮان ﺑـﺎ درﻧﻈﺮﮔـﺮﻓﺘﻦ
ﺑﺴﻴﺎري ازوﻳﮋﮔﻲﻫﺎي ﻃﺮح اﺧﺘﻼط و ﺑﺪون ﺳﺎﺧﺖ ﻧﻤﻮﻧﻪﻫﺎي آزﻣﺎﻳﺸﮕﺎﻫﻲ ﺑﻪ ﻃﺮح اﺧﺘﻼطﻫﺎي ﺑﻬﻴﻨﻪ ازﺟﻨﺒﻪﻫـﺎي
ﺳﺎزه اي و ﻣﺎﻟﻲ دﺳﺖ ﻳﺎﻓﺖ .ﺑﻪ ﻛﺎرﮔﻴﺮي اﻳﻦ ﻣﺪلﻫـﺎ ﺑـﺮاي ﺑﺮرﺳـﻲ ﺑﻴـﺸﺘﺮ ﭘﺎراﻣﺘﺮﻫـﺎي ﻣـﻮﺛﺮ ﺑـﺮ ﺑـﺘﻦ ﻏﻠﺘﻜـﻲ
ﺑﺴﻴﺎرﺳﻮدﻣﻨﺪ اﺳﺖ .اﺳﺘﻔﺎده از ﺧﺼﻮﺻﻴﺎت ﺑﻴﺸﺘﺮي از ﺳﻨﮕﺪاﻧﻪﻫﺎ )ﻧﻮع ﻛﺎﻧﻲ ،ﺷﺮاﻳﻂ ﺳـﻨﮕﺪاﻧﻪﻫـﺎ ﺑـﺮاي ﺟﻠـﻮﮔﻴﺮي
ازﺟﺪاﻳﻲ و ،(...ﻧﻮع ﺳﻴﻤﺎن ﻣﺼﺮﻓﻲ و ﺷﺮاﻳﻂ ﺳﺎﺧﺖ ﻧﻤﻮﻧﻪﻫﺎ )زﻣﺎن اﺧﺘﻼط ،ﻧﺤﻮه اﺧﺘﻼط ،ﻓﺎﺻﻠﻪ زﻣﺎﻧﻲ ﺑـﻴﻦ اﺗﻤـﺎم
اﺧﺘﻼط و ﺑﺘﻦ رﻳﺰي و (...درﻛﻨﺎر دﻳﮕﺮﭘﺎراﻣﺘﺮﻫﺎي ورودي ﭘﻴﺶ ﺑﻴﻨﻲ ﻣﻘﺎوﻣﺖ را دﻗﻴﻖ ﺗﺮ ﻣﻴﻜﻨﺪ.
ﺗﺸﻜﺮ و ﻗﺪرداﻧﻲ
ﺑﺪﻳﻨﻮﺳﻴﻠﻪ ازﻣﻬﻨﺪس ﻣﺤﺴﻦ ﺟﻌﻔﺮﺑﻴﮕﻠﻮ و ﺗﻜﻨﺴﻴﻨﻬﺎي آزﻣﺎﻳﺸﮕﺎه ﺑﺘﻦ ﺷﺮﻛﺖ ﺟﻬﺎن ﻛﻮﺛﺮ )ﭘﻴﻤﺎﻧﻜﺎر ﺳﺪ زﻳﺮدان( ﻛـﻪ
در ﻛﻠﻴﻪ ﻣﺮاﺣﻞ ﺳﺎﺧﺖ ﻣﺨﻠﻮﻃﻬـﺎي ﺑـﺘﻦ و اﻧﺠـﺎم آزﻣﺎﻳـﺸﻬﺎ ،ﺻـﻤﻴﻤﺎﻧﻪ ﻫﻤﻜـﺎري ﻓﺮاواﻧـﻲ را ﻣﺒـﺬول داﺷـﺘﻪ اﻧـﺪ
ﺳﭙﺎﺳﮕﺰاري و ﻗﺪرداﻧﻲ ﻣﻲﺷﻮد.
ﻣﺮاﺟﻊ
 -1ﻣﻨﻬﺎج ،م» ،ﻫﻮش ﻣﺤﺎﺳﺒﺎﺗﻲ )ﺟﻠﺪ اول( ،ﻣﺒﺎﻧﻲ ﺷﺒﻜﻪ ﻫﺎي ﻋﺼﺒﻲ« ،ﻣﺮﻛﺰ ﻧﺸﺮ ﭘﺮوﻓﺴﻮر ﺣـﺴﺎﺑﻲ ،ﭼـﺎپ اول،
ﺗﻬﺮان.(1377) ،
 -2روﺷﻬﺎي ﻃﺮح اﺧﺘﻼط ﺑﺘﻦﻫﺎي ﻏﻠﺘﻜﻲ ﭘﺮوژهﻫﺎي ﺳﺪﺳﺎزي-دﻛﺘﺮ ﻋﻠﻴﺮﺿﺎ ﺑﺎﻗﺮي ﮔﺰارش ﻓﻨـﻲ ﺳـﺪ زﻳـﺮدان،
ﻣﻬﻨﺪﺳﻴﻦ ﻣﺸﺎور آﺑﻔﻦ و ﭘﮋوﻫﺎب 1377
 -3راﺑﺮت ﺟﻲ ﺷﺎﻟﻜﻒ ،ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﻣﺼﻨﻮﻋﻲ ،ﺗﺮﺟﻤﻪ دﻛﺘﺮ ﻣﺤﻤـﻮد ﺟﻮراﺑﻴـﺎن ،اﻧﺘـﺸﺎرات داﻧـﺸﮕﺎه ﺷـﻬﻴﺪ
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1382 ،ﭼﻤﺮان اﻫﻮاز
1385 ، اﻧﺘﺸﺎرات ﻧﺪاي ﺳﺒﺰ ﺷﻤﺎل، ﻣﻔﺎﻫﻴﻢ ﻫﻮش ﻣﺼﻨﻮﻋﻲ، ﺳﻮداﺑﻪ، ﭘﻮر ذاﻛﺮ ﻋﺮﺑﺎﻧﻲ-4
 »ﻛﺎرﺑﺮد ﺷﺒﻜﻪﻫﺎي ﻋﺼﺒﻲ ﻣﺼﻨﻮﻋﻲ در ﻃﺮح اﺧـﺘﻼط ﺑـﺘﻦ،ﻧﻴﺎﻋﻤﺮان ﻣﺤﻤﺪ اﺳﻤﺎﻋﻴﻞ، رﻣﻀﺎﻧﻴﺎﻧﭙﻮر ﻋﻠﻲ اﻛﺒﺮ-5
.1382،ﻛﻨﻔﺮاﻧﺲ ﺑﻴﻦ اﻟﻤﻠﻠﻲ ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان،«ﻏﻠﺘﻜﻲ
 داﻧﺸﮕﺎه ﻋﻠـﻢ، دوازدﻫﻤﻴﻦ ﻛﻨﻔﺮاﻧﺲ ﺳﺮاﺳﺮي ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان،« »ﺑﺘﻦ ﻏﻠﺘﻜﻲ،ﺧﺴﺮواﻧﻲ ﺳﺎرا، ﺑﺼﻴﺮي ﻓﺮزاﻧﻪ-6
.1384  آﺑﺎن،و ﺻﻨﻌﺖ اﻳﺮان
7- Demuth,H. "Neural Network Toolbox for Use with MATLAB-User Guide",The
Mathwork Inc, (1998).
8- ASTM C1170,” Standard Test Methods for Determining consistency and Density of
Roller- Compacted Concrete Using a Vibrating Table”.
9- Guide for Selecting proportions for No-Slump Concrete. Reported by ACI Committee
211.3R-02.
10- ASTM C1176,”Standard Practice for Making Roller-Compacted Concrete in Cylinder
Molds Using a Vibrating Table”.
11- Roller compacted concrete dam for the Petit Saut dam, published in Travaux
agazine,Jine 1993.
12- Goldberg D.E.,"Genetic algoritm in search,optimization and machine
learning",Addison-wesley,Reading Mass(1989).
13- Yeh IC,Modeling of strength of HPC using ANN.Cement Concrete Res
1998;28(12):1797-808.
14- Metin Hakan Severcan,Mustafa Saridemir,"Prediction of Long-term effects of GGBFS
on compressive strength of concrete by artifitial neural networks and fuzzy logic"2008
elsevier scince.
15- per-wei Gao,"The characteristics of air voids and frost resistance of RCC with.fly ash
and expansive agent"2005 elsevier Science.
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17- Y. Xie, B. Liu, J. Yin, S. Zhou, "Optimum mix parameter sof high strength concrete".
Concr. Res. 32(2002)477-480.
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ﺑﺮرﺳﻲ اﺛﺮ  C3Aﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﺑﺮ ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ ﻛﻠﺮﻳﺪ در اﻳﺠﺎد ﭘﻴﻮﻧﺪ ﺷﻴﻤﻴﺎﻳﻲ
و روش اﻧﺪازه ﮔﻴﺮي ﻛﻠﺮﻳﺪ آزاد در ﺳﻴﺴﺘﻢﻫﺎي ﺳﻴﻤﺎﻧﻲ
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ﻓﺎﻃﻤﻪ ﺟﻌﻔﺮﭘﻮر ،1ﻓﻬﻴﻤﻪ ﻓﻴﺮوزﻳﺎر
 .1ﻋﻀﻮ ﻫﻴﺎت ﻋﻠﻤﻲﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ
 .2ﻛﺎرﺷﻨﺎس ﺗﺤﻘﻴﻘﺎت ﻣﺼﺎﻟﺢ ﺳﺎﺧﺘﻤﺎﻧﻲ ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ

ﭼﻜﻴﺪه
ﻫﻨﮕﺎﻣﻲﻛﻪ ﻛﻠﺮﻳﺪ ﻣﺤﻠﻮل در آب در ﻳﻚ ﺳﻴﺴﺘﻢ ﺳﻴﻤﺎﻧﻲ ﻣﺎﻧﻨﺪ ﻣﻼت ﻳﺎ ﺑﺘﻦ وﺟـﻮد داﺷـﺘﻪ ﺑﺎﺷـﺪ ،ﻣـﻲﺗﻮاﻧـﺪ ﺳـﺒﺐ
ﺧﻮردﮔﻲ ﻓﻠﺰاﺗﻲ ﻧﻈﻴﺮ ﻓﻮﻻد ﮔﺮدد .ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﺑﺎ ﻓﺎز  C3Aﺗﺮﻛﻴﺐ ﻣﻲﺷﻮﻧﺪ و ﻛﻠﺮور آﻟﻮﻣﻴﻨﺎت ﺗﻮﻟﻴـﺪ ﻣـﻲﺷـﻮد.
ﺑﻨﺎﺑﺮاﻳﻦ ﺳﻴﻤﺎنﻫﺎﻳﻲ ﻛﻪ داراي ﻣﻘﺪار ﺑﻴﺸﺘﺮ  C3Aﻣﻲﺑﺎﺷﻨﺪ ﻗﺎدرﻧـﺪ ﻣﻘـﺪاري از ﻛﻠﺮﻳـﺪ را ﭘﻴﻮﻧـﺪ دﻫﻨـﺪ .وﻗﺘـﻲ ﻛـﻪ
ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﺑﺎ  C3Aﭘﻴﻮﻧﺪ ﻣﻲﻳﺎﺑﻨﺪ ﺑﻪ ﺣﺎﻟﺖ ﻏﻴﺮ ﻣﺤﻠﻮل ﺗﺒﺪﻳﻞ ﺷﺪه و ﺑﻨﺎﺑﺮاﻳﻦ ﻏﻴﺮ ﻓﻌﺎل ﻣﻲﺷﻮﻧﺪ ،ﺑـﻪ ﻋﺒـﺎرت
دﻳﮕﺮ ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ و ﻏﻴﺮ ﻣﺤﻠﻮل در ﻓﺮآﻳﻨﺪ ﺧﻮردﮔﻲ ﻧﻘﺸﻲ ﻧﺪارﻧﺪ .ﻫﻤﭽﻨﻴﻦ ﻧﻮع ﻛﺎﺗﻴﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﻧﻴـﺰ در
ﺧﻮردﮔﻲ آرﻣﺎﺗﻮر اﺛﺮ دارﻧﺪ و ﺷﺪت ﺧﻮردﮔﻲ ﺑﻪ ﻃﻮر ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﺗﺎﺑﻊ ﻧﻮع ﻛﺎﺗﻴﻮن اﺳﺖ.ﺑﺮﺧـﻲ ﺳـﻨﮕﺪاﻧﻪﻫـﺎ ﺣـﺎوي
ﻣﻘﺪار ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﻛﻠﺮﻳﺪ ﻫﺴﺘﻨﺪ ﻛﻪ در ﺳﻨﮕﺪاﻧﻪ ﻣﺤﺒﻮس ﺑﻮده و در واﻛﻨﺶ ﺧﻮردﮔﻲ ﺷـﺮﻛﺖ ﻧﻤـﻲﻛﻨﻨـﺪ .درروش
آزﻣﻮن اﺳﺘﺎﻧﺪارد ﻣﻠﻲ اﻳﺮان ﺷﻤﺎره  ،8947ﺑﺨﺸﻲ از ﻛﻠﺮﻳﺪي ﻛـﻪ در اﻳـﻦ ﺳـﻨﮕﺪاﻧﻪﻫـﺎ وﺟـﻮد داﺷـﺘﻪ و درواﻛـﻨﺶ
ﺧﻮردﮔﻲ ﻧﻘﺸﻲ ﻧﺪارﻧﺪ ﻧﻴﺰ اﻧﺪازهﮔﻴﺮي ﻣﻲﺷﻮد .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﻣﻘﺪار ﻛﻠﺮﻳﺪ اﻧﺪازهﮔﻴﺮي ﺷﺪه ﺑـﻪ ﺷـﺪت ﺑـﻪ درﺟـﻪ
ﻧﺮﻣﻲﺳﻨﮕﺪاﻧﻪﻫﺎ ﻫﻨﮕﺎم ﺗﻬﻴﻪ آزﻣﻮﻧﻪ ﺑﺴﺘﮕﻲ دارد ،ﺑﻨﺎﺑﺮاﻳﻦ در اﻳﻦ روش ،ﻛﻠﺮﻳﺪﻫﺎي اﻧﺪازهﮔﻴﺮي ﺷﺪه ﻛـﻪ ﻋﻤﻮﻣـﺎً در
واﻛﻨﺶ ﺧﻮردﮔﻲ ﺷﺮﻛﺖ ﻧﻤﻲﻛﻨﻨﺪ ﻧﻴﺰ اﻧﺪازه ﮔﻴﺮي ﻣﻲﺷﻮد.
در اﻳﻦ ﻣﻘﺎﻟﻪ ﻧﺘﺎﻳﺞ ﺣﺎﺻﻞ از اﻧﺠﺎم ﻳﻚ ﭘﺮوژه ﺗﺤﻘﻴﻘﺎﺗﻲ در زﻣﻴﻨﻪ »ﺑﺮرﺳﻲ ﺗﺄﺛﻴﺮ ﻣﻴﺰان  C3Aﺳﻴﻤﺎن در اﻳﺠﺎد ﭘﻴﻮﻧﺪ
ﺷﻴﻤﻴﺎﻳﻲ ﻳﻮن ﻛﻠﺮﻳﺪ«» ،ﺑﺮرﺳﻲ ﺗﺄﺛﻴﺮ ﻛﺎﺗﻴﻮنﻫـﺎي ﻣﺨﺘﻠـﻒ ﻛﻠﺮﻳـﺪ در اﻳﺠـﺎد ﭘﻴﻮﻧـﺪ ﺷـﻴﻤﻴﺎﻳﻲ« و »ﺑﺮرﺳـﻲ روش
اﻧﺪازهﮔﻴﺮي ﻛﻠﺮﻳﺪ ﻋﺼﺎرهﮔﻴﺮي ﺷﺪه در ﺳﻴﺴﺘﻢﻫﺎي ﺳﻴﻤﺎﻧﻲ« اراﺋﻪ ﺷﺪه اﺳﺖ.
ﻛﻠﻴﺪواژه :ﻣﻴﺰان  ،C3Aﻛﻠﺮﻳﺪ آزاد ،ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ ،ﭘﻴﻮﻧﺪ ﺷﻴﻤﻴﺎﻳﻲ ،ﻛﻠﺮﻳﺪ ﻋﺼﺎرهﮔﻴـﺮيﺷـﺪه ،ﺳﻴـﺴﺘﻢﻫـﺎي
ﺳﻴﻤﺎﻧﻲ
 -1ﻣﻘﺪﻣﻪ
ﺑﺘﻦ ﺗﺮﻛﻴﺒﻲ اﺳﺖ ﻛﻪ ﺧﺎﺻﻴﺖ ﻗﻠﻴﺎﻳﻲ ﺑﺴﻴﺎر زﻳﺎدي دارد .اﻳﻦ ﺧﺎﺻﻴﺖ آن را از ﺑﺴﻴﺎري از ﺻﺪﻣﺎت ﻛﻪ ﺑﺮ اﺛﺮ ﻋﻮاﻣـﻞ
ﺧﻮرﻧﺪه اﻳﺠﺎد ﻣﻲﺷﻮد ،ﺣﻔﻆ ﻣﻲﻛﻨﺪ .ﻓﻮﻻد داﺧﻞ ﺑﺘﻦ ﺗﺤﺖ ﭼﻨﻴﻦ ﺷﺮاﻳﻂ ﻗﻠﻴﺎﻳﻲ در ﺣﺎﻟﺖ ﻏﻴﺮ ﻓﻌﺎل ﺑﺎﻗﻲ ﻣﺎﻧﺪه و از
آﺳﻴﺐ دﻳﺪﮔﻲ ﻣﺤﻔﻮظ ﺧﻮاﻫﺪ ﻣﺎﻧﺪ .وﻟﻲ ﺑﺎ ورود ﻋﻮاﻣﻞ ﻣﺨﺮﺑﻲ ﻣﺎﻧﻨﺪ ﻛﻠﺮﻳﺪﻫﺎ ،ﺳﻮﻟﻔﻴﺪﻫـﺎ و دياﻛـﺴﻴﺪﻛﺮﺑﻦ و ...ﺑـﻪ
ﺑﺘﻦ ﺧﺎﺻﻴﺖ ﻗﻠﻴﺎﻳﻲ آن از ﺑﻴﻦ رﻓﺘﻪ و ﻓﻮﻻد ﺣﻔﺎﻇﺖ ﺷﺪه داﺧﻞ آن در ﻣﻌﺮض ﺧـﻮردﮔﻲ واﻗـﻊ ﻣـﻲﺷـﻮد .ازاﻳـﻦ رو
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ﺟﻠﻮﮔﻴﺮي از ورود اﻳﻦ ﻋﻮاﻣﻞ ﺑﻪ ﺑﺘﻦ ﻳﻜﻲ از ﻋﻮاﻣﻞ ﺿﺮوري در ﺣﻔﻆ دوام ﺑﺘﻦ اﺳﺖ.
ازﺟﻤﻠﻪ ﻋﻮاﻣﻞ ﻣﻬﺎﺟﻢ ﺑﻪ ﺑﺘﻦ و آرﻣﺎﺗﻮر داﺧﻞ آن ،ﻳﻮن ﻛﻠﺮﻳﺪ و ﺗﺮﻛﻴﺒﺎت آن اﺳﺖ اﻳﻦ ﻣﺎده ﻣﻲﺗﻮاﻧﺪ از ﻃﺮﻳﻖ ﻣﻨﺎﻓـﺬ
ﻣﻮﺟﻮد در ﺑﺘﻦ ﻛﻪ در اﺛﺮ اﺿﺎﻓﻪ ﻛﺮدن آب ﺑﻪ ﻣﺨﻠﻮط ﺳﻴﻤﺎن و ﺷﻦ وﻣﺎﺳﻪ ﺗﻮﻟﻴﺪ ﺷﺪه اﺳﺖ وارد ﺑﺘﻦ ﺷﺪه و در ﻛﻨـﺎر
ﻓﻮﻻد ﻗﺮار ﮔﻴﺮد .ﻣﻘﺪاري از اﻳﻦ ﻳﻮنﻫﺎ ﺑﺎ ﺗﺮﻛﻴﺒﺎت داﺧﻞ ﺳﻴﻤﺎن )ﺗﻮﺳﻂ  C3Aﺳﻴﻤﺎن( واﻛﻨﺶ و اﻳﺠﺎد ﭘﻴﻮﻧﺪ ﻛـﺮده
ﻛﻪ ﺑﻪ ﻧﻤﻚ ﻓﺮﻳﺪل ﻣﻌﺮوف اﺳﺖ .ﻣﺸﻜﻞ ﻋﻤﺪه ،ﻳﻮنﻫﺎﻳﻲ اﺳﺖ ﻛﻪ ﭘﻴﻮﻧﺪ ﻧﺪاده و ﺑﻪ ﻃـﻮر آزاد در ﻣﺤﻠـﻮل ﻣﻨﺎﻓـﺬ و
اﻃﺮاف ﻓﻮﻻد درﺣﺮﻛﺖ ﻣﻲﺑﺎﺷﻨﺪ .ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﺑﺎ رﺳﻴﺪن ﺑﻪ ﻓﻮﻻد ﺣﻔﺎﻇﺖ ﺷﺪه ﻛﻪ ﻻﻳـﻪ ﻫﻴﺪروﻛـﺴﻴﺪي در اﺛـﺮ
 pHﺑﺎﻻي ﺑﺘﻦ ﺑﺮ ﺳﻄﺢ آن ﺗﺸﻜﻴﻞ داده اﺳﺖ ،اﻳﻦ ﻻﻳﻪ ﻣﺤﺎﻓﻆ را از ﺑﻴﻦ ﺑﺮده و ﻓﻮﻻد ﺑﺪون ﭘﻮﺷﺶ را در ﻣﻌـﺮض
ﻣﺤﻴﻂ ﺧﻮرﻧﺪه ﻗﺮار ﻣﻲدﻫﺪ ﻛﻪ ﺑﺎﻋﺚ از ﺑﻴﻦ رﻓﺘﮕﻲ ﺷﺪﻳﺪ ﻓﻮﻻد ﻣﻲﮔﺮدد.
در اﻳﻦ ﺧﺼﻮص ،در ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ ﭘﺮوژهاي ﺗﺤﺖ ﻋﻨﻮان »ﺑﺮرﺳـﻲ اﺛـﺮ  C3Aﺳـﻴﻤﺎن ﭘﺮﺗﻠﻨـﺪ ﺑـﺮ
ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ ﻛﻠﺮﻳﺪ در اﻳﺠﺎد ﭘﻴﻮﻧﺪ ﺷﻴﻤﻴﺎﻳﻲ و روش اﻧﺪازه ﮔﻴﺮي ﻛﻠﺮﻳﺪ آزاد در ﺳﻴـﺴﺘﻢﻫـﺎي ﺳـﻴﻤﺎﻧﻲ« اﻧﺠـﺎم
ﺷﺪه اﺳﺖ .در اﻳﻦ راﺳﺘﺎ ،اﺛﺮ  C3Aﺳﻴﻤﺎن در ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ،از ﻃﺮﻳﻖ ﺳﺎﺧﺖ  C3Aﺧﺎﻟﺺ در آزﻣﺎﻳﺸﮕﺎه و اﻓـﺰودن آن
ﺑﻪ ﻣﻘﺎدﻳﺮ ﻣﺨﺘﻠﻒ ﺑﻪ ﺳﻴﻤﺎن و اﺿﺎﻓﻪ ﻛﺮدن دو ﻧﻮع ﻧﻤﻚ ﻛﻠﺮﻳﺪي ﺑﻪ ﻧﺴﺒﺖﻫـﺎي ﻣﺨﺘﻠـﻒ و ﻫﻤﭽﻨـﻴﻦ در ﻧﻤﻮﻧـﻪﻫـﺎي
ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن داراي  C3Aﻣﺨﺘﻠﻒ ﻛﻪ ﺷﺮاﻳﻂ واﻗﻌﻲ را ﻓﺮاﻫﻢ ﺳﺎزد ،،ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺘﻪ اﺳﺖ.
 -2ﺑﺮرﺳﻲ ﺳﺎﺧﺘﺎر ﺷﻴﻤﻴﺎﻳﻲ ﺑﺘﻦ
ﺳﺎﺧﺘﺎر ﺷﻴﻤﻴﺎﻳﻲ ﺑﺘﻦ ﻧﻘﺶ ﻋﻤﺪهاي در روﻧﺪ آﺳﻴﺐدﻳـﺪﮔﻲ دارد و ﺷـﻨﺎﺧﺖ اﺻـﻮل و ﻣﻔـﺎﻫﻴﻢ ﺳـﺎﺧﺘﺎر ﺑـﺮاي درك
ﻓﺮآﻳﻨﺪﻫﺎي آﺳﻴﺐدﻳﺪﮔﻲ و ﺟﻠﻮﮔﻴﺮي از ﺗﺨﺮﻳﺐ ﺑﺘﻦ ﺿﺮوري اﺳﺖ .ﺳﺎﺧﺘﺎر ﺷـﻴﻤﻴﺎﻳﻲ ﺑـﺘﻦ ،در واﻗـﻊ واﻛـﻨﺶﻫـﺎي
ﺷﻴﻤﻴﺎﻳﻲ )ﻫﻴﺪراﺗﺎﺳﻴﻮن( اﺳﺖ ﻛﻪ ﺑﻴﻦ ﺳﻴﻤﺎن وآب اﻧﺠﺎم ﻣﻲﺷﻮد .اﻳﻦ ﺳﺎﺧﺘﺎر ﻫﻤﭽﻨﻴﻦ ﺷﺎﻣﻞ اﻧﺪرﻛﻨﺸﻲ اﺳـﺖ ﻛـﻪ
اﻓﺰودﻧﻲﻫﺎي ﺷﻴﻤﻴﺎﻳﻲ و ﻣﻌﺪﻧﻲ ﺑﺎ ﺑﺘﻦ ﺗﺎزه و ﺳﺨﺖ ﺷﺪه دارد .اﻧﺪرﻛﻨﺶ ﺑﻴﻦ ﺑﺘﻦ ﺑﺎ ﻣﺤﻴﻂ ﻧﻴﺰ در ﺳﺎﺧﺘﺎر ﺷـﻴﻤﻴﺎﻳﻲ
اﺛﺮ ﻣﻲﮔﺬارد ،ﻛﻪ ﻛﻼً ﺑﻪ دوام ﺑﺘﻦ ﻣﺮﺑﻮط ﻣﻲﺷﻮد .ﺑﻪ ﻃﻮر ﻛﻠﻲ ،ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻫﻴﺪراﺗﻪ ﺷﺪه ﺷﺎﻣﻞ ﺳﻪ ﺳﻴﺴﺘﻢ ﻣﻬـﻢ
ﺑﻪ ﺷﺮح زﻳﺮ اﺳﺖ:
 ﺳﻴﺴﺘﻢ ﺟﺎﻣﺪ ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﺳﻴﺴﺘﻢ ﻣﺤﻠﻮل در ﻣﻨﺎﻓﺬﺳﻴﺴﺘﻢﻫﺎي ﺟﺎﻣﺪ و ﻣﺤﻠﻮل در ﻣﻨﺎﻓﺬ ﻣﺮﺑﻮط ﺑﻪ ﺳﺎﺧﺘﺎر ﺷﻴﻤﻴﺎﻳﻲ اﺳﺖ ،ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﻣﺤـﺪود ﺑـﻪ ﺳـﺎﺧﺘﺎر ﻓﻴﺰﻳﻜـﻲ
اﺳﺖ .ﺳﻴﺴﺘﻢ ﺟﺎﻣﺪ در واﻗﻊ ﻣﺤﺼﻮﻻت ﻫﻴﺪراﺗﺎﺳﻴﻮن اﺳﺖ ﻛﻪ ﺷﺎﻣﻞ ژل  ،C- S- Hﻫﻴﺪروﻛﺴﻴﺪ ﻛﻠﺴﻴﻢ و ﻓﺎزﻫـﺎي
آﻟﻮﻣﻴﻨﺎت و ﻓﺮﻳﺖ اﺳﺖ .ﻗﺴﻤﺘﻲ از ذرات ﺳﻴﻤﺎن در ﻣﻴﺎن ژل ﺑﺪون واﻛﻨﺶ ﻫﻴﺪراﺗﺎﺳﻴﻮن ﺑﺎﻗﻲ ﻣﻲﻣﺎﻧﺪ ﻛـﻪ ﻧﺎﺷـﻲ از
ﺑﺰرگ ﺑﻮدن آن ذرات اﺳﺖ.
ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﺷﺎﻣﻞ ﻣﻨﺎﻓﺬ ژل اﺳﺖ ﻛﻪ اﻧﺪازه آﻧﻬﺎ ﺑﺴﻴﺎر ﻛﻮﭼﻚ و ﻣﻨﺎﻓﺬ ﻣﻮﻳﻴﻦ ﻛﻪ ﻧﺴﺒﺘﺎً ﺑﺰرﮔﺘﺮﻧﺪ .ﺑﻪ ﻋﻼوه ﻣﻨﺎﻓـﺬ
دﻳﮕﺮي ﻧﻴﺰ وﺟﻮد دارﻧﺪ ﻛﻪ اﻧﺪازه آﻧﻬﺎ ﺑﺰرﮔﺘﺮ از ﻣﻨﺎﻓﺬ ﻣﻮﻳﻴﻦ اﺳﺖ ﻛﻪ در ﻧﺘﻴﺠﻪ ﺗﺮاﻛﻢ ﻧﺎﻗﺺ ﺑﺘﻦ اﻳﺠﺎد ﻣﻲﺷﻮد.
ﺑﺨﺸﻲ ﻳﺎ ﺗﻤﺎم ﺳﻴﺴﺘﻢ ﻣﻨﺎﻓﺬ ﺑﺎ ﻣﺤﻠﻮل ﭘﺮ ﻣﻲﺷﻮد ،ﻛﻪ اﻳﻦ ﻣﺤﻠـﻮل ﻋﻤـﺪﺗﺎً ﺷـﺎﻣﻞ ﻫﻴﺪروﻛـﺴﻴﺪ ﺳـﺪﻳﻢ )،(NaOH
ﻫﻴﺪروﻛﺴﻴﺪ ﭘﺘﺎﺳﻴﻢ ) (KOHو ﻫﻴﺪروﻛﺴﻴﺪ ﻛﻠﺴﻴﻢ ) (Ca(OH)2اﺳﺖ .ﺗﻐﻴﻴﺮات در ﻫﺮﻳﻚ از ﺳﻪ ﺳﻴﺴﺘﻢ ﻳـﺎد ﺷـﺪه
ﺳﺒﺐ ﺗﻐﻴﻴﺮ در دو ﺳﻴﺴﺘﻢ دﻳﮕﺮ ﻣﻲﺷﻮد.
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ﻣﻌﻤﻮﻻً اﺟﺰاي ﺗﺸﻜﻴﻞ دﻫﻨﺪه ﺳﻴﻤﺎن ﺑﻪ دو ﮔﺮوه اﺟﺰاي اﺻﻠﻲ و ﻓﺮﻋﻲ ﺗﻘﺴﻴﻢ ﻣﻲﺷـﻮد .اﺟـﺰا ﻳـﺎ ﺗﺮﻛﻴﺒـﺎت اﺻـﻠﻲ
ﺷﺎﻣﻞ آﻟﻴﺖ ) ،(C3Sﺑﻠﻴﺖ ) ،(C2Sﺳﻴﻠﻴﺖ ) (C4AFو ﻓﺎز ﻛﻠﺴﻴﻢ آﻟﻮﻣﻴﻨﺎت ) (C3Aاﺳﺖ .اﻳﻦ ﮔﺮوه ﺣﺪود  90درﺻﺪ
ﺟﺮم ﺳﻴﻤﺎن را ﺗﺸﻜﻴﻞ ﻣﻲدﻫﻨﺪ .ﺗﺮﻛﻴﺒﺎت ﻓﺮﻋﻲ ﻋﺒﺎرﺗﻨﺪ از K2O ،Mn2O ،TiO2 ،MgO :و  Na2Oﻛﻪ ﻣﻬﻤﺘـﺮﻳﻦ
آﻧﻬﺎ ﻗﻠﻴﺎﻳﻲﻫﺎ ،ﻳﻌﻨﻲ  K2Oو  Na2Oاﺳﺖ.
آﻟﻴﺖ ﻳﺎ ﺳﻪ ﻛﻠﺴﻴﻢ ﺳﻴﻠﻴﻜﺎت )  (3CaO, SiO2ﻳﺎ  C3Sﺣﺪود  45ﺗﺎ  50درﺻﺪ ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨـﺪ ﻣﻌﻤـﻮﻟﻲ را ﺷـﺎﻣﻞ
ﻣﻲﺷﻮد .اﻳﻦ ﻣﺎده ﻧﻘﺶ ﻋﻤﺪهاي در رﻓﺘﺎر و ﺧﻮاص ﺧﻤﻴﺮ ﺳﻴﻤﺎن دارد .آﻟﻴﺖ ﻧﺴﺒﺖ ﺑﻪ ﺑﻘﻴﻪ ﺗﺮﻛﻴﺒﺎت داراي ﻣﻘﺎوﻣـﺖ
ﻓﺸﺎري زﻳﺎدي اﺳﺖ.
ﺑﻠﻴﺖ ﻳﺎ دو ﻛﻠﺴﻴﻢ ﺳﻴﻠﻴﻜﺎت )  (2CaO, SiO2ﻳﺎ  C2Sﺣﺪود  25درﺻﺪ ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻣﻌﻤﻮﻟﻲ را ﺗﺸﻜﻴﻞ ﻣﻲدﻫﺪ.
ﺑﺮﺧﻼف  C3Sﻛﻪ ﮔﻴﺮش و ﺳﺨﺖ ﺷﺪن آن ﭼﻨﺪ ﺳﺎﻋﺖ ﺑﻪ ﻃﻮل ﻣﻲاﻧﺠﺎﻣﺪ ،ﻫﻴﺪراﺗﺎﺳﻴﻮن  C2Sﺑﻪ آﻫﺴﺘﮕﻲ اﻧﺠـﺎم
ﻣﻲﺷﻮد و ﮔﻴﺮش آن ﻣﻤﻜﻦ اﺳﺖ ﭼﻨﺪ روز ﻃﻮل ﺑﻜﺸﺪ.
ﺳﻪ ﻛﻠﺴﻴﻢ آﻟﻮﻣﻴﻨﺎت )  (3CaO, Al2O3ﻳﺎ  C3Aﺑﺎ آب واﻛﻨﺶ ﺳﺮﻳﻊ ﻣﻲدﻫﺪ و در ﻧﺘﻴﺠﻪ ﺑﺎﻋـﺚ ﮔﻴـﺮش ﻧﺎﮔﻬـﺎﻧﻲ
ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻣﻲﺷﻮد .ﺑﺮاي ﻛﺎﻫﺶ زﻣﺎن ﮔﻴﺮش  C3Aو ﺟﻠﻮﮔﻴﺮي از ﮔﻴﺮش ﻧﺎﮔﻬﺎﻧﻲ ،ﺑﻪ ﻛﻠﻴﻨﻜﺮ ﺳـﻴﻤﺎن ﻣﻘـﺪاري
ﮔﭻ ) (CaSO4 .2H2Oاﻓﺰوده ﻣﻲﺷﻮد C3A .ﻧﻘﺶ ﻛﻤﻲدر ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﺧﻤﻴﺮ ﺳﻴﻤﺎن دارد وﻟﻲ ﻣﻤﻜﻦ اﺳﺖ در
ﻃﻲ ﻳﻚ ﻳﺎ دو روز ﺑﻪ ﻣﻘﺎوﻣﺖ ﻧﻬﺎﻳﻲ ﺧﻮد ﺑﺮﺳﺪ .ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻣﻌﻤﻮﻟﻲ ﺑـﻪ ﻃـﻮر ﻣﺘﻮﺳـﻂ داراي ﺗﻘﺮﻳﺒـﺎً  10درﺻـﺪ
 C3Aاﺳﺖ.
ﺳﻴﻠﻴﺖ ،ﻓﺎز آﻫﻦدار ﺳﻴﻤﺎن اﺳﺖ ،ﺑﻨﺎﺑﺮاﻳﻦ ﮔﺎﻫﻲ اوﻗﺎت از آن ﺑﻪ ﻋﻨﻮان ﻓﺎز ﻓﺮﻳﺖ ﻧﺎم ﻣﻲﺑﺮﻧﺪ .اﻳـﻦ ﻣـﺎده ﭼﻬـﺎر ﻛﻠـﺴﻴﻢ
آﻟﻮﻣﻴﻨﻮ ﻓﺮﻳﺖ )  (4CaO , Al2O3 , Fe2O3ﻳﺎ  C4AFاﺳﺖ ﻛﻪ ﺣﺪود  8ﺗﺎ  10درﺻﺪ ﺳـﻴﻤﺎن را ﺗـﺸﻜﻴﻞ ﻣـﻲدﻫـﺪ.
ﻛﺴﺐ ﻣﻘﺎوﻣﺖ  C4AFﺑﺴﻴﺎر ﺳﺮﻳﻊ وﻟﻲ ﻣﻘﺎوﻣﺖ ﻧﻬﺎﻳﻲ آن ﺑﺴﻴﺎر ﻛﻢ اﺳﺖ .ﺷﺎﻳﺎن ذﻛﺮ اﺳﺖ ﻛﻪ ﺷﺮﻛﺖ اﺟﺰاي ﺳـﻴﻤﺎن
در ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻣﺘﻔﺎوت اﺳﺖ و ﻫﺮﻳﻚ از ﺗﺮﻛﻴﺒﺎت درﺻﺪي از ﻛﺴﺐ ﻣﻘﺎوﻣﺖ را ﺑﻪﻋﻬﺪه دارﻧﺪ.
ﻣﻘﺪار ﺗﻘﺮﻳﺒﻲ ﻫﺮ ﻳﻚ از ﺗﺮﻛﻴﺒﺎت اﺻﻠﻲ ﺳﻴﻤﺎن و ﺧﻼﺻﻪ ﻋﻤﻠﻜﺮد آﻧﻬﺎ در ﺟﺪول  1اراﺋﻪ ﺷﺪه اﺳﺖ.
ﺟﺪول  :1ﻣﻘﺪار و ﻋﻤﻠﻜﺮد ﺗﺮﻛﻴﺒﺎت اﺻﻠﻲ ﺳﻴﻤﺎن
ﺗﺮﻛﻴﺒﺎت اﺻﻠﻲ

ﻣﻘﺪار )درﺻﺪ(

ﻋﻤﻠﻜﺮد

C3 S

50-45

ﺑﺴﻴﺎر ﻓﻌﺎل ،ﺣﺮارت ﻫﻴﺪراﺗﺎﺳﻴﻮن ﺑﺎﻻ و ﻣﻘﺎوﻣﺖ اوﻟﻴﻪ زﻳﺎد

C2 S

25

ﺣﺮارت ﻫﻴﺪراﺗﺎﺳﻴﻮن ﭘﺎﻳﻴﻦ و ﻓﻌﺎﻟﻴﺖ ﻛﻢ

C3 A

10

اﻳﺠﺎد ﻣﺸﻜﻼت در اﺛﺮ ﺣﻤﻠﻪ ﺳﻮﻟﻔﺎﺗﻲ و ﺣﺮارت ﻫﻴﺪراﺗﺎﺳﻴﻮن ﺑﺎﻻ

C4AF

10-8

ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﺳﺮﻳﻊ و ﻣﻘﺎوﻣﺖ ﻧﻬﺎﻳﻲ ﺑﺴﻴﺎر ﻛﻢ

ﮔﭻ

5

ﻛﻨﺘﺮل ﮔﻴﺮش ﺳﻴﻤﺎن

 -3ﺧﻮردﮔﻲ ﻛﻠﺮﻳﺪي
ﺧﻮردﮔﻲ ﺑﺮ اﺛﺮ ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮﻳﺪ ﻳﻜﻲ از ﻋﻮاﻣﻞ اﺻﻠﻲ و ﻣﻬﻢ ﺗﺨﺮﻳﺐ ﺳﺎزهﻫﺎي ﺑﺘﻦ ﻣﺴﻠﺢ اﺳﺖ ﻛـﻪ در ﻣﻌـﺮض آب
درﻳﺎ ﻳﺎ ﻧﻤﻚﻫﺎي ﻳﺦ زدا ﻗﺮار دارﻧﺪ .ﻫﻤﭽﻨﻴﻦ ﻛﻠﺮﻳﺪﻫﺎ ﻣﻲﺗﻮاﻧﻨﺪ روي ﺳﻄﺢ ﺑﺘﻦ رﺳﻮب ﻛﻨﻨﺪ .اﻳﻦ رﺳﻮبﻫﺎ از ﻃﺮﻳﻖ
ﻗﻄﺮات ﺑﺴﻴﺎر رﻳﺰ آب درﻳﺎ و ﮔﺮدوﻏﺒﺎر ﻣﻌﻠﻖ در ﻫﻮا ﺗﺸﻜﻴﻞ ﻣﻲﺷﻮد.
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ﻫﻨﮕﺎﻣﻲﻛﻪ ﻛﻠﺮﻳﺪ در ﺑﺘﻦ ﻣﺴﻠﺢ ﺷﺪه وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﺪ ﻣﻲﺗﻮاﻧﺪ ﺳﺒﺐ ﺧﻮردﮔﻲﻫﺎي ﺑﺴﻴﺎر ﺷﺪﻳﺪ آرﻣﺎﺗﻮر ﺷﻮد .ﻣﻨـﺸﺄ
ﻛﻠﺮﻳﺪﻫﺎ از دو ﻣﻨﺒﻊ ﻋﻤﺪه ﺑﻪ ﺷﺮح زﻳﺮ اﺳﺖ:
اﻟﻒ – ﻛﻠﺮﻳﺪ ﺑﺎ ﻣﻨﺸﺄ داﺧﻠﻲ
اﻳﻦ ﻧﻮع ﻛﻠﺮﻳﺪﻫﺎ در ﻫﻨﮕﺎم اﺧﺘﻼط ﺑﻪ ﺑﺘﻦ وارد ﻣـﻲﺷـﻮﻧﺪ .ﻣﺎﻧﻨـﺪ اﺳـﺘﻔﺎده از اﻓﺰودﻧـﻲﻫـﺎي زودﮔﻴﺮﻛﻨﻨـﺪه )ﻛﻠﺮﻳـﺪ
ﻛﻠﺴﻴﻢ( ،ﺳﻨﮕﺪاﻧﻪﻫﺎ و آب درﻳﺎ ﻳﺎ ﺳﺎﻳﺮ آبﻫﺎي ﺷﻮر.
ب -ﻛﻠﺮﻳﺪ ﺑﺎ ﻣﻨﺸﺄ ﺧﺎرﺟﻲ
اﻳﻦ ﻧﻮع ﻛﻠﺮﻳﺪﻫﺎ در زﻣﺎن ﺳﺨﺖ ﺷﺪن ﺑﻪ ﺑﺘﻦ وارد ﻣﻲﺷﻮﻧﺪ .ﻣﺎﻧﻨﺪ اﺳﺘﻔﺎده از ﻧﻤﻚ ﺿﺪﻳﺦ در ﺳﺎﺧﺖ ﺑﺰرﮔـﺮاهﻫـﺎ و
ﻛﻠﺮﻳﺪﻫﺎي ﻧﺎﺷﻲ از آب درﻳﺎ در ﺳﺎزهﻫﺎي درﻳﺎﻳﻲ )اﺳﻜﻠﻪ(.
اﺛﺮ ﻧﻤﻚﻫﺎي ﻛﻠﺮﻳﺪي ﺗﺎ ﺣﺪي ﺑﻪ ﺷﻴﻮه وارد ﺷﺪن آن دارد .ﭼﻨﺎﻧﭽﻪ ﻛﻠﺮﻳﺪ ﻫﻨﮕﺎم اﺧﺘﻼط اﺟﺰاي ﻣﺘﺸﻜﻞ ﺑﺘﻦ وﺟﻮد
داﺷﺘﻪ ﺑﺎﺷﺪ .ﻓﺎز ﺗﺮي ﻛﻠﺴﻴﻢ آﻟﻮﻣﻴﻨﺎت ) (C3Aﺳﻴﻤﺎن ﺗﺎ ﺣﺪي ﺑﺎ ﻛﻠﺮﻳـﺪ واﻛـﻨﺶ داده و ﺗـﺸﻜﻴﻞ ﭘﻴﻮﻧـﺪ ﺷـﻴﻤﻴﺎﻳﻲ
ﻛﻠﺮوآﻟﻮﻣﻴﻨﺎت ﻛﻠﺴﻴﻢ ﻣﻲدﻫﺪ .دراﻳﻦ ﺣﺎﻟﺖ ،ﻛﻠﺮﻳﺪ در ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ ﻏﻴﺮ ﻣﺤﻠﻮل ﺑـﻮده و در واﻛـﻨﺶﻫـﺎي ﺧـﻮردﮔﻲ
ﺷﺮﻛﺖ ﻧﻤﻲﻛﻨﺪ .ﻗﺎﺑﻠﻴﺖ ﺳﻴﻤﺎن ﺑﺮاي ﺗﺸﻜﻴﻞ ﻛﻤﭙﻠﻜﺲ ﻛﻠﺮﻳﺪ ﻣﺤﺪود اﺳﺖ و ﺑﺴﺘﮕﻲ ﺑﻪ ﻧﻮع ﺳﻴﻤﺎن دارد .ﺑﻪ ﻋﻨﻮان
ﻣﺜﺎل ،ﺳﻴﻤﺎن ﺿﺪﺳﻮﻟﻔﺎت ﻛﻪ داراي  C3Aﻛﻢ اﺳﺖ در ﺗﺸﻜﻴﻞ ﻛﻤﭙﻠﻜﺲ ﻛﻠﺮﻳﺪي در ﺣـﺪ ﻛﻤـﻲﺷـﺮﻛﺖ ﻣـﻲﻛﻨـﺪ.
ﻫﻤﭽﻨﻴﻦ ،ﺗﺠﺮﺑﻴﺎت ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﻣﻴﺰان ﻛﻠﺮﻳﺪ ﺑﻴﺶ از  0/4درﺻﺪ وزﻧـﻲﺳـﻴﻤﺎن ،ﺧﻄـﺮ ﺧـﻮردﮔﻲ را اﻓـﺰاﻳﺶ
ﻣﻲدﻫﺪ .ﺷﺎﻳﺎن ذﻛﺮ اﺳﺖ ﻛﻪ اﻳﻦ ﺣﺪ ﺑﻪ اﻳﻦ ﻣﻌﻨﺎ ﻧﻴﺴﺖ ﻛﻪ ﺑﺘﻦﻫﺎي داراي ﻣﻴﺰان ﻛﻠﺮﻳﺪ ﺑﻴـﺸﺘﺮ از ﺣـﺪ ذﻛـﺮ ﺷـﺪه
ﻣﺤﺘﻤﻼً ﺳﺒﺐ ﺧﻮردﮔﻲ ﺷﺪﻳﺪ آرﻣﺎﺗﻮر ﻣﻲﺷﻮﻧﺪ .ﺧﻮردﮔﻲ ﺑﻪ ﻧﻔﻮذﭘـﺬﻳﺮي ﺑـﺘﻦ و ﻋﻤـﻖ ﻛﺮﺑﻨﺎﺗﺎﺳـﻴﻮن در ارﺗﺒـﺎط ﺑـﺎ
ﭘﻮﺷﺶ آرﻣﺎﺗﻮر ﺑﺴﺘﮕﻲ دارد.
ﻫﻨﮕﺎﻣﻲﻛﻪ ﺑﺘﻦ در اﺛﺮ واﻛﻨﺶ ﺑﺎ دياﻛﺴﻴﺪ ﻛﺮﺑﻦ ﻫﻮا ﻛﺮﺑﻨﺎﺗﻪ ﻣﻲﺷﻮد ،ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ آزاد ﻣﻲﺷـﻮﻧﺪ .در اﺛـﺮ
اﻳﻦ ﻓﺮآﻳﻨﺪ ،ﻏﻠﻈﺖ ﻛﻠﺮﻳﺪﻫﺎي ﻣﺤﻠﻮل در ﻣﺠﺎور ﻣﻨﻄﻘﻪ ﻛﺮﺑﻨﺎﺗﺎﺳﻴﻮن زﻳﺎدﺗﺮ ﻣـﻲﺷـﻮد و در ﻧﺘﻴﺠـﻪ ﺳـﺒﺐ ﻣﻬـﺎﺟﺮت
ﻛﻠﺮﻳﺪ در داﺧﻞ ﺑﺘﻦ ﻣﻲﺷﻮد.
 -4ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪي و آزاد
ﻣﻬﻤﺘــﺮﻳﻦ ﭘﻴﻮﻧــﺪ ﻳــﻮنﻫــﺎي ﻛﻠﺮﻳــﺪ ،واﻛــﻨﺶ آﻧﻬــﺎ ﺑــﺎ  C3Aاﺳــﺖ ﻛــﻪ ﺗــﺸﻜﻴﻞ ﻛﻠــﺴﻴﻢ ﻛﻠﺮوآﻟﻮﻣﻴﻨــﺎت
 3CaO. Al2O3. CaCl2. 10H2Oﻣﻲدﻫﺪ ﻛﻪ ﻧﻤﻚ ﻓﺮﻳﺪل ﻧﺎﻣﻴﺪه ﻣﻲﺷﻮد .ﻳﻮن ﻛﻠﺮﻳـﺪ ﺑـﺎ  C4AFﻧﻴـﺰ واﻛـﻨﺶ
ﻣﺸﺎﺑﻬﻲ اﻧﺠﺎم داده وﺗﺸﻜﻴﻞ ﻛﻠﺴﻴﻢ ﻛﻠﺮوﻓﺮﻳﺖ ﻣﻲدﻫﺪ .ﺑﻨﺎﺑﺮاﻳﻦ وﻗﺘﻲ ﻣﻘﺪار  C3Aﺳﻴﻤﺎن ﺑـﺎﻻ ﺑﺎﺷـﺪ و ﻫﻤﭽﻨـﻴﻦ
وﻗﺘﻲ ﻣﻘﺪار ﺳﻴﻤﺎن در ﻣﺨﻠﻮط زﻳﺎد ﺑﺎﺷﺪ ،ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﺑﻴﺸﺘﺮي ﭘﻴﻮﻧﺪ ﺑﺮﻗﺮار ﻣﻲﻛﻨﺪ .ﺑﻨﺎﺑﺮاﻳﻦ اﻳـﻦ ﻃـﻮر اﺳـﺘﻨﺒﺎط
ﻣﻲﺷﻮد ﻛﻪ اﺳﺘﻔﺎده از ﺳﻴﻤﺎن ﺑﺎ  C3Aﺑﺎﻻ ﻣﻨﺠﺮ ﺑﻪ اﻳﺠﺎد ﻣﻘﺎوﻣﺖ ﻣﻨﺎﺳﺐ در ﺑﺮاﺑﺮ ﺧﻮردﮔﻲ ﻣـﻲﺷـﻮد .اﻳـﻦ ﻣـﺴﺎﻟﻪ
ﻣﻤﻜﻦ اﺳﺖ ﻫﻨﮕﺎﻣﻲﺻﺪق ﻛﻨﺪ ﻛﻪ از اﺑﺘﺪا ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﻣﻮﺟﻮد ﺑﺎﺷﻨﺪ و ﺑـﻪ ﺳـﺮﻋﺖ ﺑـﺎ  C3Aواﻛـﻨﺶ دﻫﻨـﺪ .در
ﻧﺘﻴﺠﻪ وﻗﺘﻲ ﻳﻮنﻫﺎي ﻛﻠﺮ از ﺧﺎرج وارد ﺑﺘﻦ ﺷﻮﻧﺪ ﻣﻘﺪار ﻛﻤﺘﺮي ﻛﻠﺮوآﻟﻮﻣﻴﻨﺎت ﺗﺸﻜﻴﻞ ﻣﻲﺷﻮد.
ﻫﻤﭽﻨﻴﻦ ﻣﻤﻜﻦ اﺳﺖ ﺗﺤﺖ ﺷﺮاﻳﻄﻲ ﻛﻠﺮوآﻟﻮﻣﻴﻨﺎت ﺗﻔﻜﻴﻚ ﺷﺪه و ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ آزاد ﺗﻮﺳﻂ آب ﻣﻨﺎﻓﺬ ﺑـﻪ ﺳـﻄﺢ
ﻓﻮﻻد ﻣﻨﺘﻘﻞ ﺷﻮﻧﺪ .ﻋﺎﻣﻞ دﻳﮕﺮي ﻛﻪ ﺗﻌﻴﻴﻦ ﻛﻨﻨﺪه ﻣﻘﺪار ﻣﻄﻠﻮب  C3Aدر ﺳﻴﻤﺎن ﻣﻲﺑﺎﺷﺪ ﻣﺸﻜﻞ ﺣﻤﻠﻪ ﺳﻮﻟﻔﺎتﻫـﺎ
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اﺳﺖ .ﺷﺎﻳﺎن ذﻛﺮ اﺳﺖ ﻛﻪ ﺑﺮاي ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ ﺳﻮﻟﻔﺎت ﻻزم اﺳﺖ ﻣﻘﺪار  C3Aﺳﻴﻤﺎن ﭘﺎﻳﻴﻦ ﺑﺎﺷﺪ .ﺑﻪ اﻳﻦ دﻟﻴـﻞ
آﻳﻴﻦ ﻧﺎﻣﻪ  ،ASTMﺳﻴﻤﺎن ﻧﻮع  IIرا ﻛﻪ داراي ﻣﻘﺎوﻣﺘﻲ ﻣﺘﻮﺳﻂ در ﺑﺮاﺑﺮ ﺳﻮﻟﻔﺎت اﺳﺖ ﺳﺎزﮔﺎرﺗﺮﻳﻦ ﺳـﻴﻤﺎن ﺑـﺮاي
ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ ﻗﺮار ﮔﺮﻓﺘﻪ در ﻣﻌﺮض ﺣﻤﻠﻪ ﺳﻮﻟﻔﺎتﻫﺎ ﻣﻌﺮﻓﻲ ﻣـﻲﻛﻨـﺪ .در ﺟـﺪول 2ﻣﻴـﺰان  C3Aاﻧـﻮاع ﺳـﻴﻤﺎن
ﻣﺸﺨﺺ ﺷﺪه اﺳﺖ.
ﺟﺪول  :2درﺻﺪ ﺗﺮﻛﻴﺒﺎت ﻣﺘﺸﻜﻞ اﻧﻮاع ﻣﺨﺘﻠﻒ ﺳﻴﻤﺎن
ﻧﻮع ﺳﻴﻤﺎن

C3S

C2S

C3A

C4AF

I

42 -65

10 -30

3 -17

6 -18

II

35 -60

15 -35

3 -8

6 -18

III

45 -70

10 -30

3 -15

6 -18

IV

20 -30
40 -60

50 -55
15 -40

3 -6
3 -5

8 -15
10 -18

V

اﺛﺮ ﻧﻮع و ﻣﻘﺪار ﺳﻴﻤﺎن در ﻧﻔﻮذ ﻛﻠﺮﻳﺪ
در ﺻﻮرت ﻧﻔﻮذ ﻛﻠﺮﻳﺪ ﺑﻪ داﺧﻞ ﺑﺘﻦ و ﻳﺎ ﺑﻪ دﻟﻴﻞ آﻟﻮده ﺑﻮدن ﻣﺼﺎﻟﺢ ﺑﺘﻦ ،ﻳـﻮنﻫـﺎي ﻛﻠﺮﻳـﺪ ﺑـﻪ ﺳـﻪ ﺣﺎﻟـﺖ آزاد در
ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ ،ﺟﺬب ﻓﻴﺰﻳﻜﻲ ﺑﺎ ﻣﺤﺼﻮﻻت ﻫﻴﺪراﺗﺎﺳﻴﻮن و ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﺑﺎ  C3Aدر ﺑﺘﻦ ﻳﺎﻓـﺖ ﻣـﻲﺷـﻮد .از دﻳـﺪﮔﺎه
ﺧﻮردﮔﻲ ﻓﻘﻂ ﻛﻠﺮﻳﺪﻫﺎي آزاد اﻫﻤﻴﺖ دارﻧﺪ .ﻛﻠﺮﻳﺪ ﺑﺎ  C3Aﺗﺮﻛﻴﺐ ﺷـﺪه و ﺗـﺸﻜﻴﻞ ﻧﻤـﻚ ﻓﺮﻳـﺪل CaO. Al2O3.
 3CaCl2. 10H2Oﻣﻲدﻫﺪ و در ﻧﺘﻴﺠﻪ ﻛﻠﺮﻳﺪﻫﺎ ﭘﻴﻮﻧﺪ ﻣﻲﻳﺎﺑﻨﺪ .ﺑﻨﺎﺑﺮاﻳﻦ ﻣﻲﺗﻮان ﻧﺘﻴﺠﻪ ﮔﺮﻓـﺖ ﻛـﻪ ﻇﺮﻓﻴـﺖ ﭘﻴﻮﻧـﺪ
ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﺗﻮﺳﻂ ﻣﻘﺪار  C3Aﺗﻌﻴﻴﻦ ﻣﻲﺷﻮد و ﺳﻴﻤﺎن ﺑﺎ ﻣﻘـﺪار ﺑﻴـﺸﺘﺮ  C3Aﺗـﺮﺟﻴﺢ دارد .اﻧﺘﻈـﺎر ﻣـﻲرود ﻛـﻪ
ﺳﻴﻤﺎن ﺑﺎ ﻇﺮﻓﻴﺖ ﭘﻴﻮﻧﺪي زﻳﺎد ،ﺳﺒﺐ ﻛﺎﻫﺶ ﺳﺮﻋﺖ ﻧﻔﻮذ ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ در ﺑـﺘﻦ ﺷـﻮد و در ﻧﺘﻴﺠـﻪ زﻣـﺎن ﺷـﺮوع
ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮد اﻓﺰاﻳﺶ ﻳﺎﺑﺪ .اﻳﻦ ﻧﻈﺮﻳﻪ ﺷﺎﻳﺪ درﺑﺎره ﺳﻴﻤﺎنﻫﺎي ﭘﻮزوﻻﻧﻲ ﺻﺎدق ﻧﺒﺎﺷﺪ ،زﻳﺮا ﺑﻌﻀﻲ از ﭘﻮزوﻻنﻫـﺎ
داراي ﻇﺮﻓﻴﺖ ﭘﻴﻮﻧﺪي ﻛﻢ ﺑﻮده ،اﻣﺎ ﺗﻮﺳﻂ ﺳﺎزوﻛﺎرﻫﺎي دﻳﮕﺮ )ﻣﺎﻧﻨﺪ ﻧﻔﻮذﭘﺬﻳﺮي ﻛﻢ( ﺳـﺒﺐ ﻛـﺎﻫﺶ ﺳـﺮﻋﺖ ﻧﻔـﻮذ
ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﻣﻲﺷﻮﻧﺪ.
ﺑﻪﻫﺮﺣﺎل ،در ﻣﺤﻴﻄﻲ ﻛﻪ ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﺑﻪ ﻋﻨﻮان ﻋﺎﻣﻞ ﻣﺨﺮب ﻣﺤﺴﻮب ﻣﻲﺷﻮد ،ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻣﻌﻤﻮﻟﻲ ﻧﻮع  Iﺑﺎ
ﻣﻘﺪار زﻳﺎد در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﺿﺪﺳﻮﻟﻔﺎت )ﺑﺎ ﻣﻘﺪار  C3Aﻛﻢ( ﻋﻤﻠﻜﺮد ﺑﻬﺘﺮي دارد.
ﺗﺤﻘﻴﻘﺎت اﻧﺠﺎم ﺷﺪه ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﻋﻼوه ﺑﺮﻣﻘﺪار  C3Aﺳﻴﻤﺎن در ﭘﻴﻮﻧﺪ دادن ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ،ﻋﻮاﻣﻞ زﻳـﺮ ﻧﻴـﺰ
ﻣﺆﺛﺮﻧﺪ:
 ﺗﺮﻛﻴﺒﺎت ﺳﻴﻤﺎن ﺗﺮﻛﻴﺒﺎت ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻦ ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﻓﻘﻂ ﺗﺎﺑﻊ ﻣﻘﺪار  C3Aﻧﻴﺴﺖ ،ﺑﻠﻜﻪ  C4AFو ﻫﻤﭽﻨﻴﻦ  C3Sو  C2Sﻧﻴﺰ ﻣﺆﺛﺮﻧﺪ.
ﺗﺮﻛﻴﺒﺎت ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ ﻧﻴﺰ در ﻣﻘﺪار ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ،اﺛﺮ دارد .ﺑـﻪ ﻋﺒـﺎرت دﻳﮕـﺮ ،ﻳـﻮنﻫـﺎي ﻣﻮﺟـﻮد در
ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ ﻣﺎﻧﻨﺪ  OH -و SO42-در ﭘﺪﻳﺪه ﭘﻴﻮﻧﺪ ﺑﺎ ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ رﻗﺎﺑﺖ ﻣﻲﻛﻨﻨﺪ.
ﺗﺮﻛﻴﺒﺎت ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ ﺑﻪ ﺗﺮﻛﻴﺒﺎت ﺳﻴﻤﺎن ،ﻣﻮاد اﻓﺰودﻧﻲ ﺷﻴﻤﻴﺎﻳﻲ و ﻣﻌﺪﻧﻲ و ﺷـﺮاﻳﻂ ﻣﺤـﻴﻂ ﺑـﺴﺘﮕﻲ دارد .ﺑـﺮاي
ﻣﺜﺎل اﮔﺮ ﺑﻪ ﻣﻘﺎدﻳﺮ  OH -و SO42-در ﻣﻨﺎﻓﺬ ﺑﺘﻦ اﻓﺰوده ﺷﻮد ،از ﻣﻘﺪار ﻳﻮنﻫﺎي ﻛﻠﺮﻳﺪ ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﻛﺎﺳﺘﻪ ﻣـﻲﺷـﻮد،
زﻳﺮا ﻗﺴﻤﺘﻲ از ﻇﺮﻓﻴﺖ ﭘﻴﻮﻧﺪ ﺳﻴﻤﺎن ﺑﺮاي ﻳﻮنﻫﺎي  OH -و SO42-ﺻﺮف ﻣﻲﺷﻮد.
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ﻛﺎﻣﻼً واﺿﺢ اﺳﺖ ﻛﻪ ﻓﻘﻂ ﺗﺮﻛﻴﺒﺎت ﺳﻴﻤﺎن در ﻣﻘﺪار ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﻧﻘﺶ ﻧﺪارﻧﺪ ،ﺑﻠﻜـﻪ ﻣﻘـﺪار ﺳـﻴﻤﺎن ﻧﻴـﺰ
ﻣﺆﺛﺮ اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻘﺪار ﺳﻴﻤﺎن در ﺑﺘﻦ ،از ﻣﻘﺪار ﻧﻔﻮذ ﻛﻠﺮﻳﺪﻫﺎ ﻛﺎﺳﺘﻪ ﻣﻲﺷﻮد.
اﺛﺮ ﻧﻮع ﻛﺎﺗﻴﻮنﻫﺎ
ﺑﺎ ﺗﺤﻘﻴﻘﺎت اﻧﺠﺎم ﺷﺪه ﻣﺸﺨﺺ ﺷﺪه اﺳﺖ ﻛﻪ ﻧﻮع ﻛﺎﺗﻴﻮنﻫﺎي ﻛﻠﺮﻳﺪ در ﺧﻮردﮔﻲ آرﻣـﺎﺗﻮر اﺛـﺮ دارد .وﻗﺘـﻲ ﻣﻘـﺪار
ﻣﺴﺎوي–  Clاﻣﺎ ﺑﺎ ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ ﺑﻪ ﻣﻼت ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ اﻓﺰوده ﺷﻮد ،اﺛﺮات ﻣﺘﻔﺎوﺗﻲ را ﻧﺸﺎن ﻣﻲدﻫﺪ .در اﻳﻦ
ﺗﺤﻘﻴﻖ از  NaCl ،CaCl2و  KClاﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .ﻧﺘﺎﻳﺞ اﻳﻦ ﭘﮋوﻫﺶ ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﺷـﺪت ﺧـﻮردﮔﻲ ﺑـﻪ
ﻃﻮر ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﺗﺎﺑﻊ ﻧﻮع ﻛﺎﺗﻴﻮن ﺑﻮده و  CaCl2ﺑﻴﺸﺘﺮﻳﻦ اﺛﺮ ﺗﺨﺮﻳﺒﻲ را داﺷﺘﻪ اﺳـﺖ .ﻫﻤﭽﻨـﻴﻦ ﻣـﺸﺨﺺ ﺷـﺪه
اﺳﺖ ﻛﻪ ﻛﻞ ﺗﺨﻠﺨﻞ و ﻏﻠﻈﺖ ﻛﻠﺮﻳﺪ در ﻣﺤﻠﻮل ﻣﻨﺎﻓﺬ و ﻳﺎ  ،pHﻋﻮاﻣﻞ ﻛﻨﺘﺮل ﻛﻨﻨﺪه در ﺷﺪت ﺧﻮردﮔﻲ ﻧﻤﻲﺑﺎﺷـﻨﺪ،
زﻳﺮا اﻳﻦ ﻋﻮاﻣﻞ در ﺗﻤﺎم ﻧﻤﻮﻧﻪﻫﺎي ﻣﻮرد ﺗﺤﻘﻴﻖ ﺗﻘﺮﻳﺒﺎً ﻣـﺸﺎﺑﻪ ﺑـﻮده اﺳـﺖ .ﺗﻔـﺎوت در ﻣﻘﺎوﻣـﺖ اﻟﻜﺘﺮﻳﻜـﻲ ﻋﺎﻣـﻞ
اﺧﺘﻼف در ﺷﺪت ﺧﻮردﮔﻲ اﺳﺖ .از آﻧﺠﺎﻳﻲ ﻛﻪ ﻣﻘﺎوﻣﺖ اﻟﻜﺘﺮﻳﻜﻲ ﺗﺎﺑﻊ ﺗﻮزﻳﻊ اﻧﺪازه ﻣﻨﺎﻓﺬ ﻣـﻼت اﺳـﺖ ،در ﻧﺘﻴﺠـﻪ
ﺗﻐﻴﻴﺮ در ﻛﺎﺗﻴﻮن ﺑﺎﻋﺚ ﺗﻐﻴﻴﺮ در ﺗﻮزﻳﻊ اﻧﺪازه ﻣﻨﺎﻓﺬ ﻣﻲﺷﻮد .ﺑﻨﺎﺑﺮاﻳﻦ  CaCl2ﻣﻨﺎﻓـﺬ ﺑﺰرﮔﺘـﺮي اﻳﺠـﺎد ﻣـﻲﻛﻨـﺪ و در
ﻧﺘﻴﺠﻪ اﻧﺘﺸﺎر ﻛﻠﺮﻳﺪ آﺳﺎﻧﺘﺮ اﻧﺠﺎم ﻣﻲﺷﻮد و ﻫﺪاﻳﺖ اﻟﻜﺘﺮﻳﻜﻲ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ .ﻫﻤﭽﻨـﻴﻦ ﺑﺮاﺳـﺎس ﻧﺘـﺎﻳﺞ ﺗﺤﻘﻴﻘـﺎت
اﻧﺠﺎم ﺷﺪه ﻣﺸﺨﺺ ﺷﺪه اﺳﺖ ﻛﻪ ،ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ ﺑﺎﻋﺚ ﻛﺎﻫﺶ اﻧﺪازه ﻣﻨﺎﻓﺬ ﻣـﻲﺷـﻮد .ﺑﻨـﺎﺑﺮاﻳﻦ ﺗﺨﻠﺨـﻞ ﺑـﺘﻦ ﺗـﺎﺑﻊ
ﻛﺎﺗﻴﻮن و ﻧﻮع ﻣﺨﻠﻮط ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ.
ﺑﺮرﺳﻲﻫﺎي اﻧﺠﺎم ﺷﺪه در ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ
ﺑﺮرﺳﻲﻫﺎي اﻧﺠﺎم ﺷﺪه در ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ در ﺳﻪ زﻣﻴﻨﻪ ﺑﻪ ﺷﺮح زﻳﺮ ﺑﻮده اﺳﺖ:
 ﺑﺮرﺳﻲ ﺗﺄﺛﻴﺮ ﻣﻴﺰان  C3Aﺳﻴﻤﺎن در اﻳﺠﺎد ﭘﻴﻮﻧﺪ ﺷﻴﻤﻴﺎﻳﻲ ﻳﻮن ﻛﻠﺮﻳﺪ. ﺑﺮرﺳﻲ ﺗﺄﺛﻴﺮ ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ ﻛﻠﺮﻳﺪ در اﻳﺠﺎد ﭘﻴﻮﻧﺪ ﺷﻴﻤﻴﺎﻳﻲ. ﺑﺮرﺳﻲ روشﻫﺎي اﻧﺪازهﮔﻴﺮي ﻛﻠﺮﻳﺪ آزاد در ﺳﻴﺴﺘﻢﻫﺎي ﺳﻴﻤﺎﻧﻲ.در اﻳﻦ راﺳﺘﺎ ،ﺑﺎ ﺳﺎﺧﺖ  C3Aﺧﺎﻟﺺ )ﺑﺮاﺳﺎس ﻧﺴﺒﺖﻫﺎي اﺳﺘﻜﻴﻮﻣﺘﺮي( در آزﻣﺎﻳﺸﮕﺎه و اﻓﺰودن آن ﺑﻪ ﻧﺴﺒﺖﻫﺎي
 10 ،8 ،5و  12درﺻﺪ ﺑﻪ ﺳﻴﻤﺎن و ﺳﺎﺧﺖ ﻣﻼت ﺑﺎ ﺳﻴﻤﺎنﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه و اﻓﺰاﻳﺶ ﻛﻠﺮﻳـﺪ ﺳـﺪﻳﻢ و ﻛﻠـﺴﻴﻢ ﺑـﻪ
ﻧﺴﺒﺖﻫﺎي  1 ،0/5و  2درﺻﺪ ﺑﻪ آب اﺧﺘﻼط ،روﻧﺪ ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﻣﻮرد ﺑﺮرﺳـﻲ ﻗـﺮار ﮔﺮﻓـﺖ .ﭘـﺲ از ﻋﻤـﻞآوري
ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه و آﻣﺎدهﺳﺎزي آﻧﻬﺎ ﺑﺮاﺳﺎس روشﻫﺎي اﺳﺘﺎﻧﺪارد ،ﻣﻴﺰان ﻛﻠﺮﻳـﺪ ﻣﺤﻠـﻮل در آب و ﻣﺤﻠـﻮل در
اﺳﻴﺪ آﻧﻬﺎ اﻧﺪازه ﮔﻴﺮي ﺷﺪ.
ﻫﻤﭽﻨﻴﻦ ﺑﻪﻣﻨﻈﻮر ﺑﺮرﺳﻲ اﺛﺮ  C3Aدر ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي در ﺷﺮاﻳﻂ واﻗﻌﻲ ،از ﭼﻬﺎرﻧﻮع ﺳﻴﻤﺎن ﺑﺎ درﺻـﺪﻫﺎي ﻣﺨﺘﻠـﻒ
 8/24 ،6/65 ،3/42) C3Aو 11/57درﺻﺪ( ،در ﺳﺎﺧﺖ ﻧﻤﻮﻧﻪﻫﺎ اﺳﺘﻔﺎده ﺷﺪ .ﻋﻤﻞآوري ﻧﻤﻮﻧﻪﻫﺎ و آﻣﺎدهﺳﺎزي آﻧﻬﺎ
ﻣﺸﺎﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن داراي  C3Aﺧﺎﻟﺺ ﺑﻮده اﺳﺖ.
اﺛﺮ ﻣﻴﺰان  C3Aﺳﻴﻤﺎن در ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي
 ﺑﺮرﺳﻲ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه از اﻧﺪازهﮔﻴﺮي ﻛﻠﺮﻳﺪ ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن ﺑﺎ  C3Aﺧﺎﻟﺺ )ﺳﺎﺧﺘﻪ ﺷـﺪهدر آزﻣﺎﻳﺸﮕﺎه( ﺑﺎ درﺻﺪﻫﺎي  10 ،8 ،5و  ،12ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان  C3Aﺳـﻴﻤﺎن ،ﭘﻴﻮﻧـﺪ ﻛﻠﺮﻳـﺪي

–––––––––––––––––––––––––––– ﺑﺮرﺳﻲ اﺛﺮ  C3Aﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﺑﺮ ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ 97 /....

ﻧﻴﺰ اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﻛﻠﺮﻳﺪﻫﺎي ﻣﺤﻠﻮل در آب )ﻛﻠﺮﻳﺪﻫﺎي آزاد( ﻧﻴﺰ ﺑﺎ اﻓـﺰاﻳﺶ  ،C3Aﻧﺘﻴﺠـﻪ ﻛﻤﺘـﺮي
ﺑﻪدﺳﺖ داده ﻛﻪ ﻣﺆﻳﺪ ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﺑﻴﺸﺘﺮي اﺳﺖ.
در ﺷﻜﻞﻫﺎي  1و  2روﻧﺪ اﻓﺰاﻳﺶ ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان  C3Aﺳﻴﻤﺎن ،ﺑﻪﺗﺮﺗﻴﺐ در ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪﺷﺪه
ﺑﺎ ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد.
0.8
0.7

NaCl = 0.5

0.5

NaCl = 1

0.4
0.3

NaCl = 2

0.2
0.1

ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ  -درﺻﺪ

0.6

0
12

8
10
ﻣﻴﺰان  C3Aﺳﻴﻤﺎن  -درﺻﺪ

5

ﺷﻜﻞ  -1ﻫﻴﺴﺘﻮﮔﺮام روﻧﺪ اﻓﺰاﻳﺶ ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان ) C3Aدر ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن ﺑﺎ C3A

ﺧﺎﻟﺺ و ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ(
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ﺷﻜﻞ  -2ﻫﻴﺴﺘﻮﮔﺮام روﻧﺪ اﻓﺰاﻳﺶ ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان ) C3Aدر ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن ﺑﺎ C3A

ﺧﺎﻟﺺ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ(

 ﺑﺮرﺳﻲ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه از اﻧﺪازهﮔﻴﺮي ﻛﻠﺮﻳﺪ ﻧﻤﻮﻧﻪﻫﺎي ﺳـﺎﺧﺘﻪ ﺷـﺪه ﺑـﺎ ﺳـﻴﻤﺎن داراي  C3Aﻣﺨﺘﻠـﻒ )ﺑـﺎدرﺻﺪﻫﺎي  8/24 ،6/65 ،3/42و  ،11/57ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان  C3Aﺳﻴﻤﺎن ،ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳـﺪي ﻧﻴـﺰ
اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﻛﻠﺮﻳﺪﻫﺎي ﻣﺤﻠـﻮل در آب )ﻛﻠﺮﻳـﺪﻫﺎي آزاد( ﻧﻴـﺰ ﺑـﺎ اﻓـﺰاﻳﺶ  ،C3Aﻧﺘﻴﺠـﻪ ﻛﻤﺘـﺮي
ﺑﻪدﺳﺖ داده ﻛﻪ ﻣﺆﻳﺪ ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﺑﻴﺸﺘﺮي اﺳﺖ.
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در ﺷﻜﻞﻫﺎي  3و  4روﻧﺪ اﻓﺰاﻳﺶ ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان  C3Aﺳﻴﻤﺎن ،ﺑﻪﺗﺮﺗﻴﺐ در ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪﺷﺪه
ﺑﺎ ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد.
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ﺷﻜﻞ  -3ﻫﻴﺴﺘﻮﮔﺮام روﻧﺪ اﻓﺰاﻳﺶ ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان ) C3Aدر ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن داراي
 C3Aﻣﺨﺘﻠﻒ و ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ(
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ﺷﻜﻞ  -4ﻫﻴﺴﺘﻮﮔﺮام روﻧﺪ اﻓﺰاﻳﺶ ﻛﻠﺮﻳﺪﻫﺎي ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ ﺑﺎ اﻓﺰاﻳﺶ ﻣﻴﺰان ) C3Aدر ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن داراي
 C3Aﻣﺨﺘﻠﻒ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ(

ﺗﺄﺛﻴﺮ ﻧﻮع ﻛﺎﺗﻴﻮن ﻛﻠﺮﻳﺪ در اﻳﺠﺎد ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي
 ﺑﺮرﺳﻲ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه از اﻧﺪازهﮔﻴﺮي ﻛﻠﺮﻳﺪ ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن ﺑﺎ  C3Aﺧﺎﻟﺺ )ﺳﺎﺧﺘﻪ ﺷـﺪهدر آزﻣﺎﻳﺸﮕﺎه( ﺑﺎ درﺻﺪﻫﺎي  10 ،8 ،5و  ،12ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ در ﻫﻤﻪ ﻣﻮارد ﺑﺎ ﻳﻚ ﻧﺴﺒﺖ ﻣـﺸﺎﺑﻪ ﻛﻠﺮﻳﺪﺳـﺪﻳﻢ و
ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ،ﻧﻤﻮﻧﻪﻫﺎي داراي ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ،ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﺑﻴﺸﺘﺮي اﻳﺠﺎد ﻛﺮده اﺳﺖ.
 ﺑﺮرﺳﻲ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه از اﻧﺪازهﮔﻴﺮي ﻛﻠﺮﻳﺪ ﻧﻤﻮﻧﻪﻫﺎي ﺳـﺎﺧﺘﻪ ﺷـﺪه ﺑـﺎ ﺳـﻴﻤﺎن داراي  C3Aﻣﺨﺘﻠـﻒ )ﺑـﺎدرﺻﺪﻫﺎي  8/24 ،6/65 ،3/42و  ،11/57ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ در ﻫﻤﻪ ﻣﻮارد ﺑـﺎ ﻳـﻚ ﻧـﺴﺒﺖ ﻣـﺸﺎﺑﻪ ﻛﻠﺮﻳﺪﺳـﺪﻳﻢ و

–––––––––––––––––––––––––––– ﺑﺮرﺳﻲ اﺛﺮ  C3Aﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﺑﺮ ﻛﺎﺗﻴﻮنﻫﺎي ﻣﺨﺘﻠﻒ 99 /....

ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ،ﻧﻤﻮﻧﻪﻫﺎي داراي ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ،ﭘﻴﻮﻧﺪ ﻛﻠﺮﻳﺪي ﺑﻴﺸﺘﺮي اﻳﺠﺎد ﻛﺮده اﺳﺖ.
در ﺷﻜﻞ  7ﻣﻴﺰان ﻛﻠﺮﻳﺪ ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ درﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻛﻠﺮﻳـﺪ ﺳـﺪﻳﻢ و ﻛﻠﺮﻳـﺪ ﻛﻠـﺴﻴﻢ ﺑـﻪ ﻧـﺴﺒﺖﻫـﺎي
ﻣﺨﺘﻠﻒ )ﺳﻴﻤﺎن ﺑﺎ  12درﺻﺪ  C3Aﺧﺎﻟﺺ( ﻣﻘﺎﻳﺴﻪ ﺷﺪه اﺳﺖ.
در ﺷﻜﻞ  8ﻣﻴﺰان ﻛﻠﺮﻳﺪ ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ درﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ﺑﻪ ﻧﺴﺒﺖﻫﺎي ﻣﺨﺘﻠﻒ
)ﺳﻴﻤﺎن داراي  11/57درﺻﺪ  (C3Aﻣﻘﺎﻳﺴﻪ ﺷﺪه اﺳﺖ.
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ﺷﻜﻞ  -7ﻫﻴﺴﺘﻮﮔﺮام ﻣﻴﺰان ﻛﻠﺮﻳﺪ ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ درﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ﺑﻪ ﻧﺴﺒﺖﻫﺎي ﻣﺨﺘﻠﻒ
)ﺳﻴﻤﺎن ﺑﺎ 12درﺻﺪ  C3Aﺧﺎﻟﺺ(
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ﺷﻜﻞ  -8ﻫﻴﺴﺘﻮﮔﺮام ﻣﻴﺰان ﻛﻠﺮﻳﺪ ﭘﻴﻮﻧﺪ ﻳﺎﻓﺘﻪ درﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻛﻠﺮﻳﺪ ﺳﺪﻳﻢ و ﻛﻠﺮﻳﺪ ﻛﻠﺴﻴﻢ ﺑﻪ ﻧﺴﺒﺖﻫﺎي ﻣﺨﺘﻠﻒ
)ﺳﻴﻤﺎن داراي  11/57درﺻﺪ (C3A

ﻛﻠﺮﻳﺪ ﻋﺼﺎرهﮔﻴﺮي ﺷﺪه در ﺳﻨﮕﺪاﻧﻪ و ﺳﻴﺴﺘﻢﻫﺎي ﺳﻴﻤﺎﻧﻲ
ﺑﺮﺧﻲ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺣﺎوي ﻣﻘﺪاري ﻛﻠﺮﻳﺪ ﻫـﺴﺘﻨﺪ ﻛـﻪ در ﺳـﻨﮕﺪاﻧﻪ ﻣﺤﺒـﻮس ﺑـﻮده و در واﻛـﻨﺶ ﺧـﻮردﮔﻲ ﺷـﺮﻛﺖ
ﻧﻤﻲﻛﻨﻨﺪ .اﻳﻦ ﻧﻮع ﻛﻠﺮﻳﺪﻫﺎ از ﻃﺮﻳﻖ روش ﻋﺼﺎرهﮔﻴﺮي اﻧﺪازهﮔﻴﺮي ﻣﻲﺷﻮﻧﺪ.
ﻫﻨﮕﺎﻣﻲﻛﻪ ﻛﻠﺮﻳﺪ ﻣﺤﻠﻮل در آب ﺑﻪ ﻣﻘﺪار ﻛﺎﻓﻲ وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﺪ ،ﻣﻲﺗﻮاﻧﺪ ﺳﺒﺐ ﺧﻮردﮔﻲ ﻓﻠﺰاﺗﻲ ﻧﻈﻴﺮ ﻓﻮﻻد ﺷـﺪه
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ﻛﻪ در داﺧﻞ ﻳﻚ ﺳﻴﺴﺘﻢ ﺳﻴﻤﺎﻧﻲ ﻣﺎﻧﻨﺪ ﻣﻼت ،ﮔﺮوت ﻳﺎ ﺑﺘﻦ ﻗﺮار دارد ﻳﺎ در ﺗﻤﺎس ﺑﺎ آﻧﻬﺎ ﻣﻲﺑﺎﺷﺪ .اﻳﻦ روش آزﻣﻮن
در ﻣﻮرد ﺳﻨﮕﺪاﻧﻪﻫﺎﻳﻲ ﻛﻪ ﺑﻪ ﻃﻮر ﻃﺒﻴﻌﻲ داراي ﻛﻠﺮﻳﺪ ﻫﺴﺘﻨﺪ ،ﻗﺎﺑﻞ ﻋﻤﻞ اﺳﺖ.
روش آزﻣﻮن ﺷﺮح داده ﺷﺪه در اﺳﺘﺎﻧﺪاردﻣﻠﻲ اﻳﺮان ﺷﻤﺎره  ،8947ﺑﺨﺸﻲ از ﻛﻠﺮﻳﺪي را ﻛﻪ در اﻳﻦ ﺳﻨﮕﺪاﻧﻪﻫﺎ وﺟـﻮد
دارﻧﺪ اﻧﺪازه ﮔﻴﺮي ﻣﻲﻛﻨﺪ .ﺷﺎﻳﺎن ذﻛﺮ اﺳﺖ ﻛﻪ ﻣﻘﺪار ﻛﻠﺮﻳﺪ اﻧﺪازهﮔﻴﺮي ﺷﺪه ﺑﻪ ﺷﺪت ﺑﻪ درﺟﻪ ﻧﺮﻣﻲﺳﻨﮕﺪاﻧﻪﻫﺎ ﻛـﻪ
ﻫﻨﮕﺎم ﺗﻬﻴﻪ ﻧﻤﻮﻧﻪ آﺳﻴﺎب ﻣﻲﺷﻮﻧﺪ ﺑﺴﺘﮕﻲ دارﻧﺪ.
در روشﻫﺎي آزﻣﻮن اﺳﺘﺎﻧﺪارد ﻣﻠﻲ اﻳﺮان ﺷﻤﺎرهﻫـﺎي  8946و  8947ﺑـﻪ ﺗﺮﺗﻴـﺐ ﻛﻠﺮﻳـﺪﻫﺎي ﻣﺤﻠـﻮل در اﺳـﻴﺪ و
ﻣﺤﻠﻮل در آب را ﺗﻌﻴﻴﻦ ﻣﻲﻛﻨﺪ .در ﻫﺮ دو روش ﻧﻤﻮﻧﻪ ﺑﻪ ﺷﻜﻞ ﭘﻮدر رﻳﺰداﻧﻪ ﻳﺎ ﺑﻪ ﺻﻮرت ﻣﻮاد داﻧﻪاي رﻳـﺰ آﺳـﻴﺎب
ﻣﻲﺷﻮد و ﻛﻠﺮﻳﺪﻫﺎي ﻣﺤﺒﻮس در ﺳﻨﮕﺪاﻧﻪﻫﺎ را ﻛﻪ در واﻛﻨﺶ ﺧﻮردﮔﻲ ﺷﺮﻛﺖ ﻧﺪارﻧﺪ ،ﻧﻴﺰ اﻧﺪازهﮔﻴﺮي ﻣﻲﻛﻨﺪ.
روش اﻧـﺪازهﮔﻴـﺮي اﻳـﻦ ﻧـﻮع ﻛﻠﺮﻳـﺪﻫﺎ دراﺳـﺘﺎﻧﺪارد  ASTM C 1524 - 02aو آﻳـﻴﻦ ﻧﺎﻣـﻪ ﺑـﺘﻦ آﻣﺮﻳﻜـﺎ
) (ACI 222.1-96اراﺋﻪ ﺷﺪه اﺳﺖ .در اﻳﻦ روش ﺑﺎ اﺳﺘﻔﺎده از دﺳﺘﮕﺎه ﻋﺼﺎرهﮔﻴﺮ  ،Soxhletﻣﻘـﺎدﻳﺮ ﺑـﺴﻴﺎر ﻛـﻢ
ﻛﻠﺮﻳﺪ را ﻛﻪ در ﺑﺮﺧﻲ ﺳﻨﮓﻫﺎ ﺑﺎﻗﻲ ﻣﻲﻣﺎﻧﺪ و در واﻛﻨﺶ ﺧﻮردﮔﻲ ﺷﺮﻛﺖ ﻧﻤﻲﻛﻨﻨﺪ ،ﻋﺼﺎرهﮔﻴﺮي ﻣﻲﺷﻮد.
دﺳﺘﮕﺎه ﻋﺼﺎره ﮔﻴﺮ Soxhlet

ﺑﻪ ﻣﻨﻈﻮر ﺑﺮرﺳﻲ ﻛﻠﺮﻳﺪﻫﺎي ﻣﺤﺒﻮس در ﺑﺮﺧﻲ از ﺳﻨﮕﺪاﻧﻪﻫﺎ ﻛﻪ در واﻛﻨﺶ ﺧﻮردﮔﻲ ﺷﺮﻛﺖ ﻧﻤﻲﻛﻨﻨـﺪ ،از دﺳـﺘﮕﺎه
ﻋﺼﺎره ﮔﻴﺮ  Soxhletاﺳﺘﻔﺎده ﻣﻲﺷﻮد.
اﻳﻦ دﺳﺘﮕﺎه ﻣﺘﺸﻜﻞ از ﻳﻚ ﮔﺮﻣﻜﻦ ،ﻳﻚ ﺑﺎﻟﻦ ﺗﻪ ﺻﺎف ،ﻳﻚ ﻧﻤﻮﻧﻪﮔﻴﺮ و ﻳﻚ ﻣﺒﺮد اﺳﺖ .ﻋﻤﻠﻜﺮد دﺳﺘﮕﺎه ﻋـﺼﺎره
ﮔﻴﺮ ﺑﻪ ﮔﻮﻧﻪاي اﺳﺖ ﻛﻪ ﺑﺎ اﺿﺎﻓﻪ ﻛﺮدن  200ﻣﻴﻠﻲ ﻟﻴﺘﺮ آب ﻣﻘﻄﺮ در ﺑﺎﻟﻦ ﺗﻪ ﺻـﺎف و اﻋﻤـﺎل ﮔﺮﻣـﺎ ﺑـﻪ آب داﺧـﻞ
ﺑﺎﻟﻦ ،ﺑﺨﺎر ﺣﺎﺻﻞ از آب ﺟﻮش از ﻗﺴﻤﺖ ﻣﺒﺮد ﻋﺒﻮر ﻛﺮده و ﻣﺎﻳﻊ ﺣﺎﺻﻠﻪ در ﻧﻤﻮﻧﻪﮔﻴﺮ ﺟﻤﻊ ﻣﻲﺷﻮد .ﻧﻤﻮﻧﻪ در داﺧﻞ
ﻧﻤﻮﻧﻪ ﮔﻴﺮ ﻣﺨﺼﻮص ﻗﺮار ﮔﺮﻓﺘﻪ و ﻣﺎﻳﻊ ﮔﺮم ﺣﺎﺻﻞ از ﺗﺒﺨﻴﺮ آب ﺟﻮش اﻃـﺮاف آن ﺟﻤـﻊ ﻣـﻲﺷـﻮد .ﻫﻨﮕـﺎﻣﻲﻛـﻪ
ﻋﺼﺎره ﺣﺎﺻﻠﻪ ﺑﻪ ارﺗﻔﺎع ﺑﺤﺮاﻧﻲ رﺳﻴﺪ ﺑﻪ داﺧﻞ ﺑﺎﻟﻦ ﺗﻪ ﺻﺎف ﺑﺮﮔﺸﺘﻪ و اﻳﻦ ﻓﺮآﻳﻨﺪ ﺗﻜﺮار ﻣﻲﺷﻮد .ﺗﺮﻛﻴﺒﺎت ﻏﻴﺮ ﻓﺮار
ﻋﺼﺎره ﮔﻴﺮي ﺷﺪه ﻛﻪ ﺣﺎوي آب ﻣﻘﻄﺮ ﮔﺮم ﻧﻴﺰ ﻣﻲﺑﺎﺷﺪ در ﺑﺎﻟﻦ ﺗﻪ ﺻﺎف ﺟﻤﻊ ﻣـﻲﺷـﻮد .ﺷـﺎﻳﺎن ذﻛـﺮ اﺳـﺖ ﻛـﻪ
ورودي ﮔﺮﻣﺎ ﺑﺎﻳﺪ ﺑﻪ اﻧﺪازه ﻛﺎﻓﻲ ﺑﻮده ﺗﺎ ﻳﻚ ﭼﺮﺧﻪ ﻋﺼﺎره ﮔﻴﺮي در ﺣﺪود ﻫﺮ  20دﻗﻴﻘﻪ ﻳﻚ ﺑﺎر ﺗﻜﺮار ﺷﻮد.
در ﺷﻜﻞ  9ﺷﻤﺎي اﻳﻦ دﺳﺘﮕﺎه ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد.

ﺷﻜﻞ  -9دﺳﺘﮕﺎه ﻋﺼﺎره ﮔﻴﺮ Soxhlet
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ABSTRACT
To study enforcement effect of T-formed beams made of Structural lightweight
concrete by binding CFRP with use of epoxy resin on the bending & shearing
resistance, nine lab samples were designed, built and tested. These samples were
divided into A, B & C groups, regarding their weakness. In all beams, two rods #
12 were used as compressive armature. In A, designing was such that beams have
bending weakness. In these beams, two rods #12 were used as tensile armature and
rod # 10 were used as shearing armature with a distance of 7.5 cm. In B, designing
was such that beams have shearing weakness and 4 rods # 16 were used as tensile
armature , the distance of stirrup was 30 cm. In c, designing was such that beams
have shearing and also flexural weakness , In these beams , two rods # 12 were
used as tensile armature and the distance of stirrups was 30 cm.
According to observed studies, in flexural strengthening, beams have had a
strength increase of 60%, although breaking was shearing and CFRP sheets didn’t
reach the rupture stage. Studying beam’s shearing strengthening represents loading
capacity increase of 20% and breaking was as stratified cutting of concrete with
CFRP sheet. Also, we observed 45% increase of beam’s loading capacity from
bending and also shearing strengthening together. In this case, failure mode was as
stratified cutting of concrete with CFRP sheet from the beam’s side.
Keyword: strengthening, tensile armature, CFRP, flexural
1. INTRODUCTION
Due to several causes such as damages resulting from corrosion or blasting severe
wind, members weakness resulting from incorrect maintenance, damages from war
or earthquake, usage changes, request for increasing foundation or number of
stories and changes of used parameters, maybe the structures of armature concrete
don’t have necessary ductility and resistance against imposed loads.[1]
To remove the deficiency of using steel plates in the strengthening of concrete
members, using fiber reinforcing polymers (FRP) has some advantages.
Several researchers have studied on bending and shearing strengthening by FRP
sheets in worldwide scientific centers & universities. The polymeric sheets are not
under the effect of corrosive factors, unlike the steel plates and are resistant against
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damaging effects and also tolerate the relatively high temperatures well. So, using
these sheets doesn’t need special arrangements before attachment and their
maintenances are easier after the installation in comparison with steel plates.[2]
2. LABORATORIAL PLAN
In this study, nine T-formed beams of light concrete with a total length of 1900mm
were built and tested over supports with a span of 1800mm. Lab samples are in
A,B and C groups and each group has 3 beams. For labs, one is as un-strengthened
and the other two are strengthened based on the kind of weakness in the beam.
3. SPECIFICATIONS OF USING MATERIALS
3.1. Armature
Internal armature is ribbed bar and from A2 type. The yielding stress for bars of 16
is 3300 kg/cm2, for bars of 12, 3800 kg/cm2 and for bars of 10 3650 kg/cm2. The
results of the using steel bars are given in.

Number
1
2
3

Table 1: Tensile experiment results for steel bars
Steel
Yield
Rupture Percentage
Area
bar’s
stress
stress
of length
2
cm
diameter
kg/cm2
kg/cm2
increase
mm
10
0.785
3650
5600
15
12
1.13
3800
5600
15
16
2.01
3800
5600
15

Elasticity
modulus
kg/cm2
2039000
2039000
2039000

3.2. Concrete
Regarding the first mix designs, an effort has been made to obtain a suitable
mixture regarding the effective factors on the compressive resistance increase and
also economic and administrative conditions.
To provide needed experimental concrete, the following mixing ratio was used.
Table 2: Mixing design
Sources

Material weight

Cement
Water
Gravel
Sand
Lecca
Super Plasticizer
Water to cement ratio
Sources

450
180
234
561.6
374.4
6.75
0.4
1800

Lecca grains are products of Saveh lecca factory and the fine grains were used in
this plan. The used sand was provided from washed one in the Ganjafrooz mine in
Babol. The kind of used cement is type, II Portland produced in Neka cement
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factory. The using superplastilizer is PCE from Vandshime factory and the water is
from urban potation one.
3.3. Glus
To make glue, a mix including two parts of epoxy resin and one part of hardening
is used that will gain its complete stick after one week.
3.4. CFRP Sheet
The CFRP sheets used in beam strengthening are uni- lateral yarn with the yielding
stress of 3800 and elasticity modulus of 240.000 MPa. Their thickness is 0, 11 mm.
4. LOADING SYSTEM
Loading system is shown in Figure (6-3). In this system, we used rigid metal
frames assumed to install jack. Samples are put on the part of this rigid frame for
beam support. In this study, beams are tested as Simple beam.
5. MEASURING TOOLS
Measuring special buttons of strain are installed on the beam lateral surface in its
upper and lower arrays with a distance of 200mm. These buttons are installed by
using concrete glue on the beam in order to measure concrete strain and its stick
strengthening sheets by strain gage.
5.1. Data Logger
The available Data Logger is cr10x that has high compatibility in data recording &
sending, even through modem & internet.

jack
BEAM

Load

LVDT

Figure 1. Loading specification

5.2. Samples Introduction
In this study, nine T-formed beams of light concrete with a total length of 1900mm
were loaded and tested on the supports with a span of 1800mm. The compressive
strength of used concretes in all beams has been designed for fc=410 kg/cm2
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5.3. “A” Group Beams
“A” Group relates to the beams having weakness in bending. In this group, we used
two ribbed bars # 12 as tensile armature and two ribbed bars #12 as compressive
ones. For shearing armature, we used ribbed bars # 10 as rectangular ones with the
distance of 75mm axis to axis.
Selecting the above armature for A was due to strength of these beams in shearing
& their weakness in bending. The specifications of “A” are given in figure 5.
5.4. “B” Group Beams
“B” Group relates to the beams having weakness in shearing. In this group, we
used four ribbed bars # 16 as tensile armature in two double arrays and two ribbed
bars # 12 as compressive ones.
For Shearing armatures, we used ribbed bars # 10 as a rectangular form with a
distance of 300 mm from axis to axis. The specifications are given in figure 6.
5.5. “C” Group Beams
C Group relates to the beams having both bending & shearing weakness. In this
group, we used two ribbed bars # 12 as tensile armature and two ribbed bars # 12
as compressive ones. For shearing armatures, we used ribbed bars # 10 as
rectangular ones with a distance of 300 mm axis to axis. The specifications are
given in Figure 7.

Figure 2. Specifications relating to “A”
beams

Figure 3. Specifications relating to “B”
beams

Figure 4. Specifications relating to “C” beams
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Figure 5. Strengthening method of
A1 , A2 beams

Figure 6. Strengthening method of B2 , B3

Figure 7. Strengthening method of beams

6. BEAM’S STRENGTHENING METHOD
6.1. Strengthening of A Grap Beams
“A” beams are included in A1, A2 and A3 with the same specifications. In this
study, we regard A3 as a reference beam and strengthen A1 and A2. To strengthen
A1 and A2, we used uni-lateral CFRP sheets by the yielding stress of 3800 Mpa and
elasticity modulus of 240,000 Mpa. The width of reinforced sheet is 16 cm and its
length is 160cm. Its pure thickness is 0.11mm and its strengthening method is
given in Figure 8.
6.2. Strengthenin of B Grap Beams
“B” beams are included in B1, B2 and B3 with the same specifications.
In this study, we regard B1 as a reference beam and strengthen B2 and B3; we used
CFRP sheets having a width of 7cm & length of 48cm in U form. Its strengthening
method is given in Figure 9.
6.3. Strengthening of “C” Group Beams
“C” beams include C1, C2 and C3 with the same specifications. In this study, we
regard C1 as a reference beam and strengthen C2 and C3. To strengthen this beam,
we used first the FRP sheet having a width of 16cm & length of 160cm for Flexural
strengthening of the beam. Then, we used the 48*7cm sheets for shearing
strengthening (figure 10). The cause of installing bending CFRP first and them
shearing CFRP is that bending CFRP transfers the tensile forces relatively to the
CFRP and this decreases the possibility of debonding risk beneath concrete.
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6.4. Results
Cracking ultimate loads and strength failure mode:
Tables 3, 4 and 5 represent cracking loads, and increasing percentage in
comparison to the control beam, and also ultimate load that can be carried by
beams resulting from carrying out strengthening as well as maximum deflection in
beams middle Span while rupturing in 3 different groups.
Table 3: Results of "A" group beams
Sample

compressive
strength
kg/cm2

ultimate
load
ton

Increase of
ultimate
load
relative to
control
beam
%

maximum
deflection
mm

Bending
cracking
load
kN

Shearing
cracking
load
kN

Load
increase
of
bending
crack
%

Load
increase
of
Shearing
crack
%

A3

525

112

-

14.8

29

59.6

-

-

A1

525

175

56%

1.5

43

60

48%

0.67%

A2

540

189

69%

10

46

59.6

59%

0

Failure mode

Bending
accompanied
with yielding
of tensile bars
shearing
Shearing with
CFRP
removing
accompanied
with a layer of
concrete

Table 4: Results of "B" group beams

Sample

compressive
strength
Kg/cm2

ultimate
load
kN

Increase
of
ultimate
load
relative
tocontrol
beam%

maximum
deflection
mm

Bending
cracking
load
kN

Shearing
cracking
load
kN

Load
increase
of
bending
crack%

Load
increase
of
Shearing
crack%

B1

550

185

-

8.8

43

55

-

-

B2

560

210

14%

9

43

111

0

102%

B3

560

225

22%

9.4

55

140

28%

155%

Failure
mode

Shearing
with
bursting
compressive
flange
Shearing
with CFRP
removing
accompanied
with a layer
of concrete
Shearing
with
bursting
compressive
flange

Table 5: Results of "C" group beams

Sample

compressive
strength
Kg/cm2

ultimate
load
kN

C1

555

105

Increase
of
ultimate
load
relative
tocontrol
beam%
-

maximum
deflection
mm

Bending
cracking
load
kN

Shearing
cracking
load
kN

Load
increase
of
bending
crack%

Load
increase
of
Shearing
crack%

21.8

32

56

-

-

C2

545

150

43%

19.6

40

75

25%

34%

C3

550

141

34%

15.7

38

71

19%

27%

Failure
mode

shearing
Shearing
with CFRP
removing
accompanied
with a layer
of concrete
shearing
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6.5. Comparison of “A” Group Beams
In loading “A” group beams, there are some results. The first created bending crack
in A3 was in a load of 2.9 ton, while in A1 and A2 it was 4.3 and 4.6 tons. It was
observed that the first crack of these beams is created in a load of 1.5 times for A1
and 1.6 times for A2.
The first created shearing crack in A3 was in a load of 5.96 tons, while in A1 and A2
it was 6 and 5.9 tons. It was expected that these beams would reach the first
shearing crack in the same load.
The A3 failing was in a load of 11.2 tons and it was flexural failure with yielding
tensile bars, while in A1 and A3, failing was in 17.5 and 18.9 tons and shearing.
As it was observed, the created strength increase in A1 was about 56% and in A2,
about 70%. We should consider the fact that the real amount of loading capacity
increase could be much more than this. Because, first the breaking of A1 and A2
was shearing and the beam fails before using its total flexural capacity. Secondly, if
we compare the imposed load in the first crack, we can see that the load of the first
crack in A1 and A2 was about 1.5 times for A. So, the flexural strength increase of
A2 and A1 is much more than the observed amount.
6.6. Comparing Of “B” Beams
Comparing B1, B2 and B3, we can see that the first bending crack in B1 was in load
4.3 ton, while it was expected that the first bending crack of B1 and B2 is created in
the same load. But the first bending crack in B3 was in 5.5 tons that is a little more
than the other event.
The first shearing crack in B1 was in 5.5 ton, while in B2 and B3; it was in 11.1 and
14 tons that increases the resistance against the first shearing crack. The B1 failure
was in 18.5 tons and shearing and for B2 and B3 it was 21 and 22.5 tons and
shearing. As we can see, the increase of B2 strength against B1 was about 15% and
B3 against B1, was about 22% that is not remarkable. Due to the shearing failure of
B2 and B3, we conclude that there is no suitable strengthening, beams still have
shearing weakness and CFRP sheets haven’t been broken, but they were removed
by a concrete layer. This shows that CFRP sheets can still tolerate more loads.
6.7. Comparing “C” Beams
Comparing C1, C2 and C3, we can see that the first bending crack is created in 3.2
for C1 and 4 and 38 tons for C2 and C3.
The first created bending crack in C1 was about 5.6 tons and in C2 and C3 it was
about 7.5 and 7.1 tons, and its increase against C1 was 35% for C1 and 28% for C3.
The breaking of C1 was in 10.5 tons and shearing, while for C2 and C3 it was in 15
and 14.1 tons and shearing. As we can see, there is a good strength increase that is
45% for C2 and 35% for C
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Figure 8. Load- tensile strain graph for A beams

Figure 9. Load compressive strain graph for B beams

Figure 10. Load- deflection graph for A beams

7. DISCUSSION AND RESULTS
7.1. Strain in Strengthened Frp
Observing figures 8-10 relating to the load-compressive strain and load-tensile
strain graph we can see increasing of compressive strain and decreasing of tensile
strain in a defined load, that can be due to displacement of neutral cord because of
strengthening.
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8. CONCLUSION
Based on experiments and calculations, we obtained the following results:
1. The modes of shearing failure in strengthened beam were:
a) Resulting from FRP failure, b) without FRP failure, c) resulting from FRP
debonding.
2. Bending & shearing strengthening on different samples, shows that the
compressive strain increases remarkably.
3. With strengthening the beams, the cracking load in beams increases.
4. Deflection of flexural strengthened beams is lower than non- strengthened one.
5. Strengthening the beams, the neutral cord moves upwards at a lower speed.
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ABSTRACT
The effect of FRP (Fiber Reinforced Polymers) sheets on bending strength of
beams is one of the advantages of utilizing carbon fibers in concrete structures. By
utilizing FRP sheets, reinforcing bar ratio which is used as longitudinal tensile
reinforcements would increase in specimens and bending strength would be
improved. In this research study, by testing 12 concrete beam specimens with
known dimensions with 3 different reinforcing bar ratios the effect of FRP in
flexural behavior strength, displacements, ultimate load and stiffness of the
concrete beams have been investigated. The results show that in addition to
increased strength, failure may occur with high adequate ductility in reinforced
concrete beams.
Keywords: FRP sheets, bending strength, concrete beam, bar ratio
1. INTRODUCTION
Retrofitting and strengthening of a constructed structure are currently very
significant in modern civil engineering. One of the modern methods in
strengthening concrete structures is utilizing fiber reinforced polymers (FRP)
bonded to concrete beams as strips made of carbon fibers [3]. This method has
several advantages over traditional ones, especially increasing high strength,
decreasing beam weight and creating durability of concrete structures. Based on
experimental results obtained by Teng et al, Bonacci, Maalej and Feo [1, 8], the
most common failure mode is derived from debonding of FRP plate or ripping of
the concrete cover. In addition, some premature failures are generally associated
with reduction in deformability of the strengthened tensile members.[ 2].
Numerous experiments have been carried out to determine failure mode and
behavior of concrete beams. [5]. Based on existing studies typical failure modes
observed in experiments is shown in Figure.1. [4,8]. These failure modes are type
(1), type (2) , type (3) and type (4) as the following schematic representation [8].
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Figure 1. (a) - failure type -1-

Figure 1. (b) failure type -2-

Figure 1. (c) failure type – 3-

Figure 1. (d) failure type – 4 (a)

Figure 1. (e) failure type – 4 (b)

Figure 1. (f) failure type – 4 (c)
Figure 1. failure modes of concrete beams
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According to Sebastian and Teng the corrosion of tensile longitudinal steel bars ,
changing of reinforcing bar ratio and shear forces may increase the probability of
these types of failures [6 ]. The ratio of reinforcing bar of beams affects the above
patterns and bending behavior and the width of cracks.[8]. The influence of FRP,
bond around tensile longitudinal bars, on flexural strengthening of reinforced
concrete beams and the ductility of beams are investigated in this paper by the test
results of 12 beam specimens strengthened by carbon fiber reinforced polymers
(CFRP).
2. EXPERIMENTAL SET UP
In order to perform research on the materials some tests carried out have been
introduced.
2.1. Materials
For the beam specimens the compressive strength is 240 MPa. The concrete
mixture proportions are shown in Table 1.
Table 1: Concrete mixture design (kg / m3)
Coarse aggregate

sand

cement

750
1000
300
*-maximum size of aggregate is 12 mm

water
160

Also different sizes of tensile bars which have been used in beams are 8,10,12,16
and 20mm.The yield and ultimate strength of bars is indicated in Table 2.
Table 2: Characteristics of reinforcing bars
Diameter
8
10
12
16
Yield stress (MPa)
Ultimate stress (MPa)

350
460

365
570

400
575

420
585

20
450
590

Mechanical properties of CFRP sheets are presented in Table 3.
Table 3: Mechanical properties of CFRP sheet
Layer thickness
Ultimate
Tensile strength
Modulus of
(mm)
strain
( MPa )
elasticity (GPa )
0.170
0.0160
3750
230

Also the stress – strain relationship is sketched in Figure 2.
The adhesive used for binding the CFRP sheet on the concrete surface is handmixed epoxy and the air between concrete surface and CFRP sheet is removed. The
adhesive curing time is 6 days according to instructions of the manufacturer.[9,11]
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Figure 2. Stress-strain diagram of CFRP sheets

2.2. Experiments on Specimens
12 concrete beam specimens with dimensions according to Figure 3 are
manufactured. The reinforcing bar ratios are 20%, 40% and 70% of the tensile
reinforcement balanced ratio.

Figure 3 (a): concrete bream in tests

The dimensions and details of reinforced specimens are shown in Table 4.
Table 4: Details of constructed beams
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As shown in Table 4, seven specimens are strengthened by CFRP sheets. Also
three specimens are kept as control specimens without strengthening.
After loading the deflection of the specimens the strains at the mid- spans are
measured by gauge. Also, the strain of concrete at the level of the tensile and
compressive reinforcing bars and the strain of CFRP sheets at the mid- span of
beam are measured by gauge according to Figure 4:

Figure 4. Measuring instruments

The output data are recorded by a computer.
2.3. Results and Discussion
The control specimens B1, B5 and B9 failed after straining of tensile bars in a very
ductile manner. In B2 failure occurred due to fracture of CFRP sheet but the beam
carried a higher load than B1 .Specimens B3 and B4 failed in Type three due to
high shear and normal stresses at the ends of the CFRP sheets due to debonding of
CFRP. B6, B7 and B8 failed due to fracture of CFRP sheets (Type 2) after yielding
of reinforcing bars. Specimens B10 failed in Type 2 due to fracture of CFRP sheets
around the mid-span after yielding reinforced bars. Specimens B11 and B12 failed
in Types (4-b) and (4-c) .In both of them debonding of CFRP sheet started due to
shearing cracks. Compared to other specimens more shearing cracks with closer
spacing occurred in B11 and B12.
Figureure 6(a)-(c) shows the load versus mid-span displacement relationship of
beams. According to these Figureures, at earlier stages, before flexural cracking the
load-displacement curves are close to each other. With increasing the load, the
strengthened specimens exhibited larger stiffness. After yielding of reinforcing
bars, the strength and stiffness of the strengthened specimens were larger compared
to the control specimens. In specimens B11 and B12, the load – displacement
curves continued without dropping and failure was initiated due to separation of
FRP. However, the specimens failed due to crushing of concrete with adequate
ductility as indicated in Figureure 6 (c).
As shown in Figureure 6, by increasing the load, the strengthened specimens
demonstrate larger stiffness. After yielding tensile bars the strength and stiffness of
specimens reinforced by CFRP are larger compared to the control specimens. Also,
after failure of CFRP the load- displacement curves of strengthened drops.
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Displacement (mm)
Figure 6 (a). B1, B2, B3 and B4

Displacement (mm)
Figure 6 (b). B5, B6, B7 and B8

Figure 6 (c). B9, B10, B11 and B12
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The displacement and ultimate strength Pu of concrete beams are shown in Table 5
.The increase in strength of beams reinforced by CFRP sheets which varies with
the reinforcing bar ratio are also submitted in this table.
Table 5: Results of tests

2.4. Comparison Between Experimental Results and Theoretical Predictions
According to proposed equations by ISIS Canada, a linear variation over the depth
of concrete section and the value of 0.0035 for the maximum concrete strain are
being considered .[3] Also ISIS supposes the reduction factors of 0.6 , 0.85 and
0.75 for concrete , steel and FRP sheet respectively [3] . The ratios of ultimate test
loads to the calculated values supposed by ISIS are given in Table 6.
Table 6: Comparison between test results and the value calculated by ISIS

Comparing the test results of specimens B2, B6, B7, B8, B10, B11 and B12, ISIS
overestimates the ultimate bending strength in the case of strengthened beams with
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small reinforcing bar ratios. According to Table 6 by increasing the reinforcing bar
ratio in concrete beams, the ratio of Ptest / PISIS increases. Therefore, the
equations proposed by ISIS are more appropriate for concrete beams with high
reinforcing bar ratios. [8,10].
3. CONCLUSION
Generally from the test results and calculated values the following conclusion has
been obtained:
1. The flexural strength and stiffness of RC beams increases by CFRP.
2. While the reinforcing bars increases, the ratio of the test load to the Load
calculated (Ptest / PISIS) increase.
3. With high reinforcing bars near balanced reinforcement ratio failure of the
concrete beams occurs in either Type - 4 (b) and 4 (c) with adequate ductility.
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ABSTRACT
In recent years, the use of FRP jackets for strengthening of weak concrete columns
has become increasingly popular. The confinement effect of the externally bonded
FRP systems in rectangular and square sections of concrete columns is known to be
complicated and less than those in circular sections. In this article, the predictive
design equations for calculating the compressive strength of FRP-confined
concrete columns in three current international guidelines and five theoretical
models have been introduced and effective parameters in each of them have been
investigated. For a comparative study, also, a database consists of experimental
results of 43 prismatic specimens of different cross-sectional shapes and
confinement details have been collected. The analytical results show that the
section’s shape and dimensions are effective parameters in diversity of
experimental and theoretical results. Also, by defining the effective factors, a
model has been expanded for prismatic FRP-confined concrete columns. Based on
the analytical results, the expanded model indicates acceptable predictions in
comparison with the other models and guidelines.
Keywords: FRP, concrete column, confinement, shape factor, compressive
strength
1. INTRODUCTION
In recent years, earthquake damage to many reinforced concrete columns in bridges
and buildings has indicated inadequate strength and deformation of reinforced
concrete columns built before the 1970’s and urgent need to retrofit them [1].
These structures were rather constructed according to older codes or without an
adequate construction practice. The structural members of this type of buildings
may experience sever damage due to low deformability and axial capacity (Figure
1). The initial application for retrofitting of weak columns involved the use of steel
hoops and straps to provide lateral confinement. Some analytical models have been
developed to provide a theoretical base for retrofitting concrete columns [1]. These
models are satisfactory for the prediction of strength and ductility of concrete
columns confined by steel stirrups.
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Figure 1. Buckling of the longitudinal bars, because of loss of the concrete in an
earthquake damaged column

Rather to some disadvantages of steel jacket, such as heavy weight and high
potential for corrosion, the use of fiber reinforced polymer (FRP) composites has
been developed in recent decades. This material has some unique properties such
as light weight, high stiffness and high strength to weight ratio. Moreover, FRP has
great resistance to corrosion. These new materials have shown a great potential in
replacing the traditional steel reinforcement as retrofit material. Based on the
results of many experimental researches, when reinforced concrete columns
confined laterally with FRP sheets, its ductility and axial load capacity will be
enhanced [2].
2. CONFINING EFFECT OF FRP
The strength enhancement in columns using lateral FRP sheets may be the
confinement effect of transverse fiber sheets. When a concrete column is affected
by axial compressive load, concrete core will expand laterally. In jacketed column,
however, lateral expansion is limited by the effect of lateral confining material. In
these cases concrete core of the column section will be affected by a kind of
passive pressure named confining stress. An important aspect of the behavior of
confined concrete is that at the rupture of FRP, the hoop strain reached in the jacket
is generally considerably smaller than the ultimate tensile strain found from flat
coupon tensile tests. The FRP efficiency factor had been suggested for calculation
of the actual hoop rupture strain of FRP jacket. According to the stress distribution
of confined circular section (Figure 2), confining pressure provided by the
transverse FRP sheet ( f l ) is given by [3 and 4]:
⎛2⎞
f l = ⎜ ⎟ E FRP k ε ε FRP t FRP
⎝D⎠

(1)
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Figure 2. Stress distribution of confined circular section

Where D = diameter of column section, t FRP = whole thickness of FRP sheets,
kε =FRP efficiency factor and E FRP and ε FRP = the modulus of elasticity and
ultimate tension strain of FRP sheet. Based on experimental results the advantages
of FRP in circular section column are different from rectangular section. In a
circular concrete column, the confining pressure is constant around circumference
and small variation due to factors such as in homogeneity of concrete is ignored. In
rectangular section of columns, the confining pressure of FRP does not distribute
uniformly over the section and only a portion of the section is affected by confining
pressure (Figure 3). Because of it the performances of FRP in this kind of sections
are different and lower than that of FRP-confined circular sections [4].

Figure 3. Confined area in a rectangular section of confined concrete column

In rectangular section, due to stress concentration in FRP jacket, premature failure
of FRP occurs and whole capacity of FRP is not used. In this section, the confining
pressure provided by the FRP sheet must be decreased by introducing the shape
factor that is less than 1.0. In rectangular sections it is given by [5]:
f l = k s k ε E FRP ε FRP t FRP

(2)

Where k s = shape factor of section and is related on section’s geometrical
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dimensions and often different in each model.
3. EXISTING MODELS FOR FRP-CONFINED CONCRETE
Most of the available models for evaluating the compressive strength of FRPconfined concrete columns are based on the confinement model that was derived
experimentally for specimens under active hydrostatic pressure [6]. In this article,
five existing models for rectangular and square columns are investigated. Those
models had been presented by Mirmiran et al. [7], Pantelides and Yan [8], AlSalloum [9], Lam and Teng [2], and Illki et al. [10] and summarized in Table 1. a,
b, and r in this table are large having a small dimension and corner radius of cross
section. Lateral confining pressure f l in each model is calculated from Eq. (2)
where FRP efficiency factor and shape factor in each model are given in Table 2.
4. REVIEW OF DESIGN GUIDELINES
The document considered in this article is as follows: “Guide for the Design and
Construction of Externally Bonded FRP Systems for Strengthening Concrete
Structures” reported by the American Concrete Institute (ACI Committee 440.2R02 2002) [11], “Design and Construction of Building Components with Fiber
Reinforced Polymers” Reported by the Canadian Standard Association (CSA
S806-02 2002) [12], and “Externally Bonded FRP Reinforcement for RC
Structures” Technical Report by the Fédération Internationale du béton (fib Bulletin
14 2001) [13]. Each of the design guidelines has some limitations and conditions in
nonlinear cross sections, which are related to the type of compressive load
application, maximum dimensions, maximum side-aspect-ratio ( a / b ), and
minimum corner radius of cross section (r). In Table 3 the mentioned limitations in
each guideline had been summarized. Approach presented by the current ACI
committee 440 (ACI 2002) for compressive strength enhancement is conservative.
This guideline specifies that although confining square and rectangular members
with FRP jackets can provide marginal increases in the axial compression strength
of the member, there are no recommendations provided at this time on the use of
FRP. The model provided by ACI guideline for estimation ductility of confined
rectangular column is given as follows:

(

)

f cc′ 0 = f c′0 2.25 1 + 7.9 f l / f c′0 − 1.25 − 2 f l

(14)

Eq. (14) had been primary presented for steel-confined concrete. Some research
showed that it is applicable for the case of FRP-confined concrete [2]. According to
the ACI guideline FRP confining pressure in prismatic column can be obtained by
Eq. (2) where the shape factor k s and FRP efficiency factor kε are calculated by
Eqs. (10) and (15):
⎧
0.004 ⎫
(15)
k ε = MIN .⎨0.75,
⎬
ε FRP ⎭
⎩
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Table 1: Estimating models for compressive strength of confined concrete column.
Author's
Compressive strength of confined concrete column
name
Mirmiran
et al.

⎛ 2r ⎞⎛ f ⎞
for : ⎜ ⎟⎜⎜ l ⎟⎟ ≥ 0.15
⎝ a ⎠⎝ f c′0 ⎠

⎛
f 0 .7 ⎞
f cc′ 0 = ⎜⎜1 + 6.0 l ⎟⎟ f c′0
f c′0 ⎠
⎝

⎛
f
f ⎞
′ = ⎜ − 4.322 + 4.271 1 + 4.193 l − 2 l ⎟ f c′0
f cco
⎜
′
′ ⎟⎠
f
f
c0
co
⎝

Pantelides
and Yan

⎡⎛
f
f ⎞
⎢⎜ − 4.322 + 4.271 1 + 4 .193 l − 2 l ⎟
f c′0
f co′ ⎟
⎢⎜
′ = MAX ⎢⎜
f cco
⎟ f c′0 , f c′0
f
⎟
⎢⎜
0 .0768 ln( l ) + 1.122
⎟
f co′
⎢⎜⎝
⎠
⎣

(3)

fl
≥ 0.2
f co′
⎤
⎥
⎥
⎥
⎥
⎥
⎦

(4)

fl
< 0.2
f co′

(5)

⎛
f ⎞
f cc′ 0 = ⎜⎜1 + 3.14 l ⎟⎟ f c′0
f c′0 ⎠
⎝
⎛
f ⎞
f cc′ 0 = ⎜⎜1 + 3.3 l ⎟⎟ f c′0
f c′0 ⎠
⎝
⎛
f ⎞
f cc′ 0 = ⎜⎜1 + 2.54 l ⎟⎟ f c′0
f c′0 ⎠
⎝

AlSalloum
Lam and
Teng
Illki et al.

(6)

(7)

(8)

Table 2: FRP efficiency factor and section's shape factor in each model
FRP
Author's
efficiency
Section's shape factor ( k s )
name
factor( k ε )
Mirmiran
et al.

1.0

Pantelides
and Yan

0.5

AlSalloum

1.0

Lam and
Teng

0.57

Illki et al.

0.85

4r
a2
⎛ (a − 2r ) 2 + (b − 2r ) 2 ⎞⎛ (a + b ) ⎞
⎟⎜
k s = ⎜⎜1 −
⎟⎝ ab ⎟⎠
3ab
⎝
⎠
ks =

⎛
ks = ⎜
⎜
⎝

(

(9)
(10)

⎞ ⎛ 2 ⎡ (1 − 2(r / a)) 2 ⎤ ⎞
⎟ ⎜1 −
⎟
⎢
2 ⎥⎟
⎜
2a − 2r 2 − 1 ⎟⎠ ⎝ 3 ⎣1 − (4 − π )(r / a) ⎦ ⎠
2a

(

2
b ⎛
ks = ( )2 ⎜
a ⎜⎝ a 2 + b 2

))

2

⎞ ⎡⎛ (b / a )(a − 2r )2 + (a / b )(b − 2r )2 ⎤
⎟ ⎢⎜1 −
⎥
⎟ ⎢⎜
3(ab − (4 − π )r 2 )
⎥⎦
⎠ ⎣⎝

2
2
⎛ a + b ⎞ ⎡ ⎛⎜ (b / a )(a − 2r ) + (a / b )(b − 2r )
ks = ⎜
⎟ ⎢1 − ⎜
3 ( ab − ( 4 − π ) r 2 )
⎝ ab ⎠ ⎣⎢ ⎝

⎞⎤
⎟⎥
⎟
⎠ ⎦⎥

(11)
(12)
(13)

Regarding CSA S806-02 guideline (CSA2002), the maximum confined concrete
compressive strength is given by Eq. (16). This equation is similar to well-known
equation provided by Richart et al. [2].

f cc′ 0 = 0.85 f c′0 + 2.12 f l 0.83

(16)
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Table 3: Design Guidelines Limitations and conditions
Side
Ratio of
Corner
Guideline
Kind of Loading
Dimensions
Side
Radius
(mm)
Dimension
(mm)
Concentric Axial
b, a ≤ 900
a / b < 1.5
r ≥ 13
ACI
loading
Concentric Axial
a / b ≤ 1.5
r ≥ 20
CSA
loading
Recommende
Concentric Axial
fib
d: 15 ≤ r ≤ 25
loading

Confining pressure in above equation is calculated by Eq. (2), where FRP
efficiency factor is calculated from Eq. (15) and shape factor is given by:
⎛2⎞
k s = ⎜ ⎟ , D = lesser of a and b
⎝D⎠

(17)

The design recommendations provide by fib for prismatic columns are based on the
model proposed by Spoelstra and Monti [2]. In this code, the maximum amount of
confined concrete compressive strength determined from cube calculated is given by:

⎛
fl
f cc′ 0 = f c'0 ⎜ 0.2 + 3
⎜
f c′0
⎝

⎞
⎟
⎟
⎠

(18)

Confining pressure in fib is determined from Eq. (2), in which shape factor are
given by Eq. (13). fib highlights that the hoop rapture strain of the FRP jacket,
based on experimental evidence, is lower than the ultimate strain obtained by
tensile testing of the material. The guideline points out that this reduction is due to
several reasons, such as the quality of construction, the size effect when applying
several layers, the effect of wrapping the material on the corners of low radius, and
the combined state of stress of the FRP wrapping. Because of the lack of data no
appropriate reduction factors are suggested in this guideline. In other words fib
provides FRP efficiency factor equal to the value of 1.0 for a confinement by full
wrapping. In this design guideline, FRP safety factors γ f are applied individually
to each of the material components of the FRP during the computation of lateral
confining pressure.
Table 4: FRP safety factors in normal control quality
FRP type

CFRP

AFRP

GFRP

γf

1.20

1.25

1.30
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Table 5: Experimental details of FRP-confined square and rectangular concrete
specimens
t frp
ε frp
E frp
Exp. f cc′
a
b
r
FRP
f c′0
Authors
No.
Parvin and
Wang
Al-Salloum

Kumutha
et al.

Shehata
et al.

Rochette
and
Labossiere

Rochette
and
Labossiere

Pessiki et
al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

(mm)

(mm)

(mm)

108
108
150
150
150
150
125
125
140
140
161
161
188
188
188
188
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
203
203
203
203
152
152

108
108
150
150
150
150
125
125
112
112
97
97
94
94
94
94
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152
152

8.26
8.26
5
25
38
50
0
0
0
0
0
0
10
10
10
10
5
25
25
38
38
5
25
25
25
38
38
5
5
5
5
25
25
25
25
38
38
25.0
38.0
5
25
38
38

(MPa)
21.40
21.40
29.81
30.16
29.00
27.49
34.31
34.31
34.31
34.31
34.31
34.31
23.70
23.70
29.50
29.50
42.00
42.00
42.00
42.00
42.00
43.90
43.90
35.80
35.80
35.80
35.80
43.00
43.00
43.00
43.00
43.00
43.00
43.00
43.00
43.00
43.00
42.00
42.00
43.90
43.90
26.40
26.40

type

CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
GFRP
GFRP
GFRP
GFRP
GFRP
GFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP
AFRP
AFRP
AFRP
AFRP
AFRP
AFRP
AFRP
AFRP
AFRP
AFRP
CFRP
CFRP
CFRP
CFRP
CFRP
CFRP

(GPa)
188.9
188.9
75.1
75.1
75.1
75.1
10.5
10.5
10.5
10.5
10.5
10.5
235
235
235
235
82.7
82.7
82.7
82.7
82.7
82.7
82.7
82.7
82.7
82.7
82.7
13.6
13.6
13.6
13.6
13.6
13.6
13.6
13.6
13.6
13.6
82.7
82.7
82.7
82.7
38.1
38.1

(%)
1.60
1.60
1.00
1.00
1.00
1.00
3.50
3.50
3.50
3.50
3.50
3.50
9.10
4.60
9.10
4.60
0.23
0.56
0.63
0.71
1.61
0.44
0.59
0.70
0.65
0.89
0.86
0.79
1.30
1.48
0.90
1.12
1.27
0.94
1.04
1.05
0.97
1.50
1.50
1.50
1.50
0.83
0.90

(mm)
0.138
0.268
1.200
1.200
1.200
1.200
0.680
1.360
0.680
1.360
0.680
1.360
0.165
0.330
0.165
0.330
0.900
0.900
0.900
0.900
0.900
1.500
1.200
1.200
1.500
1.200
1.500
1.260
2.520
3.780
5.040
1.260
2.520
3.780
5.040
2.520
3.780
0.900
0.900
1.500
1.500
1.000
2.000

(MPa)
36.630
45.230
41.840
46.920
55.960
62.680
50.300
60.160
49.410
58.880
49.280
55.040
25.810
33.200
25.710
38.700
39.48
41.58
43.26
47.46
50.40
43.90
50.92
52.27
57.64
59.43
68.74
50.74
51.60
53.75
54.18
51.17
51.17
53.32
55.04
50.74
52.89
42.000
43.680
44.340
44.340
41.40
55.10

These material safety factors are summarized in Table 4 and used as dividers.
These are mainly based on the observed differences on the long term behavior of
composites (basically depending on the type of fibers), as well as influence of
application methods.
4.1. Test Database
A large number of existing studies have been concerned with the compressive
behavior of rectangular concrete columns confined by wrapped FRP. In this article
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for a comparative study of mentioned model with actual results, a test database
containing a total of 43 FRP-confined plain concrete rectangular specimens have
been assembled from experimental studies of Parvin and Wang [14], Kumutha et
al. [15], Shehata et al. [16], Rochette and Labossiere [17] , Pessiki et al. [18], and
Al-Salloum [9] presented in Table 5. Those data are over square and rectangular
specimens with the section depth ranging from 94 to 203 mm, and the corner radius
from 0 to 50 mm. The unconfined concrete strength of these specimens ranges
from 21.4 to 43.9 MPa. Lateral confinement of these specimens was provided by
aramid FRP (AFRP), carbon FRP (CFRP) or glass FRP (GFRP).
4.2. Performance of Models and Guidelines
The compressive strength of each experimental case (Table 5) and the theoretical
results of each of the models and guidelines are presented in Figure 4. It is
observable that if any experimental case doesn’t satisfy the limitation and
conditions of each of the models and guidelines, corresponding lateral confining
pressure is considered equal to zero. As Figure 4 shows, the models of Mirmiran et
al. and ACI and CSA guidelines, significantly underestimate the compressive
strength (Figure 4(a) and (h)). According to the Figure 5, models of Lam and Teng,
Illki et al, and Al-Salloum predict the correct trend for both square and rectangular
specimens with different amount of geometrical dimensions and lateral confining
pressure (Figure 4(d), (e), and (c)). Models of Lam and Teng, and Al-Salloum
suppose less than 1.0 amount for FRP efficiency factor. But this factor in Illki et
al.'s model is equal to 1.0. The results of Panteledis and Yan's model and fib
guidelines are overestimated for rectangular cross sections (Figure 4(b) and (g)). In
those models, by increasing the side-aspect-ratio (a/b), the deviation of theoretical
results are noticeable. Regarding the amount of the FRP efficiency factor and the
shape factor in Panteledis and Yan, it can be concluded that the suggested relation
for calculating the compressive strength of confined concrete in this model is
affected by cross section of columns and its side-aspect-ratio. Overestimation of fib
guideline can depend on the amount of FRP efficiency factor presented in this
guideline.
4.3. Proposed Model for Prismatic Columns
Kheyroddin et al. [19] suggested a model for calculating compressive strength of
concrete column confined by FRP which is given as follows:

⎡
f
f cc′ 0 = f c'0 ⎢0.622 + l + 1.577
f c′0
⎢
⎣

⎛ fl
⎞⎤
⎜⎜
+ 0.058 ⎟⎟ ⎥
⎝ f c′0
⎠ ⎥⎦

(19)

In this model that is suggested for columns with circular cross sections, lateral
confining pressure is calculated from Eq. (1). For adaptation of the above equation
for prismatic FRP-confined columns, FRP efficiency factor and shape factor of
section should be defined. According to the structure of models that have been
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investigated, the shape factor k s in this model suggested is the same as shape
factor in Lam and Teng as given by Eq. (12).

Figure 4. Performance of the models and the guidelines

By a trial and error method the FRP efficiency factor kε for this model is obtained

900 / Shape and Dimensional Effect on Behavior of ….

––––––––––––––––––––

as the value equal to 0.650. The performance of the new proposed model is
presented in Figure 6. As this figure shows, Kheyroddin et al.'s model with adopted
factors predicts acceptable result for prismatic concrete columns confined by FRP
in the range of collected experimental database.

Figure 5. Performance of proposed models

4.4. Accuracy of Models
Cusson and Paultre [20] in their comparative studies between experimental and
theatrical results applied index error, as follows:
Index Error =

∑

⎛ Experimental − Theoretical ⎞
⎜⎜
⎟⎟
Experimental
⎝
⎠

2

(20)

This equation has been used for all predicted results of models and guidelines for
collected database and obtained results are comparable with the proposed model in
Table 6. According to the obtained results, Kheyroddin et al.'s with suggested
factors has been indicated acceptable approximations in comparison with other
models and guidelines.
Table 6: Total differences between experimental and theoretical results
Models

Mirmiran
et al.

Pantelides
and Yan

AlSalloum

Lam
and
Teng

Illki
et al.

ACI

CSA

fib

Proposed
Model

Index
Error

1.82

3.08

1.65

1.38

1.36

1.90

2.11

4.34

1.37

5. CONCLUSIONS
In this paper, the performance of some current models and guidelines for
estimating the compressive strength of FRP-confined concrete columns has been
investigated. Studied models and guidelines had been affected by section’s shape.
Some of models such as Mirmiran et al.'s model and ACI and CSA underestimate
the compressive strength. The results of Panteledis and Yan's model and fib
guidelines are overestimated for rectangular cross sections. Models of Illki et al.,
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Lam and Teng, and Al-Salloum had acceptable predictions. Index error in those
models was 1.36, 1.38, and 1.65. Moreover, by definition some effective factors, a
model had been expanded for prismatic FRP-confined concrete columns showed
the proposed model has acceptable predictions in comparing to the other
investigated models and guidelines. Index of error for this model obtained is equal
to 1.37.
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ABSTRACT
The mechanisms of damage to concrete from repeated cycles of freezing and
thawing are not well understood and continue to be intensively studied. Original
research was based on the fact that water expands 9 percent when it freezes.
Further researches proposed more mechanisms. Hydraulic pressure theory
proposes that destructive stresses can develop if water is displaced to
accommodate the advancing ice front in concrete. If the pores are critically
saturated, water will begin to flow to make room for the increased ice volume. The
concrete will rupture if the hydraulic pressure exceeds its tensile strength.
In this paper the results of an experimental study of the effect of freeze & thaw
cycles on the bond between repair materials and concrete substrate is presented.
The work was aimed at studying the effect of various factors such as initial curing
periods and surface preparation method on bond strength. Old concrete samples
were made based on BS6319, Part 4 standard. Smooth as-sawn and acid etching
methods were used for preparation of concrete substrate surface. Ordinary concrete
with cement type II and concrete containing microsilica were used as repair
materials. Repaired samples were subjected to 10 to 100 freeze and thaw cycles
based on ASTM C666. The bond between repair materials and concrete substrate
was evaluated based on slant shear test method (BS, 1984). The obtained results
are tabulated and presented in this paper.
Keywords: freeze & thaw, concrete, repair, bond strength
1. INTRODUCTION
The serviceability of construction materials in general is of significant economic
importance. This is especially so with structures and materials which are part of the
infrastructure of a modern society. Concrete is a material heavily used in urban
development, meeting the requirements of codes of practices by means of strength
and durable structures. Reduced service life of concrete members in the sense of
lack of durability may be due to a number of different reasons, e.g.
planning/capacity (over loading), improper structural or material design,
construction practice or inadequate maintenance – or lack of knowledge.
Widespread use of de-icing salts in many parts of the world is considered one of
the major cause of rapid degradation of concrete structures. Further, the de-icing
salt together with repeated freezing and thawing may cause failure of the concrete
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cover by surface scaling, which combined with steel corrosion may critically
reduce the structure’s service life. It is very difficult to estimate the direct repair
and maintenance costs caused by freeze-thaw damages of concrete structures.
However, due to its still nonrevealed secrets concerning deterioration mechanisms,
freeze-thaw resistance has received significant attention for several decades.
The mechanisms of damage to concrete from repeated cycles of freezing and
thawing are not well understood and continue to be intensively studied. Original
research was based on the fact that water expands 9 percent when it freezes. Thus,
the term "critical saturation" was coined to describe the point at which the concrete
pores were 91.7 percent saturated and, therefore, assumed to be susceptible to
damage due to freezing and thawing. Further investigation determined that
deterioration due to freezing and thawing can affect concrete with lower degrees of
saturation [1].
Four theories have gained wide acceptance in describing the mechanisms of frost
action. Although most of these theories were originally used to describe the frost
action in cement paste, they are also applicable to concrete [2]. The first was the
hydraulic pressure theory Powers proposed in 1945. This was followed by the
diffusion and growth of capillary ice theory constructed by Powers and Helmuth in
1953, the dual mechanism theory by Larson and Cady in 1969, and the desorption
theory by Litvan in 1972. Other theories have been proposed, but these four form
the basis of most research in the area of frost resistance of concrete.
While these theories disagree as to whether water moves toward or away from the
point of ice formation, they agree that the amount of water in the pores and the
resistance to movement of that water play a role in the frost resistance of concrete.
In the case of concrete, it is generally accepted that the pore system is potentially
susceptible to damage from freezing and thawing. Efforts to produce frost-resistant
concrete have primarily focused on providing a proper system of entrained air
voids. In the case of aggregates, some pore systems do not show susceptibility to
damage from freezing and thawing while other pore systems do. In addition to the
air-entrainment of concrete as mentioned above, efforts have also focused on
identifying the aggregates with acceptable pore systems for use in concrete
exposed to freezing and thawing.
The causes of concrete deterioration have always been the object of concern and
research. This interest is increasing due to the high cost associated with the repair
and maintenance of the concrete structure. Repairs, however, are successful in the
long-term if the causes of the original damage have been understood and
appropriate repair materials are applied to resist future deterioration. Repair
materials should be compatible with old concrete and have good adhesion. In repair
of concrete, the bond strength between repair materials and old concrete is of vital
importance.
The objective of this study was to investigate the effect of freeze and thaw cycles
on bond strength of repair materials. Strength and integrity of the bond depends on
not only the physical and chemical characteristics of the repair component, but also
other factors such as surface preparation method and environmental conditions.
The effects of these factors were studied in this work.
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2. EXPERIMENT
Old concrete samples were made based on BS6319 Part 4 standard [3]. It is shown
that surface preparation method has significant effect on bond strength [4],
therefore, two methods including, smooth as-sawn and acid etching were used in
order to prepare the surface of old concrete samples. Ordinary concrete, made with
type II portland cement, and concrete containing 15 percent microsilica were used
as repair materials. Repaired samples were subjected to 10 to 100 freeze and thaw
cycles based on ASTM C666 procedure B. The bond between repair materials and
concrete substrate was evaluated based on slant shear test method (BS, 1984).
2.1. Mix Proportions
Type II portland cement (ASTM C 150 specification) was used in this research.
Crushed stone with a maximum size less than 9.5 mm and sand with a fineness
modulus of 2.9 were used for producing concrete. The composition of old concrete
mixes (OC mix) was 0.5:1.0:2.35:1.04 (water: cement: sand: gravel) by weight.
The uniaxial compressive strength of old concrete samples was 35 MPa. MSOC
mix was produced with replacement of 15% of cement in OC mix (by weight) with
microsilica in order to investigate the effect of microsilica on bond strength.
2.2. Specimen Preparation
Old concrete samples were made based on BS 6319: Part 4 standard, figure 1. They
were cast as 55x100x150 mm prisms and cured in water for 28 days in laboratory.
Then cut at 30 deg to the vertical axis using a diamond saw. The acid etching method
with use of hydrochloric acid was used to prepare the surface of 1/2 of samples.

Figure 1. Concrete samples prepared based on BS 6319: Part 4

For acid etching, with reference to ACI committee 549 [4], a hydrochloric acid
solution was chosen. HCl can primarily react with the Ca(OH)2 of the hydrated
cement paste to form CaCl2, making the substrate more porous. Because no
adequate information concerning the influence of acid consistency on bond
strength was available in current literature, hydrochloric acid solutions of 5% were
chosen for testing [5]. The etching of surface was carried out in such a way that the
hydrochloric acid solution was brushed on the surface of concrete substrate with a
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soft nylon brush at a rate of 20 times/min. The etched surface was then flushed
under flowing tap water for 2 minutes.
2.3. Repair and Test Procedure
Concrete samples were formed in the moulds in which they were cast. The repair
material, OC or MSOC mixes, was then applied and hand-compacted. Samples
were stripped after 24 hr and placed in curing tank for 7, 14, and 28 days.
To evaluate the effect of freeze and thaw cycles on bond strength of repair
materials, concrete samples after curing were subjected to 10 to 100 freeze and
thaw cycles based on ASTM C666 Procedure B, figure 2. The loss of the weight in
the concrete specimens were also measured and recorded.

Figure 2. Samples of freeze and thaw test

A wide range of test method has been proposed to evaluate bond properties and
performance of repair materials in general. The slant shear test has become the
most widely accepted test for evaluating the bond of resinous repair materials to
concrete. However, there seems to be no standard test for testing the bond to
concrete of cementitious and modified cementitious repair materials. To compare
the bond strength of repair materials, slant shear test method was used in this work.
This method, which puts the bond interface into a combined state of compression
and shear is adopted in BS6319: Part4 [3], was used as a test method for evaluating
bond strength of repair materials, Figure 3.

Figure 3. Slant shear test
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2.4. Test Results and Discussion
Strength and integrity of the bond depends on not only the physical and chemical
characteristics of the repair component, but also other factors such as initial curing
periods, surface preparation method and environmental conditions. The effects of
these factors were studied in this work. The obtained results are presented and
discussed briefly in this section.
The results given in Table 1, shows the effect of initial curing periods on durability
of samples subjected to 100 freeze and thaw cycles. Based on the results, the curing
period has an important effect on durability of concrete samples subjected to freeze
and thaw cycles.
Table 1: The effect of initial curing on durability
Repairing Material
OC
MSOC
Curing Period (day)
7
14
28
7
14
28
Weight Loss (%)
3.05 2.25 2.11 2.1 1.64 1.43

As shown in the above table with increase in curing period weight loss decreases.
For concrete samples repaired with ordinary concrete, the weight loss has
decreased from 3.05% to 2.11% with increase in curing period from 7 to 28 days,
respectively, which means 31% increase in durability, or in other words, increase
in resistance to freeze and thaw cycles. With increase in strength of repair material,
the weight loss of samples is decreased. Based on the obtained results, samples
repaired with MSOC material show about 30% more resistance to freeze and thaw
cycles than concrete samples repaired with OC material. For concrete samples
repaired with microsilica concrete, the weight loss has decreased from 2.1% to
1.43% with increase in curing period from 7 to 28 days, respectively, which means
32% increase in resistance to freeze and thaw cycles.
To study the effect of freeze and thaw (F&T) cycles on bond strength, samples
were cured for 28 days in curing tank and then were subjected to 10 to 100 freeze
and thaw cycles based on ASTM C666 Procedure B. Test results are given in Table
2. Based on the obtained results freeze and thaw action decreases the bond strength
considerably. With increase in number of F&T cycles bond strength decreases.
After 100 cycles of F&T, the bond strength of samples repaired with OC and
MSOC materials is reduced by 85.6% and 61.2%, respectively. Moreover,
microsilica concrete not only increases the bond strength [6-7], but also increases
durability regarding F&T cycles.
Table 2: The effect of F&T cycles on bond strength
Repairing
Material
No of F&T
cycles
Bond
Strength
(MPa)

OC

MSOC

0

10

20

50

70

100

0

10

20

50

70

100

21.5

20.4

19.2

17.6

10.3

3.1

24.0

23.3

21.4

19.5

15.1

9.3
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In Figure 1, the bond strength of samples subjected to F&T cycles is compared to
that of samples which were not subjected to F&T cycles (FT/NFT).
1.2

Bo n d S tren g th (F T /NF T )

1

0.8

0.6

0.4

OC repair material
MSOC repair material

0.2

0
0

10

20

50

70

100

F&T cycles

Figure 1. Ratio of bond strength of samples subjected to F&T with that of observation
samples

As the above figure shows, the bond strength of repair materials is not much
affected in the first 50 cycles of F&T and reduction is less than 20 percent.
However, during the second 50 cycles, the bond strength of repair materials
reduces sharply in both OC and MSOC materials. As can be seen, reduction of
bond strength in OC repair materials is more than that of MSOC repair material.
Two surface preparation methods, smooth as-sawn (SS) and acid etching (AE)
were used to prepare the MSOC samples. After repair, samples were cured for 28
days in curing tank and then were subjected to 70 freeze and thaw cycles. Slant
shear test was used for evaluating the bond of MSOC repair materials to concrete.
In Table 2, the 28-day bond strength of samples is given.
Table 2: The effect of surface preparation method on durability and bond strength
Surface Preparation
SS
AE
Method
No of F&T cycles
50
70 100 50
70
100
Bond Strength (MPa)

19.5

15.1

9.3

22.1

17.5

11.1

Based on the obtained results, the surface preparation method has a considerable
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effect on bond strength of repair materials subjected to F&T cycles. With use of
acid etching method, the bond strength of MSOC repair material is increased by
13%, 16%, and 19% after 50, 70, and 100 F&T cycles, respectively, compare to
those of samples prepared by SS method.
3. CONCLUSIONS
In this study the effect of Freeze and thaw cycles on bond strength of cementitious
repair material is investigated. The work was aimed at studying the effect of
various factors such as initial curing periods and surface preparation method on
bond strength. Old concrete samples were made based on BS6319, Part 4 standard.
Smooth as-sawn and acid etching methods were used for preparation of concrete
substrate surface. Ordinary concrete (OC) with cement type II and concrete
containing microsilica (MSOC) were used as repair materials. Repaired samples
were subjected to 10 to 100 freeze and thaw cycles based on ASTM C666B. The
bond between repair materials and concrete substrate was evaluated based on slant
shear test method (BS, 1984). The following conclusions can be drawn from the
obtained results:
2) the curing period has an important effect on durability of concrete samples
subjected to freeze and thaw cycles. With increase in curing period weight
loss of samples decreases. In this study, for concrete samples repaired with
ordinary concrete, the weight loss has decreased with increase in curing period
from 7 to 28 days by 31%.
3) freeze and thaw phenomena decreases the bond strength considerably. With
increase in number of F&T cycles bond strength of repair materials decreases.
After 100 cycles of F&T, the bond strength of samples repaired with OC and
MSOC materials reduced by 85.6% and 61.2%, respectively. Moreover,
microsilica concrete not only increases the bond strength but also increases
durability regarding F&T cycles.
4) with application of an effective surface preparation method one can improve
the bond strength of repair material considerably. In this study, with use of
acid etching method, the bond strength of MSOC repair material could be
increased by 13%, 16%, and 19% after 50, 70, and 100 F&T cycles,
respectively, compare to that of samples with smooth as sawn surface.
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ABSTRACT
This paper presents the results of an experimental study on the structural behavior
(strength and ductility) of rectangular RC columns which have been damaged by
rebar corrosion. 22 small-scale reinforced concrete columns with dimensions of
160×160 mm in section and 340 mm in height were tested. Ten specimens were
conditioned to three levels of accelerated corrosion and six were conditioned to
natural corrosion. The specimens were subjected to concentric compression load in
order to assess the change of their mechanical properties due to the corrosion
effects. Twelve specimens were strengthened with carbon and glass fiber
reinforced polymer (CFRP and GFRP) to see the efficiency of different
strengthening schemes. Based on this research it was concluded that the damaged
columns show less strength and ductility in comparison with two undamaged
columns and, FRP wraps could greatly enhance the strength and ductility of
damaged specimens.
Keywords: corrosion, fibre reinforced polymer (FRP), strength, ductility,
strengthening
1. INTRODUCTION
The structural degradation of concrete structures, due to reinforcement corrosion is
a major worldwide problem. For instance, corrosion of reinforcement in bridge
piers is encouraged by chloride contamination from exposure to marine
environment and from deicing salts used in bridges during winter. Premature
failure of RC structures due to corrosion of reinforcement is a significant issue.
Corrosion products generally occupy greater volume than the original material;
expansive forces are generated in concrete leading to cracks and spalling of the
cover, reducing steel cross-section, deterioration of bond between reinforcement
and concrete and finally further acceleration of the reinforcement disintegration [2]
(Figure 1). Jacketing of such structures by fiber reinforced composite sheets is an
effective remedy, not only as a means of slowing down the rate of the reaction, but
also by confining the concrete core thereby imparting to it ductility and strength
[3]. Fiber-reinforced polymers (FRP), consisting of continuous carbon (C), glass
(G), or aramid (A) fibers bonded together in a matrix of epoxy, vinyl ester, or
polyester, are being employed extensively for rehabilitation of concrete structure.
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Despite their relatively high material costs, the high strength-to-weight ratio of
FRP, their immunity to corrosion, and easy handling and installation are making
them the material of choice in an increasingly large number of rehabilitation
projects [7].
In order to ensure safety of reinforced concrete structures whose reinforcing steel
has been severely corroded, it is necessary not only to repair the damage
appropriately, but also to evaluate the strength of RC members according to the
degree of rebar corrosion [3, 4]. RC columns, are the main members of RC
structures, usually sustain axial forces of dead loads and live loads. There are
currently some reports on beams subjected to bending, but only a few attempts
have so far been made at columns, in which axial force is not predominant [4].The
authors of this paper try to carry out some experimental studies on the structural
behaviour of rectangular RC columns damaged by accelerated rebar corrosion in
different levels and natural rebar corrosion under concentric axial load. In this
research also strengthening method using carbon fibre and glass fibre sheets (CFS
and GFS) and the comparison between them is considered.
2. EXPERIMENTAL PROGRAM
2.1. Material and Design
Twenty two specimens were made in the laboratory. All the specimens had a 160
mm square cross-section and a 340 mm height between the test-region. The mix
proportion and the mechanical properties of the specimens are given in table 1. The
rebars mechanical properties are given in table 2. Figure 2 shows the geometric
details of the specimens.

Figure 1. Spalling of the covers and Corrosion cracks.
Table 1: Mixing and mechanical properties of concrete
W/C
(%)

Slump
(cm)

68

19

Unite weight (kg/m3)
W

C

S

G

Compressive Strength
(MPa)

238

350

982

700

21.55
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Table 2: Mechanical properties of rebars
Type

Yield Strength
(MPa)

Tensile Strength
(MPa)

Elastic modulus
(GPa)

D16
D6

575
260

696
435

197
172
Power supply

d= 16mm
c = 15 mm
r =25mm

d= 6 mm
s= 60 mm

L = 400 mm
h= 160 mm
b= 160 mm
b= 160 mm

Figure 2. Geometry of the specimens.

2.2. Conditioning to Accelerated and Natural Corrosion
After 28 days of curing, 10 of the 22 specimens were connected to the
electrochemical corrosion cell aiming to stimulate, the corrosion. The chemical
effects can be created naturally around the reinforcement and concrete cover by
depletion of iron and rust accumulation. Although admittedly, the exact chemical
composition of rust produced in natural conditions is hard to duplicate under
electrochemical conditions, by securing adequate supply of oxygen to the corrosion
cell, the aim here was to generate expansive rust products that would cause a
network of fine cracks to build upon the specimen surface similar to what is seen in
the field. Based on earlier research, a mass loss of approximately 5% calculated
with Faraday’s Law, assuming constant rate of steel consumption and uniform
corrosion over the reinforcing cage is a critical threshold for generating crack
widths of 0.2-0.4 mm that are thought to correspond to the Serviceability Limit
State of a structure [8]. To this end, specimens were placed in a corrosion basin
containing 3% by weight water solution of NaCl. The reinforcement cage of each
specimen was connected to the circuit so as to serve as the anode in the corrosion
cell, whereas an external steel bar immersed in the basin was used as cathode.
Anode and cathode were connected to a constant power supply of 6 V. This voltage
has been found to be suitable for generation of similar corrosion products as would
occur in nature in a realistic time period so as to enable systematic study of the
depletion process and rust accumulation in the laboratory [3, 6]. The electric
current passing through each specimen was measured by interpolating ampere
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meters between anode and the power supply. Three levels of corrosion were
considered by the volume of integrated electric current. The categories of the levels
were as follows: level one 435 hours, level two 653 hours and level three 870 hours
were considered. Figure 3 shows the mechanism of accelerated corrosion applied
through each specimen.
Nacl
3%

Cathode

Anode

-

+
DC

Figure 3. Mechanism of accelerated corrosion.

The propagation of cracks due to corrosion at each level was observed. Figure 4
shows the overall views of cracking in the specimens after carrying out electrolytic
corrosion. Although map cracking has been observed, most of the cracks were
alongside of the reinforcement and it looks as cracks in the longitudinal directions
were more than the lateral directions. The characteristic of the corrosion observed
was that the rust concentrated on or near corrosion cracks and on the corners of
hoops. The reason for this seems to be that cracks are prone to water infiltration
and that the corners of the hoops are under high stresses induced when being bent
in the preparation of rebars [4].

Figure 4. Overall views of cracking in the specimens

The depleted mass of iron ΔW (gr) consumed over the time Δt (s) was estimated
from the current Icorr flowing through the cell using Faraday’s Law (Equation 1),
which assumes a constant rate of iron depletion:
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ΔW =

I corr Δt Am
ZF

(1)

Where A is the atomic mass of iron (55.87 gr), Z is the valence of the reaction
usually taken as 2 (assuming the corrosion product is Fe(OH)2) and F is Faraday’s
constant equal to 96490 C (g/equivalent)[1]. The experimental values concerning
steel mass consumption are listed in Table 5.
Six of the specimens were subjected to long term (one year) natural corrosion. In
order to carry out the natural corrosion the specimens were placed in a basin of salt
solution (NaCl 3%) and conditioning to a dry and wet situation once in a day. To
evaluate the rebars corrosion activity, corrosion potential readings of the specimens
were registered by using calomel electrode once a month. Table 3 shows the results
of half cell potential test. The results of the table indicate that corrosion activity
was started from the fifth month with 90% probability according to [1].
Table 3: Half cell potential test result for specimens with natural corrosion
Month
1
2
3
4
5
6
7
8
9
10
11
12
Potential
(mV)

260

320

360

440

530

530

540

550

570

570

570

570

2.3. Repair Procedures
Two types of FRP sheets were used for the retrofitting of 12 specimens, with
different fibre materials: Carbon versus Glass. The carbon fibre sheet (CFS)
consisted of fibres arranged in a uniform direction and the glass fibre sheet (GFS)
consisted of fibres arranged in two directions with proportions of 100% and 10%.
Table 4 gives the mechanical properties of CFS and GFS in the main direction. Six
of the specimens wrapped with CFS and the other six specimens wrapped with
GFS. Initially the corner of specimens were rounded by a radius of 25 mm. Surface
of the specimens were cleaned from rust and dust and then coated by resin primer.
After 24 hours, columns were wrapped with 2 layers of FRP using resin glue.

Type
CFS
GFS

Table 4: Mechanical properties of FRP
Thickness
Tensile strength
Elastic modulus
Weight
(mm)
(MPa)
(GPa)
(g/m2)
300
0.176
4000
240
440
0.15
3450
77

3. EXPERIMENTAL RESULTS AND DISCUSSIONS
In the fourth phase of the experimental program all specimens were tested to
failure under monotonically increasing concentric compression. Axial strain was
measured as the average of two LVDTs placed on opposite sides of the specimen.
In Table 5, columns 6–8 outline the most important indices of mechanical response
measured during the load tests. In particular the ratio of Pmax/Pcont quantifies the
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increase and decrease in load carrying capacity (Pmax) as compared to that of
identical uncorroded-control specimens (Pcont). The specimens named as; U =
uncorroded, ACi = accelerated corrosion with different levels, N=natural corrosion,
W = without confinement, C = CFRP confinement and G = GFRP confinement.
Figures 5 plot is a representative of histories of compressive stresses versus axial
strain for the specimens.

specimen
I.D.

number
of
specimen

U-W
U-C
U-G
AC1-W
AC2-W
AC3-W
AC3-C
AC3-G
N-W
N-C
N-G

2
2
2
2
2
2
2
2
2
2
2

Table 5: Experimental Result
Mass loss
layer
ΔMs/Mcage
and
level of
corrosion
(%)
type of
FRP
−
−
−
−
−
2-CFRP
−
−
2-GFRP
1
6.08
−
2
9.35
−
3
12.15
−
3
12.15
2-CFRP
3
12.15
2-GFRP
Natural
−
−
Natural
−
2-CFRP
Natural
−
2-GFRP

Pmax
(kN)

Pmax/
Pcont

εax,peak
(%)

960
1530
1310
875
820
790
1470
1205
925
1505
1300

1
1.59
1.36
0.91
0.85
0.82
1.53
1.25
0.96
1.56
1.35

0.42
0.81
1.03
0.34
0.27
0.08
0.66
0.90
0.39
0.78
0.98

Figure 5. Stress-strain curves of compressive tests

Generally, the FRP jackets improved the performance of columns under
compression in terms of load carrying capacity, deformation capacity up to peak
load and ductility. Their passive confining action was mobilized progressively in
response to lateral dilation of the concrete core. In most cases failure started in the
corroded portion and extended over the entire specimen with abrupt rupture of the
jacket and disintegration of the concrete cover and core. This premature mode of
failure was accompanied by simultaneous buckling of longitudinal reinforcement
owing to the failure of corroded stirrups.
According to the experimental results in table 5, it is concluded that corrosion level
3 of the specimens reduces 18% strength and 80% ductility with respect to the
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reference specimens (U-W). The sever loss of ductility is due to the effect stirrups
being more corroded than the longitudinal reinforcements, due to the fact that
cover on the stirrups is less than the longitudinal bars.
Strength and ductility of specimens that are corroded naturally are between the
results of U-W and AC1-W specimens. Strengthening of the specimens corroded
intensively using CFRP and GFRP wrap increase the strength and ductility more
than the U-W specimens. This strength and ductility values could reach also close
to U-C and U-G values. Regarding all the cases CFRP gives better performance
towards strength and GFRP gives better performance towards ductility. According
to the last reports [3, 5] and results of this paper it is concluded that because of
geometry of column’s section and stresses concentration on the corner of
rectangular section, FRP wrap has the lower performance in comparing with
columns with circular section.
4. CONCLUSIONS
The following conclusions are deduced from the experimental results:
• Intensive corrosion of the specimens reduces 18% strength and 80%
ductility with respect to the reference specimens (uncorroded).
• The sever loss of ductility is due to the effect stirrups being more corroded
than the longitudinal reinforcements.
• Generally, the FRP jackets improved the performance of columns under
compression in terms of load carrying capacity, deformation capacity up to
peak load and ductility. Their passive confining action was mobilized
progressively in response to lateral dilation of the concrete core.
• Regarding all the cases CFRP gives better performance towards strength
and GFRP gives better performance towards ductility.
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ABSTRACT
The demand for strengthening of concrete structures has resulted in an increased
use of chemical bonded anchors. Therefore, investigating the formulation and
mechanical properties of adhesive grout layer has become an important issue.
Different formulations of polyester resin grout were designed by Design-Expert
software and their uniaxial compressive strength, volume shrinkage, gel time and
maximum exotherm temperature were obtained. In addition, their rheological
behaviors once the reinforcing bar is inserted were evaluated. Having optimized the
above parameters by means of mixture D-optimal method, the most efficient
formulation of chemical bonded anchors was developed. The effect of adding
thixotropic additives and different rotational speed of anchors on the rheological
behavior of optimum mixture were investigated and the resin capsule was
produced. The most significant factors increasing compressive strength and volume
shrinkage are resin and monomer content. Inhibitor concentration decreases both
responses dramatically. Silica fume not only improves the rheological behavior of
the grout, but also increases its storage time.
Keywords: chemical bonded anchors, polyester resin grout, mixture d-optimal,
thixotropic behavior
1. INTRODUCTION
Grouting is a widely used method for strengthening and sealing rock, soil and
concrete. Grouts application in the construction and repair of structures include
returning disintegrated concrete and masonry into a monolithic mass, repair and
welding of cracks in structural concrete members, securing of bolts, rods and
anchors in drilled hole, casting of preplaced aggregate concrete and corrosion
protection for anchors and tendons [1]. The demand for more flexibility in
planning, design and strengthening concrete structures has resulted in an increased
consumption of chemical grouted anchors. In addition, due to reducing the
average-time of construction, chemical bonded anchors or grouted anchors provide
a viable and economical method for adding new concrete sections or steel members
to existing concrete structures.
The chemical bonded anchor consists of a structural adhesive grout such as

920 / Design and Development of Resin Capsule Anchoring….

–––––––––––––––

unsaturated polyester resin and a threaded rod or a reinforcing bar which is inserted
in a drilled hole. They develop their holding capacities by bonding of the adhesive
grout to both the anchor and concrete [2]. Resin adhesive grouts are available as
prepackaged glass or plastic film capsules or dual cartridge injection systems.
Plastic films capsules are better suited for use on construction sites since they are
more robust. Because of their flexibility they adapt themselves to the hole
geometry and can easily be installed overhead [3]. The capsules contain two
separated compartments. The outer compartment contains the resin mixture while
the inner compartment contains the catalyst mixture. The capsule is inserted into
the hole, the threaded rod is then rotary-hammered into the capsule, rupturing the
plastic film and mixing the two compartments. Chemical reaction between resin
and catalyst mixture hardens the resin adhesive and creates a high strength bond.
Factors influencing the performance of load transfer in and strength of chemical
bonded anchor systems are reinforcing bar properties, adhesive grout
characteristics and installation conditions. Resinous grout properties can be
determined by its compositions. The cross-linking reaction between unsaturated
polyester resins and vinyl monomers allows one polymer chain to connect with
other polymer chains and produce a three dimensional network, which converts the
resin from a viscous liquid into a hard, thermoset solid. Unsaturated polyester
resins (UP) are cured in the presence of free radicals that are derived from a
catalyst such as organic peroxides.
The resin adhesive should have good mechanical properties after setting. Viscosity
alteration is also needed especially during installation in order to ensure proper
mixing; moreover, maximize contact with concrete and rod surfaces. Residual
stresses and possible formation of cracks and voids due to volume shrinkage can
present serious problems for chemical bonded anchors. In vertical concrete
surfaces, Thixotropic behavior of the resin can reduce run out and sagging before
gelation takes place.
The main objective of the present work is to design different adhesive grout
formulations and analyze their influence on uniaxial compressive strength, volume
shrinkage and rheological behavior of the resinous grout with the latest version of
Design-Expert software. Various compounds were designed by mixture D-optimal
method. Finally the effect of thixotropic agent on rheological properties of the
optimized compound will be evaluated.
2. EXPERINMENTAL PROCEDURE
2.1. Materials
Design variables include unsaturated polyester resin (A), mineral filler (B),
monomer (C) and initiator-inhibitor mixture (D). Amount of plasticizer and
promoter are kept constant in order to increase the efficiency of the predicted
models which are suggested by software. The ratio of the initiator to inhibitor for
the mixtures with more than 2% peroxide is 0.25. The amount of orthophthalic
polyester resin -provided by Resitan Co., containing 30 wt. % styrene- in the
formulation was kept between 20 to 30 wt. %. Limestone powder (200 mesh) was
chosen as filler having a mean particle size of about 30 – 50 microns from Iran
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Micronized Powder Co. (55-68 wt. %). Styrene monomer was used as crosslink
agent in the curing reaction of unsaturated polyester resin (4-9 wt. %). The initiator
used in this study was 55 wt. % solution of benzoyl peroxide (BPO) in phthalate
solvent (2-5 wt. %). N, N dimethyl aniline (DMA) was employed as promoter
because of its high reactivity to decompose the initiator at low temperatures.
Inhibitor was 3 wt. % solution of hydroquinone in dipropylene glycol. Constant
amount of 4% Dibutyl phthalate was added as plasticizer in order to adjust the
viscosity of the resinous grout. Silica fume from I.F.I Co. was used as thixotropic
agent in three different percentages (0.2%, 0.7% and 1.5%) with mean particle size
of 0.05-0.015 microns.
2.2. Methods
Depending on the number of design variables and applied constraints, 22
combinations were designed by the software; their results are presented in Table 1.
Among these combinations, 5 are allocated to replicates; another 5 are for testing
the lack of fitness. Test method for gel time and maximum exotherm temperature
during curing of each designed mixture was performed using ASTM D2471-99 [4].
The compressive strength test was performed according to ASTM-C579-01 [5].
Three cylindrical test specimens were cast for each composition; each specimen
was Design and Development of Resin Capsule Anchoring Systems for
Strengthening the Concrete Surface Using Design-Expert Software.
Table 1: Different adhesive grout formulations and their response values
Density
Gel
Compressive
Volume
Max
Sample
g/cm2
Time (s) Strength (MPa) Shrinkage (%) Temp. (˚C)
1
75.41
78.1337
9.42276
79.2
1.84384
2
69.56
60.6298
4.79809
65.2
1.9272
3
304.50
56.8142
6.43913
74
1.7577
4
91.80
76.2515
7.84562
75
1.85682
5
77.87
81.4337
10.2696
84
1.74617
6
211.47
51.5387
7.25721
67
1.9495
7
193.37
72.2084
9.102
80.3
1.8155
8
94.88
73.6807
9.14743
71
1.88868
9
231.52
54.6982
6.9195
74.8
1.89086
10
234.86
55.723
6.54811
77
1.84909
11
318.64
46.6478
7.75762
73.9
1.78145
12
83.19
75.256
10.0429
78.8
1.8276
13
325.41
41.7709
7.11796
70.1
1.81973
14
71.33
84.3686
11.327
78.4
1.76077
15
308.12
48.9402
7.72005
80
1.72894
16
375.17
35.5334
4.0159
56.2
1.86675
17
334.32
47.6118
6.32899
71
1.79352
353.03
40.8754
4.03017
63.5
1.85196
18
19
286.41
57.0403
8.40159
69.7
1.76715
20
352.18
33.3691
2.55093
52.6
1.86198
21
79.63
57.9861
6.71264
65.5
1.91125
22
61.79
81.4481
8.40954
78.8
1.81908
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3. RESULTS AND DISCUSSIONS
3.1. Compressive Strength
In accordance with the obtained results of compressive strength for each grout
mixture (Table 1), analysis of variance (ANOVA) is conducted by the software and
the quadratic model is recommended for estimating the outcomes. As is
demonstrated in Table 2, each design variable solely has a significant role in
determining the compressive strength of grout. Moreover, the CD factor which
represents the interaction effect between monomer and initiator-inhibitor mixture is
known as a fairly influential factor in verifying compressive strength of resinous
grout.
According to Figure 1 and Figure 2, increase in percentages of resin and initiatorinhibitor mixture has the most significant effect on compressive strength of the
grout. By increasing the concentration of initiator- inhibitor mixture, compressive
strength is declined dramatically; this is originated from the increase of inhibitor
content in the mixture, despite the increment of initiator concentration. Similar
results have been observed in the Cook and Lau’s research concerning the curing
process of polyester resin in presence of different percentages of initiator and
inhibitor [6].
Adding the promoter leads to decomposition of initiator into free radicals. Inhibitor
consumes the generated free radicals; as a result the efficiency of initiator will be
diminished.
The increase of resin percentage is similar to increase of matrix component of the
grout. Therefore, filler particles are dispersed better in the resin matrix. The
reduction of viscosity due to higher resin content and lower filler content assist in
better wetting and screening of the particles. Consequently, by curing the matrix
component a more densified network is formed and the compressive strength is
increased. Figure 2 illustrates a decrease in compressive strength in high
percentages of filler. Increasing the monomer concentration has led to a higher
compressive strength. This is due to increase of probability of reaction between
styrene and free radicals in polyester resin chains.
Table 2. Analysis of variance (ANOVA) for compressive strength results
Source
SS
DF
MS
F-value P- value Significance
Mean
5213.35
9
579.26
115.56
<0.0001
S.
Linear
5035.37
3
1678.46
334.86
<0.0001
AB
5.59
1
5.59
1.12
0.3116
AC
3.53
1
3.53
0.7
0.418
AD
11.65
1
11.65
2.32
0.1532
BC
0.6
1
0.6
0.12
0.736
BD
9.4
1
9.4
1.87
0.1961
CD
25.84
1
25.84
5.15
0.0424
Residual
60.15
12
5.01
LOF
44.49
7
6.36
2.03
0.2267
Not S.
Error
15.66
5
3.13
Total
5273.5
21
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Figure 1. Contour plot for compressive
strength (constant filler content: 61.29%)

Figure 2. Contour plot for compressive
strength (constant initiator content: 2%)

When the curing reaction begins, viscosity increases and after gelation a three
dimensional network is produced in resinous grout bulk. Therefore, polyester resin
chain’s motions are limited, resulting in increased rate reaction between small
molecules of styrene monomer and free residual radicals. The result is
autoacceleration of the reaction at higher conversions known as Norish-Trommsdof
effect. Van Assache concluded that the autoacceleration is mainly an acceleration
of the styrene consumption. Also the autoacceleration is because of depletion of the
styrene monomer that causes a further increase in the viscosity [7]. Hence, as a
result of autoacceleration, higher degrees of conversion of the grout are achieved,
thus raising the compressive strength of the samples.
3.2. Volume Shrinkage
Considering the empirical and predicted results, the Design-Expert software
suggested a linear model for estimating the volume shrinkage of the grouts (Table 3).
According to trace plot in Figure 3, the slope of design variables shows that the
resin and monomer concentration have the most significant influence on increase
of the volume shrinkage of the resinous grout.
Table 3: Analysis of variance (ANOVA) for volume shrinkage results
Source
SS
DF
MS
F value P value
Significance
Model
85.96
3
28.65
37.24
<0.0001
S.
Linear
85.96
3
28.65
37.24
<0.0001
Residual
13.85
18
0.77
LOF
7.94
13
0.61
0.52
0.843
Not S.
Error
5.9
5
1.18
Total
99.81
21
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Figure 4. 3D surface plot for volume
shrinkage (initiator-inhibitor mixture: 2%)

The opposite effect is observed while increasing the concentration of filler and
initiator-inhibitor mixture (D). Higher amount of inhibitor in the mixture consumes
more generated free radicals which lessens the degree of conversion. Higher
conversion would result in a higher amount of shrinkage. Therefore, the polyester
resin network shrinks less compared to the state which no inhibitor exists.
Monomer’s effect on the shrinkage of the grout is more considerable than that of
the resin. This is because of the major role of the styrene monomer in increasing
the conversion during curing of the polyester resin. As was mentioned before,
small molecules of styrene can diffuse easily among the long crosslinked polyester
chains and react with free radicals, making the network denser.
Increasing the filler content reduces volume shrinkage linearly. This is because of
the decrease in the resin content in the mixture (Figure 4). Filler component acts
similar to thermal insulation in the resin matrix and prevents heat transfer through
the matrix bulk. By absorbing the exotherm heat, filler particles can hinder the
volume shrinkage of the grout and prevent the development of internal stresses.
Rate of relaxation of the internal stresses in polymers can be increased by adding
substances such as fillers [8].
3.3. Comparing the Results
In Figure 5, higher compressive strengths are seen in the samples which have
higher maximum exotherm temperature; this represents higher conversion in these
samples. Therefore the resinous matrix of the grout is stiffer and can resist more
loads before failure. Figure 6 confirms that higher volume shrinkage would occur
in the samples which have higher exotherm temperatures. By examining different
formulations, it is clarified that filler content cannot increase the compressive
strength, but it even reduces the compressive strength by decreasing the
concentration of the resin and monomer.
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Figure 5. Compressive strength results
vs. maximum exotherm temperature

Figure 6. Volume shrinkage results vs.
maximum exotherm temperature

According to previous results, it is essential to estimate the optimized formulation
in order to gain the highest compressive strength and the lowest volume shrinkage.
The software introduces the compound formulations as ideal grouts with optimized
responses as mentioned in Table 4. In order to compare the outcomes with
predicted results achieved by the software, it is necessary to implement the
conducted experiments on the optimized compound #1 as well.
One of the significant characteristics of chemical bonded anchors is their high
compressive strength in the beginning of the installation of the anchors. Hence, the
compressive strength of the optimized compound was examined in the first one
hour and 24 hours right after grout curing in order to reassure its strength from the
beginning of the installation.
According to Table 5, about 79% of the final strength was achieved after 24 hours
of installation the anchor in concrete hole. The outcomes of the designed models
for evaluating each response show a good correlation with empirical results. This
means that the suggested models can perfectly predict the different formulation
properties. Therefore, by using these models, ideal formulations can be suggested
and different kinds of grouts can be designed based on consumer demands. This
will considerably decrease the price of the final product.
3.4. Thixotropic Agent
It is essential to evaluate rheological behavior of the optimized compound in the
presence of three different percentages of fumed silica (0.2%, 0.7% and 1.5%) as a
thixotropic agent. Therefore, the rheological measurements were designed in such a
way that stimulates similar circumstance which grout has in a concrete hole. That
is, first the grout sample was subjected to shear rate of 0.01 s−1 in 100 seconds
(stage1), then it was promptly exposed to rotation speed of 100 rpm for another
100 seconds (stage2). Then, the sample was remained in holding time period in
which the rotation was stopped and the shear rate returns to 0.01 s−1(stage3). This
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test determines the thixotropic and flow behavior of the optimized grout compound
in each of the three defined intervals.
Table 4: Optimized formulations and their predicted results are suggested by the
software
V.Shrinkage Compressive Max.Temp.
Density Gel Time
Desirability
3
1
2
3
4

(%)

(MPa)

(ْC)

(g/cm )

(s)

7.60287
7.7851
8.51495
8.65867

71.2102
69.0389
75.8757
74.6901

74.6882
68.7493
80.5386
75.6227

1.87189
1.90448
1.83724
1.8573

63.1655
107.2
108.495
95.09888

0.822
0.804
0.8
0.789

Table 5: The actual properties of optimized compound
Optimized
compound

Gel
Time
s
79.56

V.Shrinkage
%
7.40816

Compressive Strength (MPa)
1hr
49.3914

24hr
61.04594

7days
76.77016

Max.Temp

Density

˚C
72.4

g/cm3
1.843463

Figure 7 shows how the optimized compound behaves in the presence of three
different percentages of silica fume. In spite of the high amount of filler in the
compound during shearing interval (stage 2), viscosity decreases dramatically.
Furthermore, it is observed that increase in the silica fume content enhances the
thixotropic properties of the samples and after the rotation of anchor is terminated,
the viscosity returns to plateau state rapidly. Silica fume particles are reactive
pozzolanic materials and in consequence of their method of producing, they have
silanol groups on their surfaces. Researchers have shown the interaction and forming
of hydrogen bridging between carbonyl groups and hydroxyl end groups of the
polyester resin with silanol groups [9]. Structures based on hydrogen bond through
silanol groups are temporary and they will break if exposed to high shear mixing.
In order to examine the grout structure, frequency sweep test is conducted on grout
samples (Figure 8). It is observed that by adding silica fume to the optimized
compound, storage modulus is increased. According to the trend of storage
modulus and loss modulus in Figure 8, all the samples except the one with 1.5%
silica fume, show viscous behavior at low frequencies. However, in the sample
with 1.5% silica fume, by increasing frequency, the storage and loss modulus
remain approximately unchanged. Hence, the mentioned sample would resist
against deformation. When the storage modulus as a function of frequency turns
into horizontal line, a three dimensional structure is formed; this is occurred in the
sample with 1.5% silica fume. In fact by increasing the amount of silica fume in
grout, interactions between filler’s metal oxides and silanol groups with acid
groups in polyester resin chains would increase and this would result in a network
structure as shown in frequency sweep test. The elastic behavior of sample with
1.5% silica fume would provide longer storage time. This structure is temporary
and according to Figure 7 during shearing interval resinous grout represents the
good thixotropic behavior.

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 927

Figure 7. The thixotropic behavior of the optimized grout compound (■) in presence of
three different percentages of silica fume. 0.2% (■), 0.7% (■), 1.5% (■)

Figure 8. Loss and storage modulus of optimized compound as a function of frequency
in presence of different percentages of silica fume (0.2%, 0.7% and 1.5%) in
frequency sweep test

The rheological test, designed for observing the thixotropic properties in three
different rotation speeds (100 rpm, 300 rpm and 600 rpm), has been evaluated. In
Figure 9, it is illustrated that in all three presumed rotation speeds, grout samples
show good thixotropic behavior and would return to the plateau state in a short
while. Viscosity drop in higher shear rates is more considerable and it assists to
better mixing of components. Because all three samples return to plateau state
approximately at the same time, the higher rotation speed of the anchor is preferred
due to the more viscosity drop it causes in second interval.
The plastic film used for packaging the resinous grout into the capsule shape is
called Myler film.
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The Myler film is polyethylene terphthalate transparent barrier film with 30-40
microns thickness. The catalyst formulation compartment would be located inside
the resin formulation compartment. (Figure 10)
4. CONCLUSION
Polyester resin, as the matrix component of the adhesive, has the most significant
effect on increasing the compressive strength of the grout. Increasing the initiatorinhibitor mixture decreased the compressive strength dramatically because the
inhibitor consumed the free radicals. The low filler content had no effect on
compressive strength of the grout but higher amounts of the filler reduced the
compressive strength. It was observed that monomer content has the most
significant influence on increasing the volume shrinkage. Increasing the initiatorinhibitor mixture and filler content reduced the volume shrinkage linearly while
higher resin concentration led to increased shrinkage.
Good correlation between the maximum exotherm temperatures and other
responses were obtained. Moreover, the results of the experiments for the
optimized compound are in good agreement with the estimated values. According
to the designed rheological test, improved thixotropic behavior was achieved by
adding fume silica to polyester resin grout. The higher rotation speed of anchor
caused better mixing and thixotropic behavior.

Figure 9. Thixotropic behavior of the optimized grout in
three different rotation speeds

Figure 10. Resin capsule
anchoring system
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ABSTRACT
Short columns and columns having weakness in transverse reinforcement have
shown inappropriate behaviour in confronting with shear forces during different
earthquakes and the shear failure mode of these columns is the main failure mode.
One of the most conventional methods for improving the behaviour of these
columns is the application of wrapped FRP jacket. These FRP jackets are
lightweight, high strength and have a convenient installation process. These jackets
can be utilized both in active and passive states. In this study, weak and retrofitted
columns have been modelled using “Seismostruct” software and have been
compared with experimental conclusions as well. In passive retrofitted specimens,
the improvement in value of energy dissipation observed was about 1.7 to 4 times
greater than control specimens. Furthermore, drift angle was increased about 1.4 to
2.5 times greater. Moreover, active retrofitted specimens have demonstrated a
better behaviour than passive ones. In most of the specimens the growth was about
20% and 30 to 40 percent in shear strength and quantity of energy dissipation,
respectively. Finally, AFRP composites have demonstrated higher ductility than
CFRP composites, despite the fact that the shear strength of CFRP was higher than
AFRP type.
Keywords: AFRP, CFRP, confinement, fibre analysis, drift angle, wrapped jackets
1. INTRODUCTION
Shear failure has been one of the most common failure modes for RC structures
subjected to earthquakes. Recent studies and experimental researches have shown
that short RC columns of buildings are vulnerable in brittle failure. Due to this
weakness, a great number of studies have been done to find appropriate methods
for increasing the shear strength of such columns in order to change the brittle
failure mode to a ductile one. A majority of columns are primarily designed as
flexural members but unexpectedly change into short columns by adding walls and
infill to the structure. In addition, most of the columns, which have been designed
according to codes before 1970 (strength based design) lack enough transverse
bars, so their dominant failure mode is the shear mode. This failure mode happens
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suddenly and the brittle shear failure decreases the capacity of energy dissipation of
the column. Shear capacity of short RC columns is a function of parameters like: 1Area of longitudinal and transverse bars, 2- Compressive strength and confinement
of concrete and 3- Coherence between steel and concrete [1 & 2].
2. HISTORY
A large number of numerical and experimental researches have been done for
strengthening and retrofitting RC columns using passive confinement so far, such
as the works of Galal et al. [1&3], Saatcioglu [4] and Ehsani [5]. Nevertheless, a
few studies have been done using active confinement. The researches of Yamakava
et al. [6] and Saadatmanesh [7] are the sample of these studies. In this study, both
active and passive confinements were investigated. The active confinement has
been considered with the use of prestressed Carbon & Aramid fibres.
3. METHODOLOGY
In the present study, 5 short cantilever RC columns have been chosen and
retrofitted in both active and passive states. The ratio of their shear span to depth is
2.5. For considering confinement effect in the concerned software, the relationships
of Mander et al. [8] have been used for evident specimens. For passive retrofitted
specimens, the relationships introduced by Galal et al. [1&9] and for active
retrofitted specimens, those introduced by Yamakava et al. [6] have been used for
obtaining confinement factor. The mentioned specimens have been subjected to a
constant perpendicular and cyclic lateral load with the help of “Seismostruct”
software [10]. The results of analyses have been evaluated and then compared with
those of experimental studies [11] held in advance. There is a satisfying
compatibility between the hysteresis curves obtained from either analytical
specimens or experimental studies.
4. GENERAL PROPERTIES OF THE SPECIMENS
All the specimens have been considered rectangular, having 250x250 mm2
dimensions and a height of 620 mm. The compressive strength of concrete is
18MPa. As shown in Figure (1), the longitudinal bars used for reinforcement is
12φ12 and φ4 bars are used for transverse reinforcement. The spacing of transverse
reinforcement was considered to be 50 mm at the beginning of the column and at
the column-foundation connection, and 100 mm for the rest. For the passive
retrofitted specimens, Aramid & Carbon FRP have been used and wrapped up to
the height of 30 mm of the columns. The mechanical properties of these
composites are shown in Table (1). For the active retrofitted specimens, prestressed
FRP fibres having 40 mm width and spacing of 70 mm have been utilized.

Fiber
Types
Carbon
Aramid

Table 1: Mechanical properties of used FRP
Tensile Strength
Ultimate
Modulus of
(MPa)
Strain (%)
Elasticity (GPa)
3800
1.55
240
2900
2.50
120

Thickness
(mm)
0.165
0.440

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 933

Figure 1. Section and elevation of the specimen

For convenience of studying, the specimens have been nominated as regarded in
Table (2).
Table 2: Names adopted for the specimens
Description
Parameter
description
One layer CFRP
C1
Evident Column
One layer AFRP
A1
Passive Retrofit
Prestressed CFRP fibre
SC
Active Retrofit
Level 1 axial force
Prestressed AFRP fibre
SA
(N=0.2 ×Ag×f'c)
Level 2 axial force
Prestressed strain
1/n
(ratio of ultimate strain of FRP)
(N=0.4×Ag×f'c)

parameter
C
PR
AR
L1
L2

5. INTRODUCING SEISMOSTRUCT SOFTWARE
SeismoStruct is a Finite Element program capable of predicting large displacement
behaviour of space frames under static or dynamic loading, taking into account
both geometric nonlinearities and material inelasticity. The spread of inelasticity
along the member length and across the section depth is explicitly modelled,
allowing for accurate estimation of damage distribution. The sectional stress-strain
state of beam-column elements is obtained through the integration of a nonlinear
uniaxial stress-strain response of the individual fibres in which the section has been
subdivided. The subdivision of a typical reinforced concrete cross-section is
depicted in the Figure (2). By employing a sufficient number of fibres (200-400 in
spatial analysis), the distribution of material nonlinearity across the section area
could be accurately modelled, even in the highly inelastic range. In this study, the
number of fibres has been chosen to be 250 [10].
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Figure 2. Fibres employed for RC section [10]

5.1. Loading
The aforementioned models have been subjected to two simultaneous loads; 1Constant perpendicular axial load and 2- Time history lateral load. The analysis
operation is based on time history static procedure. The constant perpendicular load
is considered as a ratio of compressive strength of concrete column (0.2×Ag×f'c)
which is equal to 225 KN. The time history lateral load is employed as “applied
displacement”, where the corresponding values are the displacement of column and
time. These values are obtained by dividing lateral displacement of column (Δ)
over its height (h) which is defined as “drift angle”. At each drift angle (R), 3
successive cycles with the values of 0.5, 1.0, 1.5, 2.0 and so on have been applied
as shown in Figure (3).

Figure 3. Time history lateral load versus drift angle

5.2. Analysis Results
5.2.1. Hysteresis Curves of Shear-Displacement Index
The obtained hysteresis curves of retrofitted columns wrapped with Carbon (PRC1-L1) and Aramid (PR-A1-L1) in the passive state and the evident specimen (CL1) have been shown in Figures (4 and 5). By the comparison of the given curves,
the high efficiency of application of wrapped FRP can be observed on increasing
the ductility and shear strength of retrofitted ones. Furthermore, the specimens
retrofitted with Aramid have shown more adequate ductility than the Carbon
though there is a negligible difference for shear strengths.
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Figure 4. The hysteresis curves of PR-C1-L1 and C-L1
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Figure 5. The hysteresis curves of PR-A1-L1 and C-L1

The obtained hysteresis curves of retrofitted columns wrapped with prestressed
Aramid fibres (AR-CA-SA-1/2-L1) and unwrapped prestressed Carbon fibres (ARSC-1/6-L1) where the prestressing values are considered as 12 ε frp and
1
6

ε frp respectively have been shown in the Figures (6 and 7). Regarding to the

hysteresis curves, it can be found that prestressing of AFRP fibres results in more
efficient to increase ductility and shear strength than the passive retrofitted one,
especially for shear strength enhancement.
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Figure 6. The hysteresis curves of AR-C1-SA-1/2-L1 and C-L1
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Hystersys Response Curves
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Figure 7. The hysteresis curves of AR-SC-1/6-L1 and C-L1

Regarding Figure (8), it is obvious that the active retrofitted specimen (AR-C1-SA1/2-L1) in comparison to passive retrofitted one experiences more ductility and
shear strength.
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Figure 8. The hysteresis curves of AR-C1-SA-1/2-L1, PR-C1-L1 and C-L1

5.3. Energy Dissipation Diagrams
The amount of energy dissipation of the studied specimens, have been shown in
Figure (9). The energy dissipation has a direct relation to the ductility of a
structure. Regarding the mentioned figure, the amount of energy dissipation for
active retrofitted specimen is more than the passive one.
Dissipated Energy

Dissipated Energy (kN.mm

20,000
16,000
12,000
AR-C1-SA-1/2-L1
PR-C1-L1-F1-S1

8,000

C-L1-F1-S1

4,000
0
1

2

3

4

5

6

7

8

9

10 11 12 13 14

Cycle

Figure 9. The energy dissipation of the specimens, loaded in level 1 (225 KN)

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 937

5.4. Shear Force Envelop Curve
The decrement or increment of the column shear force versus drift angle has been
illustrated in Figure (10). The active retrofitted specimens have shown more
suitable performance than the passive ones.
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Figure 10. Shear force envelope curve
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Figure 11. Analytical (PR-C1-L1) and experimental models

5.5. Comparison of Analytical Hysteresis with the Experimental Studies
On account of probable errors in analysis and also the differences between material
properties in theory and experiment, a comparison has been done between the two
analytical models and two concerned experimental ones. As shown in Figures (11 and
12), there is an acceptable conformity among analytical and experimental models.
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Figure 12. Analytical (AR-C1-SA-1/2-L1) and experimental models
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6. CONCLUSIONS
The results derived from the abovementioned analyses are stated as below:
1. The amount of ductility, energy dissipation and shear strength of the columns
would increase by retrofitting them using passive wrapped FRP.
2. AFRP composites have shown more ductility than CFRP composites as a
consequence of higher strain capacity, though the shear strength of CFRP was
higher than AFRP type.
3. By prestressing the FRP fibres especially AFRP, the amount of confinement and
accordingly the shear and compressive strength of concrete would increase.
4. The ratio of increment of energy dissipation for retrofitted specimens varies from 1.7
to 4 times than evident specimens. Also the drift angle increases from 1.4 to 2.5 times.
5. Active retrofitted specimens have shown better behaviour than passive ones,
around 20% increment in shear strength and 30-40% in energy dissipation.
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ABSTRACT
This paper presents simulation of the pipe and soil system behavior during uplift
displacement of pipelines in dense and loose sand by a 2D Finite Element
modelling. As the first part of an ongoing research, this study focuses on the type
of the soil failure mechanism which occurs in saturated condition at different burial
depths and soil densities for constant pipe diameter.
Then, at this stage, pipe is considered as a linear elastic but very stiff material
(compare to the soil). Using conventional continuum elements for the soil, its
material behavior is modelled by the Drucker-Prager criterion. The numerical
results compared to the laboratory observations and results as well as theoretical
aspects.
Different laboratory failure mechanisms in loose and dense soils and also loaddisplacement curves impressively reproduced by the numerical modellings. Even,
development of a gap below the pipeline in dense sand well captured by the FEM
results. The essential effect of the soil density on the resistance force against uplift
displacement is also well illustrated by the numerical results. To obtain a
normalized upheaval load-displacement curve for this phenomenon, displacements
were nomalised by the pipe diameter and also burial depth, however, another more
suitable length parameter is under investigation.
Keywords: buried pipeline, uplift, sand, numerical modeling, FEM
1. INTRODUCTION
Lifeline pipes and ducts are commonly buried to provide environmental stability,
thermal isolation and mechanical protection. In shallow trenches of saturated sand
soils, buried pipelines and ducts are under threaten of progressive upheaval creep
failure, during long term operation. This phenomenon called as upheaval buckling.
This type of failure can cause the pipe to resurface at its bed-line and causes
probable fracturing and damages, specially on the concrete ducts. This presents
considerable operational problems and would have significant costs. The backfill
soil in the trench and the pipe weight contribute to prevent the upheaval buckling
load imposed to the pipeline. However, the resistance to the upheaval load
provided by the soil is difficult to calculate.
A number of theoretical models has been developed to predict the resistance to
upward movement provided by the pipeline/soil system. Generally, the models
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have considered the backfill soil without considering imperfections of the material
during pipe placement. Also, no roughness effect of the pipe-soil contact surface
was considered. It is widely accepted that the uplift resistance is complex and it is
related directly to the geotechnical properties of the soil.
Most theoretical analyses assume some failure surfaces extending through the soil
above the pipe. The simplest of these, reported by Matyas and Davies (1983) [1], is
to assume a vertical slip surface extending above the pipe, Figure 1(a). The uplift
resistance per unit length derived from the weight of soil above the pipe, the weight
of soil displaced by the upper half of the pipe and the shearing resistance along the
vertical slip surface, is given by the expression (1):

F

u

= (1 −

πD
8H

+ K tan φ

ps

H
)γ ′HD
D

(1)

(a)
(b)
Figure 1. Assumed failure mechanism by (a) vertical slip surface model [1], and (b)
Curved slip surface [2]

in which γ’= effective soil unit weight, H= depth to centre of pipe, D= pipe
diameter, φps = angle of soil friction in plain strain, and K= lateral earth pressure
coefficient. The value of K is often taken as K0 , the at rest coefficient for loose
sand, but its value in case of the dense sand is difficult to assess and can often be
greater the one. Trautmann et al (1986) found [3], this theory has good agreement
with the experimental data with K values of 0.5, 0.65 and 0.75 for pipes in loose,
medium and dense sand, respectively. However, rupture surface above pipes are
generally curved in broad agreement with the pyramidal shaped geometry analyzed
by Meyerhof and Adams (1968) [2], shown in Figure 1(b). For shallow
embedment, they ignored the second term in Eq. 1, and assumed K=0.95, while at
greater depths the Eq. 2 was proposed:
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where He= vertical extent of the rupture surface and depends on φps and D .
The uplift force, Nu can be non-dimensionalised and re-expressed as uplift factor,
fd, as suggested by Schaminee et al (1990) [4]. This calculated using:

f

d

=

N

u

−1

⎛H⎞
⎜ ⎟
⎝D⎠

, in which:

N

u

=

F

u

γ ′HDL

(3)

where H is the instantaneous embedment depth measured to the crown of the pipe.
2. PREVIOS MODELLINGS’ RESULTS
Over the last decade, the geotechnical aspects associated with upheaval resistance
of the buried pipes have received considerable attention by the researchers. The
focus of this attention has been aimed at the mechanism of soil failure and
measurement of uplift load for various soil types. Because of practical difficulties
and the high cost of conducting full scale field tests, the majority of these works
has been done at small scale, or using geotechnical centrifuge modelling to
simulate full scale conditions [5]. Barnsby et al (2001) [6] undertook a combined
study using numerical FE analysis and scaled physical model testing to investigate
soil resistance to upwards pipeline movement. Rezaee et al (2005) [7] carried out
full scaled laboratory tests by improving the conditions of the experiments done by
the Trautmann et al (1986) [3], which the FEM modellings of these experiments
are presented in here.
3. EXPERIMENTAL OBSERVATION
The laboratory model built by Rezaee et al (2005) [7],[8], was including four parts:
test box, coarse sub-grade, transducers & gauges, and water intake system to apply
loading.
Rigid boundaries have to be located remote from the pipe so as not to interfere with
failure mechanisms or effect on the effective stresses in deforming zone. According
to the Trautmann suggestion [3], the width and height of the model should be
chosen at least five times and its length nine times of the pipe diameter. Then, the
test box dimensions- in toughened glass material of 1 cm thickness- considered
69cm of width and height, and 177cm of length, comparing to 11cm of the P.V.C
pipe diameter. The test box was well braced not to deform during the loading. As
it was necessary to increase the water surface uniformly, a coarse graded layer in
10 cm thickness spread over the test box floor. This layer also prevented
cavitations and water worn effect on the soil. In Trautmann’s test load was applied
mechanically to the pipe, while in here, real uplift force of the water is applied to.
According to the tests done on the local area soil which used in this study, it
classified as a poor aggregated sand (SP) with 2.66 of the solid density and 0.00225
cm/sec of the permeability rate. Its minimum and maximum specific weight were
1.38 and 1.78gr/cm3, respectively. The internal friction angle for its loose case was
equal to 32.9° and in dense case was 37.6°.
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3.1. Laboratory Failure Mechanisms
In initial tests [7] using dense sand (γ=1.78 gr/cm3), pipe was placed in depth equal
to its diameter, i.e. 11 cm- from its center level to the soil surface. During the
loading, two mechanisms of failure was observed; first, an angled sliding block
mechanism, when the soil resistance reached to its utmost strength against
upheaval forces, an inclined slip surface (about 20° diversion from the normal
direction) created. This failure mechanism happened under small upheaval
displacement (about 2mm)- as shown in Figure 2(a)- and this followed by a quick
reduction in resistance upheaval force. By increasing the upheaval displacement,
uplift resistance more decreased, and a second mechanism called circulation
mechanism, observed around the pipe. At this stage, two gaps below the pipe
formed [Figure 2(b)] and by progressing the upward moving of the pipe, these gaps
were filled by flow dropping of the upper soils [Figure 2(c)]. As the curve in
Figure 2 depicts after 10mm of displacement, uplift resistance force reaches to a
constant amount, called as the residual force, with breaking of the inter-locking
between the soil particles and make the pipe buoyant , and a considerable uplift
displacement.

١٧°

(a)

٢٠°

Gaps filled

Gaps created

(b)

(c)

Upheaval displacement (mm)

Figure 2. Load- displ. diagram of dense soil on the top of the buried pipe under
upheaval force [7]
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For the loose sand, only a circular mechanism observed as the failure mechanism
of the soil. In this case, there was no sign of the sliding surfaces (trivial interlocking) and from the beginning, only the two gaps created under the pipe, and
further on, they were filled by flow dropping of the upper soil. Figure 3, illustrates
the variation curves of the resistance load against upheaval displacement for
different burial depths as well as sand densities.
As the curves depict, for embedment ratio of 0.7 and 1, the residual force in dense
sand is less compare to the loose one. Its reason can be stated by this fact when the
angled sliding block happened in dense soil, the soil reminds above the pipe is less
than the amount in case of loose sand. As the resistance shear force depends on the
surcharge loads, then the experimental results is justified. Also, as the curves
show the effect of the density is more than the burial depth ratio in uplift load
carrying capacity of the soil .
loose sand
dense sand

Upheaval displacement (mm)

Figure 3. Upheaval load-displ. curves for different burial depths of loose and dense
sand [8]

4. FINITE ELEMENT MODELLING
2D finite element plane-strain analyses was carried out to investigate the uplift
behavior of circular pipeline to identify the effect of the most important
parameters- i.e. the soil density and the embedment depth ratio- for further studies
as well as to understand the mechanics of the soil around the pipeline in more
details. Uplift capacities and soil failure mechanisms were found for different soil
conditions and burial depth ratios. The influence of the mesh size, soil stiffness,
ratio between the soil permeability and the loading rate as well as the soil/pipe
contact surface effect has not been considered at this instance.
4.1. Soil & Pipe Characteristics
Conventional 8-noded quadrilateral serendipity element used to model the pipe and
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soil. Each node has two degrees of freedom of displacement. A non-associated
Drucker-Prager elastic- perfectly plastic criterion chose to model soil material. This
has a constant friction angle φ, a non-associated dilatancy angle ψ, and cohesion
stress c, apart of its elastic parameters E, G and υ . For this example some of the
parameters have been speculated to fit suitably the behavior of the soil/pipe system.
This can be supported by the facts which are explained in below;
1. Experimental data in the literature are not enough to provide all values of
parameters are needed in the numerical modelling. Then some of the values
(listed in Table١) have been picked from other sources. This, would be the
main source of discrepancy in the FEM results compared with the experiments,
as the predictions are sensitive to in situ stresses and soil stiffness.
2. It should be pointed out that all analyses were run under plane-strain
formulation which results more stiffer and higher load-carrying capacity
structure compare to the plane-stress one, which is the more realistic option in
2D analyses for the tested buried pipe.
3. No potential cracking and fracture is modelled or allowed in the soil elements by
loading progress. This also results a stiffer response of the numerical model.
Table 1: Soil and pipe material properties in numerical analysis
Material
characteristics
E
γ
υ
φ
c
ψ

soil
Loose
3-4 MPa
1.45 gr/cm3
0.33
32.9°
2 KPa
0°

Dense
8-10 MPa
1.78 gr/cm3
0.33
37.6°
5-10 Kpa
0°

pipe
2.6×103 MPa
-----0.3
----------------

4. Dilatancy angle, measured by tan ψ, was constant and set to zero. This means
that soil material can slide over the other without producing any vertical
displacement and this should affect only marginally the results. However, this
is reasonable for the loose soil, but for the dense one, more explanation is
presented. As laboratory tests show, dilatancy angle decreases to zero with
increasing plastic shear slipping or increasing normal confining pressure.
These phenomena occur often combined, particularly in confined structures
(for instance deep soil, in here), because shear slip with dilatancy necessarily
induces normal compressive stresses. For the concerned case in here, the
combined action of these two factors will also produce a faster degradation of
the dilatancy angle under increasing confining pressure on the soil.
5. NUMERICAL RESULTS
5.1. Dense Sand
Figure 4-left gives upheaval load-displacement curve of FEM analysis for the
dense soil with embedment depth ratio (H/D) equal to 1, which well correlates with
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the experimental results, with about 10 percent difference in peak load. The
numerical results show a steeper initial slope of the curve compare to that obtained
from the experimental results. This may be due to a much higher values of the
stiffness parameter E, which has not been provided in the reference text [7]. The
higher initial stiffness caused increase in resistance of the soil against more shear
deformation by resulting delay in forming the sliding surface, and increasing the
stiffness of the soil. Also, Figure 5-left depicts contours of εyy on deformed mesh
and Figure 5-right shows contours of the upheaval displacement, both at 0.4cm of
vertical applied displacement. These pictures well demonstrate the sliding surface
in dense sand which complies with the experiment.
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Figure 4. (left) Comparing numerical & experimental load-displacement curves for
H/D=1 and; (right) comparing the same curves for different ratios of H/D, all for
dense soil

More over, it is clear that none of the experimental and numerical results of the
failure mechanism in dense soil, obeyed the vertical sliding surface theory.

Figure 5. (left) Contours of the vertical strain and, (right) contours of the upheaval
displacement at 0.4 cm of displacement in dense sand for H/D=1

As it was explained before, for dense soil, uplift resistance force reaches to its peak
amount in small upheaval deflections. At this stage, the soil above the pipe has
failed and this causes a progressive reduction in uplift force (the descending branch
of the curve), to get its residual value in large displacements. Figure 4-right
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compares load-upheaval displacement curves for other ratios of H/D, obtained
from the numerical analyses. These curves show the amount of deduction in
resistance force varies with the ratio of H/D. Numerical results give lesser
reduction in the peak resistance load compare to the experimental ones.
5.2. Loose Sand
Figure 6 draws load-displacement curves obtained numerically for the loose soil.
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Figure 6. (left) Comparing numerical & experimental load-displacement curves for H/D=1
and; (right) comparing the same curves for different ratios of H/D, all for loose soil

All show by increasing the burial depth, upheaval load capacity has increased, but
upheaval displacement corresponding to the peak load has decreased. However,
numerical results in Figure 6-left gives a stiffer model compare to the experimental
one with a steeper initial slope of the curve as well as a higher resistance peak load, but
its failure mechanism has been well captured by the FEM results. As Figure 7.right
shows, in loose sand, a lager region of deformed soil under circulation mechanism of
the soil flow underneath the pipe has created (from beginning of the failure procedure).
Figure 6-right compares load-upheaval displacement curves for other ratios of H/D,
obtained by the numerical analyses which have the same trend explained for the dense
sand. Figure 7-left also pictures deformed mesh at 0.4 cm of upheaval displacement
for H/D = 1.3 (deflections magnified).

Figure 7. (left) Mesh deformation and, (right) contour of upheaval displacement at 0.4
cm of displacement in loose soil for the H/D=1.6
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5.3. Further Studies
Figure 8-left depicts non-dimensional curves of the upheaval load-displacement
variations for different ratios of the burial depth. The load-displacement results are
re-plotted normalized by peak load and embedment depth, respectively. There is an
excellent agreement between the results for the different embedment ratios, with all
showing similar normalized stiffness and that d/H equal to 1% for dense sand and
1.5% for the loose sand. However, there is a bit concern for the correlation of the
curves after peak load, specially in dense sand, which is, of course, of some
shortcomings data, explained earlier. Also, there is less good agreement between
the normalized curves when the results are normalized by pipe diameter (not
presented here).
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Figure 9. Normalized load -displacement curves (left) for dense sand and; (right) for
loose sand
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Figure 9. Normalized uplift peak load for various H/D ratios of dense and loose sand

Also, according to Eq. 3, normalized uplift peak load (Nu) has drawn as a function
of H/D, in Figure 9, for dense and loose sand. As this figure shows, normalized
peak load is increased by increasing the burial depth and it is more in dense sand
compare to loose one for an equal depth ratio.
6. CONCLUSION
A series of Finite Element analyses have been described to examine the soil density
and the embedment depth ratio on the uplift capacity and corresponding
displacement on the failure of a circular buried pipeline subjected to vertical uplift.
Finite Element model gave a very good approximation to the system behavior and
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was able to reproduce the complete deformation pattern of the system up to and
beyond the peak load until total degradation of strength, without major numerical
difficulties. The following conclusions have been drawn from this study:
1. Type and mechanism of failure differs in dense and loose sand. In dense sand,
only sliding block mechanism with angled surfaces is formed, in small
upheaval deformations, while in loose sand, deformation of wide range of the
soil above the pipe is happening.
2. Corresponding displacement for the uplift peak load is much more in loose
sand compare to the dense one, in the same H/D ratio.
3. Effect of the increase in soil density on uplift capacity is more than the effect
of increase in burial depth ratio, which is very important of economical view.
4. Deduction in peak resistance force capacity to reach the residual force in dense
sand is more then the loose one, as a result of different failure mechanisms.
5. Normalized Nu is increased with the embedment ratio, and its peak amount is
more in the dense sand compare to loose one, for an equal H/D.
6. FEM results suggest that displacement should normalized by embedment
depth, H, rather than pipe diameter, D.
7. Obtaining some crucial parameters carefully and some more refinement, FEM
has potential for use in defining advanced design parameters and rules.
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ABSTRACT
One of the most important causes for reinforcing steel corrosion is the presence,
ingress and attack of chloride ions on RC elements. Reinforcement corrosion has
been widely reported in the literature over the last two to three decades. They cause
localized breakdown of the passive film that initially formed on steel as a result of
the alkaline nature of the pore solution in concrete. In this paper, a sensitivity study
was carried out on the influence of the effective parameters of corrosion on the
corrosion initiation time, both in uncracked and cracked concrete elements. The
results of the study shows a high sensitivity of the corrosion initiation time,
regarding Cs (chloride surface concentration) and C (cover depth), in uncracked
concrete, and on the other side, more sensitivity of the ratio of the w/l (crack width
to crack spacing) in cracked concrete elements.
Keywords: reinforcement corrosion; sensitivity analysis; electrochemical process;
corrosion initiation time cracked concrete
1. INTRUDUCTION
Reinforcement corrosion has been widely reported in the literature over the last two
to three decades 1, 1. Chloride-induced corrosion of the reinforcing steel is known to
be a major cause of premature rehabilitation of many RC structures like bridge decks
3. Moreover, reinforcement corrosion in concrete is the predominant causal factor for
the premature deterioration of reinforced concrete structures, leading to structural
failure. Failure does not necessarily mean structural collapse only, but also includes
loss of serviceability, characterized by concrete cracking, spalling, and excessive
deflection. Clearly detection and monitoring of reinforcement corrosion in concrete
is of significant practical importance if premature failure of RC structures is to be
prevented 3. In this regard, the present paper tries to define the corrosion of
reinforcements in concrete, mostly due to the chloride ion ingresses, develop and
describe the advanced models for chloride-induced corrosion both in cracked and
uncracked elements and finally, study the influence of various factors on the
corrosion initiation life period.
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2. CORROSION OF REINFORCEMENTS
Because of high alkalinity of concrete media 1, 1, 4, 5, (pH >13.5), steel remains
passive within the concrete by forming a thin oxide layer on steel rebar surface. In
addition, well-consolidated and properly cured concrete with a low w/c ratio has a
low permeability, which minimizes ingress of detrimental stuffs either gaseous or
liquid, such as chloride, carbon dioxide, oxygen, moisture, and etc. to the steel
surface. Furthermore, high electrical resistivity of concrete 1 restricts the rate of
corrosion by reducing the flow of electrical current from the anodic to the cathodic
sites. The passive film remains stable as long as the composition of the pore solution
remains constant. The protective film is destroyed when there is a sufficient
concentration of chloride ions and or carbonation around the reinforcement. Therese
ions and other detrimental, stemming from environment, deicing salts, and etc
penetrate into concrete. Once the reinforcing steel was depassivated and it was
supplied with oxygen and water (humidity), metal dissolution (corrosion in the form
of rust formation, loss in cross section) may start. 6
3. ELECTROCHEMICAL PROCESS OF CORROSION
Reinforcement corrosion is an electrochemical process. Similar to a flash battery,
corrosion take place by coupled cathodic and anodic reactions in an electrolyte like
concreter pore water (known as complex electrolyte). The surface of the corroding steel
functions as a mixed electrode that is a composite of anodes and cathodes electrically
connected through the body of steel itself, upon which coupled anodic and cathodic
reactions take place. Concrete pore water functions as an aqueous medium, i.e., a
complex electrolyte. Therefore, a reinforcement corrosion cell is formed.
3.1. Anodic and Cathodic Reactions
Generally, anodic and cathodic reactions are referred as oxidation and reduction
process respectively. At anode, dissolution of metallic steel occurs, while at the
cathode the reaction leads to reduction of dissolved oxygen to form hydroxyl ions.
By the way, the possible anodic and cathodic reactions are as follows 1, 7, 1, and 7.
At anode;
(1)
3Fe + 4 H 2 O → Fe3O4 + 8 H + + 8e −

2 Fe + 3H 2O → Fe2O3 + 6 H + + 6e −
−

(2)

Fe + 2 H 2O → HFeO4 + 3H + + 2e −

(3)

Fe → Fe 2+ + 2e −

(4)

2 H 2O + 4O2 + 4e − → 4OH −

(5)

2 H + + 2e − → H 2

(6)

At cathode;
Or
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Table 1: State of reinforcement corrosion at various ph levels 1
pH of concrete
State of reinforcement corrosion
Below 9.5
Commencement of steel corrosion
At 8.0
Passive film on the steel surface disappears
Below 7
Catastrophic corrosion occurs
Table 2: Corrosion risk in concrete containing chlorides 11
Total chloride
Condition of concrete adjacent to Corrosion
(wt.% of cement)
reinforcement
risk
carbonated
High
Uncarbonated, made with cement
Less than 0.4% Carbonated
Moderate
containing less than 8% C3A
High
Uncarbonated, made with cement
Low
containing 8% or more C3A
As above
High
0.4% - 1.0 %
As above
High
As above
Moderate
More than 1.0%
All cases
High

4. FFECT OF ACIDIC GASEOUS AGENT IN CORROSION
The corrosive effect of carbonation and other acidic gases, such as So2 and No2 are
due to their tendency to reduce the pH of the concrete. The fall of pH to a certain
level may cause commencement of reinforcement corrosion, loss of passivity of
concrete against reinforcement corrosion, and catastrophic reinforcement corrosion
as indicated in Table 1.
Chloride in concrete may be in the forms of: i) Acid soluble chloride, which is
equal the total amount of chloride present in the concrete or that is soluble in nitric
acid 8, ii)Bound chloride, which is the sum of chemically bound chloride with
hydration products of the cement, such as the C3A or C4AF phases, and loosely
bound chloride with C–S–H gel, and iii) Free or water-soluble chloride, which is
the concentration of free chloride ions (Cl¯) within the pore solution of concrete,
and is extractable in water under defined conditions. It is generally recognized that
only the free chloride ions influence the corrosion process 9. It is reported 10 that
the receptivity decreases and corrosion rate increases with an increase in the
chloride content. However, the change in pH is found to be insignificant due to a
change in the chloride content of concrete 10. The risk of reinforcement corrosion
associated with the levels of chloride content in both uncarbonated and carbonated
concrete is presented in Table 2 11.
5. CHLORIDE-INDUSED CORROSION MODELING
5.1. Chloride Diffusion Model
Chloride (or ion) diffusion is a specific case of scalar field problem that are
encountered in almost all branches of engineering and physics. Most of them can
viewed as special forms of the general Helmholtz equation given by 12
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∂ ⎛ ∂φ ⎞ ∂ ⎛ ∂φ ⎞ ∂ ⎛ ∂φ ⎞
∂φ
⎟⎟ + ⎜ k z
⎜kx
⎟ + Q = cρ
⎟ + ⎜⎜ k y
∂x ⎝ ∂x ⎠ ∂y ⎝ ∂y ⎠ ∂z ⎝ ∂z ⎠
∂t

(7)

where φ ( x, y , z ) is the field variable to be solved.
For the diffusion of Chloride in one dimension, it can be shown that the governing
equation reduced to Fick's Second Law of Diffusion:

∂c
∂ 2c
= −D 2
∂t
∂x

(8)

Clifton (1993) derived a closed form solution to Fick's Law using an apparent
diffusion constant Dac. Beginning with Fick's Law and assuming a constant surface
chloride concentration and an initial chloride-free surface, the closed form solution
is 14
⎛
⎡ x ⎤⎞
(9)
C ( x, t ) = C0 ⎜1 − erf ⎢
⎥⎟
⎟
⎜
2
D
t
⎥⎠
ac ⎦
⎣⎢
⎝
Where C0 is the constant surface concentration, kg/m3, t is the time of exposure to
C0, years and Dac is the apparent diffusion constant, cm2/year. By solving the Eq. 9
on a continuum media like a RC bridge deck shown in Figure 1, the time to
corrosion initiated could be gained as follows:
Ct
tf
h

d
C
Cb

Figure 1. Schematic of a typical RC element.

C2
Ti =
4 Dc

⎡ −1 ⎛ Cs − Ccr ⎞⎤
⎟⎟⎥
⎢erf ⎜⎜
C
s
⎝
⎠⎦
⎣

−2

(10)

Where Ti is the corrosion initiation time and other terms are defied before.
5.2. Time-Dependent Diffusion Coefficient
Midgley et al. (1984) conducted experiments using samples of hardened cement
pastes 12. They calculated apparent diffusion coefficient from the quantity of
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chloride ions present in at the distance of penetration. Mange and Molloy (1994)
derived a closed form solution to Fick's Law for a time-dependent diffusion
coefficient 13.
∂c
∂ 2c
(11)
= Di t −m 2
∂t 123 ∂x
Dc

Where Di is a time dependent diffusion coefficient and m is an empirical
coefficient based on the concrete water-cement ratio (w/c). They 12 cited work by
Conjeaud and Buenfeld and Newman that indicated that the rate of ingress of
chloride ions into concrete decreased with time. This finding has been strengthened
by the work of Weyers et al. (1994) reported previously 12. Mangat and Molloy
concluded that the underlying common cause of the time-dependence of chloride
ion diffusion on the pore structure of concrete, which changes with time 13. They
exposed mixes of concrete-to-sea water and monitored the chloride diffusion. All
results showed that Dac decreased with time 13.
5.3. Effect of Chloride Binding
Clifton, (1993) expressed that because chloride ions may react with the tricalcium
aluminate of Portland cement (C3A), the concentration has two components:
concentration of bound chloride ions Cb and concentration of free ions Cf related by
constant R 14
(12)
Cb = R.C f
However, carbonation or sulfate ions can release the bound chloride ions, and
usually R assumed to be 0 14. Moreover, Oh and Jang (2003) consider the effect of
chloride binding in the ingress of the chloride into the concrete 15. They study the
general form of Fick's law in the form as follows 15

dC f
dt

=

dC f
dCt

[

]

div Dcl grad (C f )

(13)

where Ct is the total chloride ions (per weight g/g), Cf is free chloride ions (per
weight g/g), t is time, Dcl is diffusion coefficient, and dC f / dCt is the binding
capacity 15. The binding capacity is herein defined as the ratio between the free
chloride and total chloride ions and can be rewritten as follows 15

Ct = C f + C b

dC f
dCt

=

1
1 + (dCb / dC f ) b

(14)
(15)
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where Cb is the bound chloride ions (per concrete weight gcl/gcon), and dCb /dCf
represent binding isotherm is usually affected by concrete mixture characteristics,
and some features have been considered in their study. The base of chloride
isotherm is that some chloride ions penetrated in to the concrete are bound and do
not affect the corrosion of steel bars. This isotherm is directly related to the amount
of calcium silicate hydrate (C-S-H) that is found during the hydration process of
cement. Xi, and Bazant (1999) 16 and Jennings and Tennis (1994) 17 are also
proposed modified Powers Model to represent the chloride binding isotherm. The
overall form of the model is 15, 16, and 17

Cb ' = (C f ') 10 B
A

(16)

where C'b is the bound chloride ions (per gel weight mgcl/ggel), C'f is the free
chloride ions (per gel weight mgcl/ggel), A and B are constants 15.
5.4. Cracked Concrete
Boulfiza et al. (2003) [19] used Darcy's Law to predict the chloride ions ingress in
uncracked and cracked concrete. They developed a rational model for this purpose
[19]. This model considers water flow properties in matrix and crack, both in
saturated and unsaturated cases. Boulfiza et al, proposed a Simplified Smeared
Approach (SSA) to model the chloride ions ingress into the cracked concrete 18. In
this approach, it is assumed that chloride ions ingress into cracked concrete can be
approximated using Fick's Second Law of Diffusion in which the following
average coefficient is used
w
(17)
Dav = D0 + Dcr
l
where Dav is the average diffusion coefficient, D0 is the diffusion coefficient of
uncracked concrete, w is the crack width, l is the crack spacing, and Dcr is the
diffusion coefficient inside the crack, as shown in Figure 3 18. Hence, the average
diffusion coefficient is proportional to the crack width and inversely proportional
to the crack spacing. Also, they proposed a Simplified Discrete Approach (SDA)
18 to evaluate the chloride ingress into the concrete. In this approach, chloride
diffusion through the crack has been shown to obey the following equation which
proposed by Tsukahara and Umoto (2000) 18 , and Kato et al. (2005) 19.
(18)
C c ( x, t ) = α x + s t
where, Cc is the chloride concentration, x is the location along the crack wall
starting from spacemen surface, t is time, and α and s are two empirical constants.
Chloride diffusion through the matrix is assumed to obey Fick's law under variable
conations and given by
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⎧ ⎡ x2 ⎤ x π
⎡ x ⎤⎫
Cc ( x, t ) = α t ⎨exp⎢
erfc⎢
−
⎥
⎥⎬
⎣ 2 Dt ⎦ ⎭
⎩ ⎣ 4 Dt ⎦ 2 Dt

(19)

Boulfiza et al. showed that the two methods (13 and 14) have a good agreement
between in their predictions 18.
Cracks

Cracked Concrete Element
w

l

Figure 2. Schematic representation of crack l and crack width

Li et al. (2003) 20, proposed a new solution for prediction of chloride ingress in
reinforced concrete flexural members. They use fundamental mechanism of
diffusion of chloride ions in concrete. Based on a combination of Knudsen flow
and viscous flow, an analytical solution is derived for the prediction of chloride
ingress in concrete flexural members (Figure 5) 20. Also they verified the proposed
model by experimental results. By applying some boundary and initial condition on
Fick's Law, Li et al., proposed the following equations for chloride ingress in the
cracked-concrete:
when C s (t ) < Cr
C ( x, t ) = Cs (t ) + [Ci − Cs (0)]

∞

∑U
n =1

∞

'
n ( x, t , Dc1 ) − ∑ ∫ C s (τ )U n ( x, t − τ , Dc1 )dτ
t

(20)

0

n =1

if Cs(t) assumed to be constant as for almost all current solution, then the equation
(14) becomes

C ( x, t ) = C s + [Ci − C s ]

∞

∑U
n =1

n

( x, t , Dc1 )

(21)

when C s (t ) > C r ,
∞

∞

n =1

n =1

t

C ( x, t ) = C s (t ) + ∑ hnU n ( x, t , Dc 2 ) − ∑ ∫ C s' U n ( x, t , Dc 2 )dτ
where,
hn = [C i − C s (0)]

0

Tr
U n ( x, Tr , Dc1 )
[U ( x, Tr − τ , Dc1 ) − U n ( x, Tr − τ , Dc 2 )] dτ
− C s' (τ ) n
U n ( x, Tr , Dc 2 ) ∫0
U n ( x, t , D c 2 )

and when Cs(t) assumed to be constant, then the equation (17) becomes

(22)
(23)
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∞

U n ( x, Tr , Dc1 )U n ( x, t , Dc 2 )
U n ( x, Tr , Dc 2 )
n =1

C ( x, t ) = C s + (Ci − C s )∑

(24)

where, in the above equations, Ci is the initial chloride concentration, Cs is the
surface chloride concentration, Cr is the critical chloride concentration, t is the
time, Tr is the time at which the critical chloride concentration is attained and, x is
the location. And,

4
U n ( x, t , Dc ) =
e
(2n − 1)π

Dc 2 n −12 π 2
4l 2

t

sin

(2n − 1)πx
2l

(25)

where, Dc = 2ν c λc , Dc1 = 2ν 0 λc , where λc is the mean free path of chloride ions,
and υc is the average velocity of chloride ions, and Dc2=ξw2; in which ξ is an
empirical calibration factor, w is the width of crack, and l is the length of crack
20[21].
5.5. Non-Constant Surface Chloride Concentration
In concrete bridge decks, surface chlorides are derived from the deicing salts used
during winter maintenance operations, and in particular locations, from exposure to
sea water 21. Kassir and Ghosn 2002), showed that surface chloride concentration
may not be constant 21. Phurkhao and Kassir (2005) modeled surface chloride by a
ramp-type variation 22, so in this case the boundary condition change to

C (0, t ) = f (t )

(26)

where

f (t ) =

C0
t,
t0

f (t ) = C0

0 ≤ t ≤ t0

(27)

t ≥ t0

They solved the Fick's law (Eq. 7) for the above boundary condition 22. By
applying some mathematical techniques, they derived a closed form solution to
initiation time of chloride-induced corrosion as follows
C ( x, t )
= g ( x, t ),
t ≤ t0
C0
(28)
C ( x, t )
= g ( x, t ) − g ( x, t − t0 ),
t ≥ t0
C0
where
g ( x, t ) =

⎛ x ⎞⎤
2
⎛
t ⎡
x
x2 ⎞
⎟⎥
⎟⎟erfc⎜
⎢−
e ( − x / 4tD0 ) + ⎜⎜1 +
⎜ 4D t ⎟⎥
t 0 ⎢ πD0t
2 D0 t ⎠
⎝
0
⎝
⎠⎦
⎣

(29)
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The result of numerical study showed that in the ramped-type chloride case, the
time predicted to initiate corrosion is grater than the constant chloride
concentration one 21-23].
6. SENSITIVITY ANALYSIS STUDY
Here some numerical results are presented to verify the above mentioned models.
The effect of the various terms in the diffusion of chloride ions into the uncracked
and cracked RC structures are evaluated respectively:
6.1. Uncracked Concrete
Sensitivity of diffusion coefficient (Dc)
Figure 3 shows the effect of diffusion coefficient on the corrosion initiation time. It
can be seen that by 10 times decrease in diffusion coefficient the initiation time
increased up to 10 times. This shows a linear inverse relationship between Ti and
Dc as in model Eq. 9.
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Figure 3. Effect of Dc on corrosion initiation time (Cs=0.5%, Ccr=0.275%)

6.2. Sensitivity of Surface Chloride Concentration (CS)
The effects of surface concentration of chloride ions are shown in Figure 4. As
seen in this figure, two times increasing in Cs leads to 224 times decrease in
corrosion initiation time. This finding shows a strong relation between Cs and Ti.
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Figure 4. Effect of Cs on corrosion initiation time (Cs / Ccr=0.55, Dc=5×10-12)

6.3. Sensitivity of Critical Chloride Concentration (CCR)
It is a natural effect that by increasing the threshold value for corrosion initiation
which here, is the critical chloride concentration, leads in longer time for corrosion
initiation. This effect is shown in Figure 5. It can be seen that three times increase
of Ccr would increase Ti about 3.9 times.
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Figure 5. Effect of Ccr on corrosion initiation time (Cs =7%, Dc=5×10-12)

6.4. Sensitivity of Cover Depth Thickness (C)
Figure 6 shows the effect of cover depth on the corrosion initiation time. It is
obvious that the more concrete available at the outer surface of the reinforcements,
the time to chloride ions to reach the steel surface would be reduced. This can be
verified in Figure 6, when 3 times increase in cover depth leads to 9 times decrease
in corrosion initiation time.
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Figure 6. Effect of cover depth (C) on the corrosion initiation time (Dc=5×10-12)

6.2. Sensitivity of crack effect
Based on the Simplified Smeared Approach (SSA) developed by Boulfiza et al.,
three crack types assumed for RC elements (Figure 2) and the corrosion initiation
time was estimated as shown in Figure 7. As depicted here, by increasing the crack
width and crack spacing, the corrosion initiation time would be reduced in a
logarithmic manner. By doubling the crack width, Ti increase up to 1.5 times,
however, by 10 times increase in crack spacing, cause Ti to be decrease up to about
6 times.
500
450
400

Uncracked
W=0.1 mm, L=400mm
W=0.1mm, L=40mm
W=0.15mm, L=120mm
w=0.1
L= 40 mm

Cover depth (mm)

350
300
250

Dc =1e-3, Dcr =5e-10

Cs =0.5%, Ccr =0.275
Uncracked

200
150
100
50
0
0
10

1

10

2

10

3

4

10
10
Log(Corrosion Initiation Time) (Yrs)

5

10

6

10

Figure 7. Effect of crack on the corrosion initiation time

7. CONCLUSION
In this paper, the corrosion of steel embedded in concrete as the reinforcements
was studied. The main factors affecting the electrochemical corrosion process of
reinforcements were described and anodic-cathodic reactions of corrosion were
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introduced. Various chloride-induce corrosion models were explained based on the
conceptual differential equations. The time to corrosion initiation was explored
both in uncracked and cracked concrete. Moreover a numerical study was carried
out on the effects of the main factors of the corrosion process on the corrosion
initiation time in intact concrete structures and also in cracked concrete structures.
It was concluded that the surface chloride concentration has main influence on the
corrosion initiation time. Moreover it was found that corrosion initiation time is
very sensitive to the cover depth of concrete and the ratio of crack width to the
crack spacing.
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ABSTRACT
Concrete coring is used for determining compressive strength of hardened concrete
of elements to evaluate low-strength-test-result concrete or to understand concrete
placing quality of existing structure. In safety evaluation of existing structures that
need rehabilitation and retrofitting, it's necessary to have some information about
existing concrete. The best and most accurate method to determine compressive
strength of existing concrete is coring. Rebars always make difficulty in coring of
reinforced concrete structures. Sometimes it is not possible to core from plain
concrete areas. There are serious considerations for effects of rebar on compressive
strength of concrete cores in some countries. There is no strength correction for the
effect of rebars in ACI and also in Iranian related codes and specifications. There is
only an Concrete Society equation in publication no.207 of BHRC based on result
corrections of cores contained rebars perpendicular to cores longitudinal axes. This
correction does not exceed 10%. Dealing with such problems in a project and
because there was sureness about strength of placed concrete, but strength of cores
was highly lower and it was not possible to obtain plain core as there was heavy
rebar concentration, it was necessary to study rebar effects on core strength. In this
research, strength of cores of an element contained rebars and plain ones were
compared to evaluate above mentioned equations. Also some cylindrical samples
were made and tested with placed rebars. In addition if the core has uncut rebars,
there will be no significant reduction in its strength. It seems that cutting of rebars
in coring process has little effects on concrete quality. It is due to cracks formation
between concrete and rebars that reduce the concrete strength.
Keywords: compressive strength, core, rebar, reinforced concrete, structure
1. INTRODUCTION
If any strength test of laboratory-cured cylinders falls below fc′ by more than the
given values or if tests of field-cured cylinders indicate deficiencies in protection
and curing, steps shall be taken to assure that load-carrying capacity of the
structure is not jeopardized [1].
If the likelihood of low-strength concrete is confirmed and calculations indicate
that load-carrying capacity is significantly reduced, tests of cores drilled from the
area in question in accordance with “Method of Obtaining and Testing Drilled
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Cores and Sawed Beams of Concrete” (ASTM C 42) shall be permitted [1,3,4].
If by structural analysis, again it can not be accepted, ordinary solution to accept
concrete structurally and according to strength criterion, especially in Iran, is
coring critical parts of concrete structure [3,4].
Nondestructive tests of the concrete in place, such as by probe penetration, impact
hammer, ultrasonic pulse velocity or pull out may be useful in determining whether
or not a portion of the structure actually contains low-strength concrete. Such tests
are of value primarily for comparisons within the same job rather than as
quantitative measures of strength. For cores, if required, conservatively safe
acceptance criteria are provided that should ensure structural adequacy for virtually
any type of construction [1].
Some specific consideration such as preparing suitable diameter and height, not
contacting with reinforcements if possible, positioning critical areas, and some non
destructive tests such as rebar locating test, impact hammer and ultrasonic pulse
velocity are needed for coring.
In any case, if rebars are closely spaced or rebars positions can not be determined,
rebars will be cut and core will contain them.
Rebar existing in the core has always been debatable subject. Some consider that
rebar increase sample strength; others believe that strength will be reduced when
rebar exist; the others believe in very low effect of rebar presentation [6].
In some codes and standards like ACI, ASTM, EN, Iranian Concrete code and
other Iranian codes, there is no consideration for rebar effect on core, therefore
there is not any correction for core test result [1,2,3,4].
In some European countries there is no correction, but BS 1881:1983 and Concrete
Society presented corrections for rebar existing in concrete cores [6].
Equation (1) generally works for samples that rebar are parallel to ends of sample.

3∑ (d r ,i hi )
n

StrengthCo rrectionFactor = 1 +

i =1

2d c L

(1)

Where, dr,i is rebar diameter, dc is core diameter, hi is rebar axis distance to next
core surface and L is core length[5].
In equation (1), effects of rebar depend on diameter, location and number of rebar,
but this correction does not exceed 25% of core strength [7].
If it is possible, the best solution is obtaining cores from plain concrete areas.
Perhaps rebars cutting leads to adverse effects on structural strength, concrete
quality and core strength [6].
Existing no quality control in precast concrete beams construction for bridges of a
road in the South of Iran, supervisor selected coring as only practical solution for
quality control of concrete of these beams. Compressive strength of cores was
astonishing because there was enough confidence in strength of placed concrete,
but strength of cores was too low. Accordingly, it was necessary to study rebar
effects on core strength.
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2. EXPERIMENTAL PROGRAM AND MATERIALS
To determine rebar effect on concrete core strength, two groups of concrete beams
is used. In the first group, there are beams without rebar, and beams with rebars
were the second group (Figure 1). The concrete that is used for construction of
each group, is similar and also with same consolidation and curing conditions. By
coring plain beams and determining their strengths, it is possible to compare
results. In some beams, one, two and even three rebar was placed. Beam is a
concrete block with dimension of 15× 15×60 cm and core is a cylinder with 10cm
diameter and 15cm height (Figure2 and 3). As shown in Table 1, two different
kinds of concrete mix proportion were used in this research. Nominal maximum
size of aggregates was 20 mm.

Figure 1. Rebars placement in beams

Figure 2. Coring of beams

Figure 3. Cored beams

Table 1: Details of Mix Proportions
Mix
No.

Cement
kg/m3

SilicaFume
kg/m3

W/C

Sand
(SSD)
kg/m3

1
2

370
400

30
-

0.4
0.43

925
980

Coarse
Aggregate
(SSD)
kg/m3
850
775

Fresh
Concrete
Density
kg/m3
2328
2328

Slump
mm.

HRWRA
Admixture
kg/m3

Air
Content
%

120
140

3.2
2.8

2.4
2.1

Concretes without rebar are determined by CP and ones with rebar by CR. Three
cores were prepared for each mix proportion. Rebar sizes are 10, 12, 16, 20, 32 mm
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diameter and different rebar arrangement, as shown in table 2, was used. These
arrangements tried to be same as real rebar arrangements in real beams.
In another part of this research, some cylindrical samples with mix proportion no.2
and with or without rebar were prepared. Rebars placed in some samples are
shorter than sample diameter and they are not cut. After 28-day same curing, tests
were fulfilled. Cylindrical samples with rebar are distinguished with P and ones
without rebar with letter R.
3. EXPERIMENTS RESULTS AND ANALYSIS
28-day Compressive strength results of cores in saturated state after capping as
well as weights, number, diameter and arrangement of rebars are presented in
Table 2. Also corrected strength of cores with rebar by using Concrete Society
equation (mentioned above) is presented in this table.
Also results of cylindrical samples with and without rebar are shown in table 3.
Cylindrical samples are with 150 mm diameter and 300 mm height.

According to Tables 2 and 3, in all cores with rebar there is a reduction of
25 to 60 percent than cores without rebar.
It seems that existing of rebars results in weakening of cores. In cylindrical
samples, existence of rebar has reduced sample strength 16 to 24 percent.

After core breaking-up, it observed that usually rebar were separated from
adjacent concrete matrix (Figure 4).
It also seems that in addition to weak connection resulting from bleeding that water
gathers under rebar, act of rebar cutting weakens connection of rebar and concrete.
Cores strength variation does not follow any rule and there is much variation.
Cores strength correction result from Concrete Society equation does not show
good proximity to strength of cores without rebar except CR-2-1, CR-2-2 and CR2-4 cores.
Results of cylindrical samples with rebar after correction by Concrete Society
equation show better correlation with samples without rebar. This demonstrates
that rebar cutting weakens concrete samples.

Figure 4. Separation of rebars after compression test of cores
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Table 2: Concrete Cores Test Results
Core No.

Rebar
quantity and
diameter(mm)

Rebar location
(mm)

Core
weight
(kg)

CP-1-1
CP-1-2
CP-1-3

-

-

2.240
2.235
2.235

Measured
compressive
strength
(kg/cm2)
490
461
475

CR-1-1

1Φ32

75

2.380

260

322.5

CR-1-2

1Φ32

75

2.365

231

286.5

50

2.370

260

301.5

50

2.375

212

246

50

2.380

360

417.5

2.375

320

371

2.220
2.235
2.280

375
404
388

-

CR-1-3
CR-1-4

1Φ12
1Φ20
1Φ12
1Φ20

Corrected strength
by Concrete Society
equation (kg/cm2)
-

CR-1-5

2Φ16

CR-1-6

2Φ16

CP-2-1
CP-2-2
CP-2-3

-

CR-2-1

1Φ32

75

2.310

303

375.5

CR-2-2

1Φ32

75

2.325

303

375.5

CR-2-3

1Φ32

50

2.310

245

284

CR-2-4

1Φ32

2.310

303

375.5

CR-2-5

2Φ10
1Φ20

75
50

2.360

231

277

CR-2-6

2Φ10
1Φ20

2.320

274

323

2.330

260

301.5

2.330

144

178.5

2.300

216

255

2.315

122

155

CR-2-7
CR-2-8

1Φ12
1Φ20
1Φ12
1Φ20

50
-

50

30
30
50

75

CR-2-9

1Φ16
1Φ20

CR-2-10

1Φ16
1Φ20

CR-2-11

2Φ16

75

2.325

260

322.5

CR-2-12

2Φ12

50
50

2.320

231

259

50
75
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Sample
No.
P-2-1
P-2-2
P-2-3
P-2-4
R-2-1
R-2-2
R-2-3
R-2-4
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Table 3: Cylindrical Concrete Samples Test Results
Measured
Corrected
Rebar quantity
Rebar location
compressive
strength by
and
(mm)
strength
Concrete Society
diameter(mm)
(kg/cm2)
equation (kg/cm2)
342
328
323
337
1Φ16
253
288.5
150
1Φ12
1Φ16
267
304.5
150
1Φ12
2Φ16
252
150
1Φ32
2Φ16
257
150
1Φ32

R-2-5

2Φ16
1Φ32

R-2-6

2Φ16
1Φ32

100
100
100
100

279

338.5

266

322.5

CONCLUSION
According to obtained results and their analysis, following conclusions can be
deduced.
1. The equation given by Concrete Society does not predict the core results
accurately.
2. Compressive strength of core with cut rebar is always less than corresponding
strength of core without rebar.
3. It appears that strength reduction due to existence of rebar in cores is between
25 to 60 percent. This reduction in cast cylindrical samples is about 16 to 24
percent.
4. It seems that rebar cutting leads to weakness in cores compressive strength due
to crack formation between concrete and rebars.
5. There is not reliable relationship for correcting compressive strength results of
cores with rebar. But in limited cases, correction of Concrete Society equation
can give acceptable results.
6. Strength reduction of cast cylindrical samples with rebar is usually less than
that of concrete cores.
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ABSTRACT
Demands for soft land strengthening and contaminated soil solidification have been
increased due to the explosion population, development of technology, industry,
and transportation systems.
Deep mixing methods (DMMs) are conventional methods for strengthening the soft
soils. Cement (or binder) with soil have being mixed in this method. Injection of
cement and additives with a high pressure and displacing the gases and liquids
from within soil grains in combination with DMMs is a new wedding technique for
increasing the efficiency of soil stabilization.
In this paper, different kinds of deep mixing methods (conventional and new
techniques) were studied. By considering the type and alternative layers of soil,
load size, the situation, cost and type of project selecting the right stabilizing
method for repair and strengthening of soft soils recommended and it is believed
that it could prompt engineers to resolve soil strengthening difficulties from the
geotechnic-al view point.
Keywords: grouting, stabilizing, injection, mixing, soft soil, cement and binder
1. INTRODUCTION
1.1. Deep Mixing Methods (dmms)
The DMMs refers to the rotary methods for the penetration of soil or rock and
mixing of soil with suitable binder and at times with pneumatically dry or wet end
for enough depth. This technique has been used for construction of tunnels by
injecting binder in the rock too.
Based on design requirements, site conditions, soil layers, restraints, and
economics, the use of DMMs is increasingly spreading. The demand for improving
and stabilizing land for different purposes is expected to increase in the future and
the best way to fulfill it is by using DMMs. The main advantage of these methods
is long term increase in strength, especially for some of the binders used. It has
been mentioned that DMMs is the best way to improve soils and rocks. The
following are the characteristics of the improved soils and rocks when these
methods are employed [1]:
(i) Reduction of settlements, (ii) increase of stability, (iii) increase of bearing
capacity, (iv) prevention of sliding failure, (v) reduction of vibration, (vi)
liquefaction mitigation, and (vii) remediation of contaminated ground.
The Federal Highway Administration has suggested that these techniques can be
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classified based on [2]:
1) Method of additive injection (i.e. wet or dry injection).
2) Method by which additive is mixed (i.e. rotary, mechanical energy or by high
pressure jet).
3) The location of the mixing tool (i.e. near the end of the drilling rods or along a
portion of the drilling rods).
Majority of the companies which are working in these fields agree that the DMMs
can be divided into three common techniques [9]:
1. Shallow soil mixing (SSM), which uses a single mechanical mixing auger
located at the end of the drilling tool (Kelly bar).
2. Deep soil mixing (DSM), which utilizes a series of overlapping augers and
mechanical mixing shafts.
3. Jet grouting which can be considered a type of soil mixing. In order to inject a
liquid into voids within a structure, it is necessary to displace the gases and liquids
from within these. This utilizes high velocity ranges from 28 to 42 Mpa
backpressure and jets to hydraulically shear the soil and blends a cement grout or
suitable binder to form a soil-cement column or column with soil and special
binder.
Table 1 clearly names the methods which are utilized in each part. The explanation
and comparison of each part will be made subsequently.
Table 1: The methods are utilized in DMMs parts.
Shallow
soil
mixing
(SSM)
RasColumns

Jet grouting systems

Deep soil
mixing
(DSM)

Single phase

Dual
phase

Triple
phase

Super
jet
grouting

Cement Deep
Mixing
System
(CDM)

I. Maxperm grouting system
II. Navigational drilling
system
III. Vacuum grouting
injection

Dry jet
mixing
system
(DJM)

Jumbo
ECO pile
system
(JEP)

Ras-jet
system

The researchers have come up to four basic jet grouting systems to be used, which
are [4]:
(i) Single phase (grout injection only), (ii) dual phase (grout + air injection), (iii)
triple phase (water+air injection and followed by grout injection), and (iv) super jet
grouting (air injection+drilling fluid by grout injection). Figure 1 shows the
sketches of the jet grouting systems.

Figure 1. The systems in jet grouting.

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 975

2. SHALLOW SOIL MIXING (SSM)
2.1. Ras-Columns
Ras-Columns are one of the most common soils mixing in DDMs which are based
on mechanical soil mixing technology. This method has been used for improving
shallow soils and seldom in deep mixing.
The mixing head is combined with blades which can rotate inversely. In other
words, in bottom auger the mixing blades rotate clockwise and in the upper auger,
the mixing blades rotate anti clockwise [3].
This technique causes the cement to mix with soil homogenously, and thus
produces higher quality soil-cement columns. The first step of this method is Rig
positioning. This is followed by penetration whereby after passing dry excavation
zone, injecting slurry without any jetting should start. The third step is churning or
moving the head up and down to mix homogenous thoroughly. Finally is the
completion step, where the head is withdrawn and soil column cement is completed
(Figure 2).

1

2

2

3

3

4

Figure 2. The steps in ras-columns system [3].

2.2. Advantages and Main Points
1. Ability to produce soil-cement column of 1.4 to 2.5 m diameter.
2. Applicable to a wide range of soils hence providing excellent quality
improvement.
3. Uniform mixing and homogenous product quality due to counter-rotation
mechanism (in comparison with traditional equipment).
4. Low noise and low vibration system.
5. Computer-based control and monitoring system ensures quality improvement
(in some latest ones).
3. DEEP SOIL MIXING (DSM)
3.1. Cement Deep Mixing System (CDM)
The second method which is related to deep soil mixing and is one of the DMMs is
CDM. As mentioned before, in this method a series of overlapping augers and
mechanical mixing shafts are applied. Figures 3(a) and 3(b) show CDM machines
with 2 and 3 augers respectively.
CDM is normally utilized in soft soil that contains mineral soils such as clay or
sand. In some conditions where mineral soils are absent, sand should be added
before mixing in cement slurry. CDM is a soil stabilization method which mixes
cement slurry with soft soil in situ to attain a required strength. Soft soil is
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stabilized by the 2-phase chemical reaction. A hydration reaction occurs and an
ettringite of capillary crystals is generated when the cement mixes with water.
Then a pozzolanic reaction follows, as the age grows, where the hydration product
reacts with the clay minerals in the soil [3].

a

b

Figure 3: (a) The CDM machine with 2 augers (b) The CDM machine with 3 augers

3.2. Advantages and Main Points
1. CDM is a drilling and mixing operation with low noise and low vibration, and
does not generate dust.
2. CDM method mixes soft soil in situ with cement slurry without any jetting.
The soil should have mineral soils like sand and clay for hydration product
with cement.
3. Because of a series of overlapping augers, it saves soil mixing time and labor
while maintaining efficiency in comparison with previous method.
4. Computer-based control and monitoring system ensures quality improvement
(in some latest ones).
4. JET GROUTING SYSTEMS
Jet grouting systems, which is the third part of DMMs, have some similarities with
the previous methods. Apart from having the same mixing tools, this method also
applies the same process whereby the in-situ soil will be cut and broken by high
pressure jet of slurry and produce homogenously improved zone around the
mechanically mixed core.
In addition, for underwater applications, it is desirable to have highly flowable
grout that can resist water dilution and segregation, and spread readily into place.
The slump of concrete or grout is a good measure of the consistency and flow
characteristics of a concrete or grout mixture. This equates (to) a mid range slump.
A very high slump grout gives maximum water dilution. A very low slump grout
results in little or no flow characteristics. For underwater grout, the slump flow is
influenced (in order of influence) by the anti-washout admixture concentration and
the binder content, the water-cementitious material ratio, and the water reducer
concentration [10, 11].
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4.1. Single Phase
4.1.1. Maxperm Grouting System
It has been mentioned that the jet grouting is divided into 4 phases. The first part
which is single phase has 4 common methods. One of the newest methods in jet
grouting system is Maxperm grouting system. This method is commonly utilized
around the world by several names such as dual-tube double-packer grouting
system.
In this method, the contractor can inject several materials in the soil which has
several layers with different characteristics. On the other hand, the ground is made
up of alternative layers, consisting of different particle sizes, and permeability can
be stabilized by this method. The pre-defined region is improved and its sketches
are shown in Figure 4.

Figure 4. Pre-defined region can be improved by maxperm grouting system.

Figure 5. The steps and detailing of Maxperm grouting system

The following are the steps that take place in this method which are also shown
subsequently in Figure 5[3]:
2. Apply casing drilling (ϕ=100 mm to a pre-defined depth).
3. Install the grout pipe with special sleeve packers and strainers then withdraw
the casing.
4. Install the dual-wall inner tube equipped with double packer which inflates the
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special slee-ve packers.
5. Inject grout through the strainer section. re-install the dual-wall inner tube
equipped with double packer.
4.1.2. Advantages and Main Points
1. Cost-effective and labor saving alternative, because it can be separated and
cause large borehole spacing.
2. Special layers, regions, any pre-defined point, a narrow area and ground with
underground obstacles in soil can be improved by this method.
3. Large size improvement.
4. A pre-defined zone is homogenously stabilized by injecting grout from discrete
injection points.
5. The system allows repetitive grouting at the same Injection point with different
grout materials even after the work is completed.
6. This method can be used as a remedial method for structures.
4.1.3. Navigational Drilling System
The second method in single phase jet grouting is navigational drilling system.
This is a new method which is broadly used. By using 3D navigational drilling
system, horizontal grout holes can be installed from the surface without excavating
a shaft.
The bit locator system monitors exact location of the drill bit with special locator
sensors free from magnetic disturbance. The system gives the operator in real time
such information as direction and inclination of drill bit, tool face orientation, and
deviation from preplanned alignment. Figure 6 shows the schematic representation
of the flexible borehole alignment.

Figure 6. The schematic representation of the flexible borehole alignment which can
be made by navigational drilling system [3]

Below are the steps that take place in this method:
1. Operator starts drilling while monitoring bit location (with the tool face
oriented to the goal).
2. Withdraw the inner steel rod.
3. Install a grout pipe.
4. Withdraw the outer pipe.
Figure 8 clarifies the steps that take place in the navigational drilling system.
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4.1.4. Advantages and Main Points
1. Drills of this method are the most flexible among injection and grouting tools
(it can carve with various radiuses, e.g. 20)
2. Drills are able to drill at a long-distance.
3. Drills can solve the underground obstacle problems with special bit locator
system.
4. Enable ground improvement and soil remediation under or behind existing
structures with-out affecting operation or damaging underground structures
5. This method can be used as a remedial method for structures.
4.1.5. Vacuum Grouting Injection
It is worth pointing out that pressure injection may be less successful when the
pressures needed to dispel gases and liquids from the voids are so high as to risk
disrupting the structure. For instance this may happen when the voids consist of
many fine interstices and are not always interconnecting (which may result in the
need for a very large number of injection points), when complete filling is very
difficult to achieve, or when it is difficult to confine the grout to the area to be
injected.
The third part of single phase of jet grouting is Vacuum Grouting Injection. In this
technique a partial vacuum is first established in a portion of the structure (or the
whole of the structure if it is small enough), drawing off gases and liquids from the
voids and interstices.
This vacuum holds the structure together, rather than exerting any potentially
disruptive forces as in pressure injection. After achieving a stable vacuum, the
injection liquid is introduced either through injection pipes set at appropriate
intervals and depths or, over the surfaces and into the structure through cracks,
fissures and porous areas [6]. In Figure 7 the proceeding of Vacuum Grouting
Injection and its instrument are displayed.

Figure 7: The proceedings of vacuum grouting injection.

4.1.6. Advantages and Main Points
1. It can be used for filling small, essentially air-tight voids through a single hole,
where difficult access complicates the provision of vent holes (like Dam's
concrete) [7].
2. It has been employed for filling small voids under steel liners, as well as
defects in the original grouting of post-tensioning ducts. In other words, it can
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fill off closely spaced fine defects in concrete or masonry.
3. It can be seen clearly which part of the voids are filled by grouting (in part 2).
Whenever the plastic cover saturates the entire area under plastic sheeting, all
air will be sucked in including any void space as well (Figure 8).
4. This method can be used as a remedial method for structures.
5. The mixing machine used is mobile and can be easily relocated to the next soil
mixing location at /on site.
6. This method can be used as a remedial method for structures.

Figure 8. The plastic cover is used for all air to be sucked into any void
spaces as well [12]

5. DUAL PHASE SYSTEM
5.1. Dry jet Mixing System (DJM)
The second part of jet grouting systems is dual phase system. The DJM is a highly
effective ground treatment system used to improve the load performance
characteristics of soft clays, peats and other weak soils. The concept of using dry
binder for deep soil mixing was first presented in Scandinavia in 1967 by Mr.
Kjeld Paus from Sweden. A period of thirty years has passed since then but the
technique has been evolved considerably. The method is based on injecting dry
binder carried by compressed air into soil [8]. The DJM uses mixing blades to mix
dry reagents, such as cement or lime, with in-situ soils for remediation.
In this method, the process employs the effects of both hydration and the bonding
of soil particles to increase the shear strength and reduce the compressibility of the
soil mass [4].
Advantages and Main Points
1. The use of air instead of water to transport the binder in pipes and hoses is a
big advantage where the temperature drops below the freezing point many
months of the year or in the high ground conditions [8].
2. Additives to cement and lime can be used with particles of sizes less than 5 mm
[3].
3. DJM does not need water or slurry preparation. Operation without water keeps
the site clean.
4. Little dust is introduced into air and the operation is safe with minimum noise
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and minimum ground vibration.
5. The mobility and automatic monitoring system (the latest one) of mixing
machine records help in getting high quality performance and saves on labor.
6. Soil mix column with diameters of 600mm to 1000mm can be constructed to
controlled height and depth. The amounts of binder agents commonly used are
80-100 kg/m3 in soft clay and 150-200 kg/m3 in peat [4].
5.2. Triple Phase
5.2.1. Jumbo Eco Pile System (JEP)
The next part of JEP is triple phase system. It can be said that the JEP is the most
popular method in this system. Most frequently, the applications of JEP, which is
also named soilcrete-jet grouting, are: underpinning, tunnel protection, foundation
restoration and modification, shaft supports, deep foundation, earth pressure relief,
panel walls, vault slabs, column walls, sealing cover, dam sealing, joint sealing,
sealing slabs, and groundwater exits. Figure 9 shows the steps of this method.

Figure 9. The steps of jumbo ECO pile system (JEP)

This method is also recognized as cement soil stabilization. With the aid of high
pressure cutting jets of water or cement suspensions having a nozzle exit
velocity〈100 m Sec-1; eventually the air shrouding the soil around the borehole is
eroded [4]. It has been suggested that when the cohesion of the ground exceeds 50
kNm-2, a separate study is required. A separate study is also required for the sand
and gravel layer [3].
Advantages and Main Points
1. Large diameter column improvement from double jet monitors.
2. Double jet shortens construction time.
3. Tow jet crosses and cuts soil to smaller size, thus producing high quality product.
4. In comparison with the conventional method, this method is more costeffective and time saving alternative.
5. The compressive strength of JEP system is from 2-25Mpa.
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5.3. Super Jet Grouting
5.3.1. Ras-Jet System
Ras-Jet System is used in super jet grouting method. This method is the same as the
Ras-Columns which have been elaborated in the first part of this paper. However,
in Ras-Jet System, while the mixing blades are rotating; the same slurry is jetted
simultaneously. With this system, the homogenous soil-cement column mass of a
large diameter will be installed underground.
Grout slurry, air, and drilling fluid are pumped through separate chambers in the
drill string. Upon reaching the designed drill depth, jet grouting is initiated with
high velocity, coaxial air and grout slurry to erode and mix with the soil, while the
pumping of drilling fluid is ceased. This system uses opposing nozzles and highly
sophisticated jetting monitor specifically designed for focus of injection media [4].
Figure 10 shows the soil cement columns which are produced by Ras-Jet system.
Advantages and Main Points [3]
1. Applicable to a wide range of soils, providing excellent quality improvement.
2. Large diameter column improvement of diameter (1.6 - 2.0m, excluding the
jet grouting part).
3. Uniform mixing and homogenous product quality due to counter-rotation
mechanism.
4. Computer-based control and monitoring system for quality assurance.
5. Super high pressure jet of slurry cuts and breaks in-situ soil and produces
homogenously improved zone around the mechanically mixed core.

Figure 10. The soil cement columns which have been made by ras-jet system

6. CONCLUSIONS
1. The DMMs which are applied to stabilize and improve soils are spreading
increasingly and have been accepted worldwide as a soil improvement method.
DMMs are based on mixing binders such as cement, and/or lime and other
additives with soil grains, using rotating mixing tools or jetting,
simultaneously.
2. These methods have been suggested and applied for soil and rock stabilizing,
slope stability, liquefaction mitigation, vibration reduction (along the railway),
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roads and railroads bridge foundations, embankments, construction of
excavation support systems or protection of structure close to excavation sites,
solidification and stabilization of contaminated soils, and remedial grout
injection of building.
3. Based on conditions such as the types of soil and rock layers, time table of
project, location, importance of project, and the economic situation, the use of
multiple-auger or single auger deep mixing methods, jet grouting methods, or a
combination of several methods may be required.
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ABSTRACT
Concrete is a material which can have a range of different strengths with using
different ratio s of its composites. In this regard, every factor that can help us reach
better mechanical properties and other characteristics of concrete is worth studying.
In our study, regarding above information, we study the effects of water properties
(considering magnetizing water) of concrete on some of the mechanical features of
concrete containing microsilica such as compressive and tensile strength at
different curing ages. The water in concrete has been passed through magnetic field
with velocities such as Q, Q/2, Q/3, Q/6 and with 1, 3 and 6 passing times. The
results indicate that increasing the number of times water is passed (from 1 to 6),
improves the compressive and tensile strength of concrete, and decreasing the
velocity of passing water through magnetic field in one cycle (from Q to Q/6) has a
similar result. The improvement of decreasing the velocity in one cycle is more
significant than the improvement caused by passing water through a number of
times, and the compressive and tensile strength will be improved substantially. the
compressive and tensile strength of concrete will be increased up to 15 % .This
method is considered very economical and does not need special equipments in
industry.
Keywords: microsilica, magnetic water, superplasticizer, compressive
1. INTRODUCTION
Henrico Anton Lorenz (1920) introduced the effect of the magnetic field on water
that got the Nobel Prize. He found that, under the effect of a magnetic field, polar
molecules are arranged and separated, therefore, water becomes lighter. When the
molecules pass through a magnetic field, a change in their arrangements appears.
Since each water molecule is like a little magnet, as shown in Figure 1, by passing
through the magnetic field, they arranged in an end - to - end way; This is called
polarity. Water molecules are not separated; they are attached to each other as a
group by a hydrogen bond. The lesser the number of molecules are in this group of
molecules, their activity will be more. The magnetic field helps to this process
(Figure 2).
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A
Figure 1. Effect of the magnetic field on
molecules arrangement

B

Figure 2. Effect of the magnetic field
gathering of water molecules A) Before
passing through the magnetic field B)
After passing through the magnetic field

The general principle of magnetic technology is based on the interactions between
a magnetic field and a moving electrical charge, in form of an ion in this system.
When the ions pass through a magnetic field, some force is given to each single
ion. In case, the orientation and the charge of the ions are against each other, it
causes a fluctuation in the ions which, as a result, leads to the formation of
sediment. The magnetic fields lead to the induction of electrical charge through
positive and negative ions. As a consequence, ions of different charges repel each
other instead of attracting each other. Therefore, a negative and a positive ion of
the same charge that should form sediment, cannot approach enough to each other.
Magnetic processing of water system is categorized in two and three, forms of
installation and operation, respectively. Magnetic system may be installed inside or
outside the flow. The inner systems are those which all or part of them is on the
way of the flow. The outer systems are completely out of the water flow, thus they
can be installed on the pipe (Figure 3) [1].
In terms of the kind of the operation these systems are categorized in the following
way:
1. Magnetic: Mostly a permanent magnet.
2. Electromagnetic: In which the magnetic field is provided by the electromagnetic.
3. Electrostatic: In which the electrical field is forced into the water flow, which
leads to the production of a magnetic field and, as a result, it attracts or repels the
ions. The electrostatic units are always inside, whereas the other two kinds can be
either inside or outside (outer) [1].

The degree of magnetization of water depends on three factors:
- The amount of the liquid in contact with the magnet.
- The power of the used magnet.
- The period of time that the liquid is in contact with the magnet.
During the recent years, there have been few researches carried out about the effect
of magnetized water on the properties of normal concrete. In these researches,
normal water was passed through a magnetic field in a frequency and with a
specified velocity, and then this water was used in the mix designing. The result of
these researches was an increase in the strength and other mechanical properties of
concrete.
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If water passes through a magnetic field during one or more frequencies or with
different velocities, the behavior of the strength properties of the concrete
containing Microsilica is studied in this research.

Figure 3. Different kinds of magnetic systems in terms of the place of installation

2. EXPERIMENTAL PROCEDURES
2.1. Properties of the Used Materials
2.1.1. Cement
The cement used in making concrete specimens of normal Portland cement type II
of KHASH cement factory is based on the ASTM standard [3]. The unite weight
obtained is 3.157 gr/cm3. Tables 1 and 2 represent physical properties and results
of the chemical analysis of the specimen, respectively.
2.1.2. Aggregates
Natural coarse (Gravel) and fine aggregates (Sand) are used to make the
specimens. Different properties of the aggregates used, such as the unit weight (in
terms of dry, saturated, and apparent), water absorption and their grading are
obtained (Tables 3 and 4). Water absorption of the aggregates, represents the
amount of the moisture of the aggregates in a saturated - dry surface (SSD).
Table 1: Physical and mechanical properties of Portland cement type II [3]
Setting time
Hydration heat
Compressive strength (Kg/cm2)
(minute)
(cal/gr)
28 days
7 days
3 days
final
initial
7 days
28 days
> 380
> 270
> 170
< 200
> 70
< 70
< 80
Table 2: Results of the chemical analysis of Portland cement type II [3]
Chemical
SO3
MgO
CaO
Fe2O3
Al2O3
SiO2
compound
<2.0
<2.3
63.2-64.8
3.6-4.3
4.7-5.4
21.0-22.2
percentage
Chemical
Na2O+0.658K2O
F.Cao
L.O.I
Lns.Res
Cl
compound
<1.0
<1.3
<1.0
<0.65
<0.05
percentage

Grading represents the amount of distribution and presence of different sizes of
aggregates in a sand or gravel specimen. The size of an aggregate is the average
diameter that can be considered for the aggregate. Therefore, dividing an aggregate
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into grains of the same size, is the definition of grading [4]. This grading of fine
aggregate (sand) and coarse aggregate (gravel), as shown in diagrams 1 and 2, is
experimentally obtained.
Table 3: Unit weight based on the results of the test (Kg/m3)
The apparent unit
The actual saturated
The actual dry
Aggregate
weight
unit weight
unit weight
2718
2673
2646
Gravel
2607
2576
2556
Sand
Table 4: The 24-hour water absorption aggregates based on the results of the test
Percentage of water absorption
Aggregate
1.005
Gravel
0.76
Sand

2.1.3. Water
Drinking water is used in carrying out tests and making specimens. To magnetize
water it was first poured in to a system (at the end of which a pipe was attached
from outside and in some parts of the pipe the AQUA apparatus (Figure 5) was
installed, and there were two valves before and after the apparatus (Figure 4)), and
after the water went out of the vessel and passed through a magnetic field, in case
the valve installed at the end of the AQUA was turned on, it would pass through
the pipe into the vessel 2 and it would be used in making specimens, immediately.
If the objective was to repass the water through the magnetic field, the water in
vessel 2 would be re-poured into vessel 1, and this would be done as many times as
required. If the objective was passing the water with a lower velocity less than that
of the basis, the valve before the AQUA was turned on so that the water could pass
through the magnetic field with the desired discharge. Flow meters were used to
control of the velocity of the water.
2.1.4. Admixtures
In this study silica fume (S.F) was used with the average grain of 0.2 µm and an
actual specific weight of about 2.2 gr/cm3. To study the extra effect of silica fume
in concrete, specimens of 10% and 20% of silica fume were made as substitutes for
cement and different results of the compressive and tensile strengths were obtained
from magnetized water. Because of an increase in the viscosity and cohesiveness of
the matrix and a decrease in the workability of concrete due to the use of silica
fume, superplasticizer was used.
2.1.5. Superplasticizer
Superplasticizers are used in naphthalene formaldehyde sulphonate tests. This
material is used as liquid in the form of solution in water. It is dark brown and has
a specific weight of 1.2gr/cm3.
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2.2. Properties of the Mix Designings
Properties of parts of the concrete mixture made with magnetized water (during
different frequency or different velocities in a frequency) are calculated with
absolute volume method and are shown in Table 5. CO1 to CO4 represent
specimens made with normal water and are considered as the observer concrete.
CN and CV represent specimens made with magnetized water in different
frequencies and specimens made with magnetized water in different velocities,
respectively.
Notes:
1. Q is the base discharge and is 105.8 cm3/s.
2. In all Tables, the quantity of Q is cm3/s.
3. In represents the number of magnetization of water cycles.
4. In this study, concrete specimens were made in which density of the cement
5. as 400 kg/m3, the water to cement were 0.5 and 0.4 ratios and also 10% and
20% of Microsilica.
6. According to the fact that silica fume is a cement material, cement materials
(B=C+S.F.) are used instead of cement, and water to cement material ratios
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(W/B) instead of water to cement (W/C) in the calculations and Table of the
mix designings.
7. The maximum amount of the superplasticizer is limited to 2% of the weight of
the cement materials.
8. The amount of the air in these specimens is 2% of the volume of the concrete.
9. The average amount of slump is 60 mm.
10. The maximum size of the aggregates is 19 mm.
2.3. Details of the Specimens and the Preserving Method
Specimens were made to carry out the concrete compressive and tensile strength
tests, which will be discussed later.
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Table 5: The amounts of the mix designing (Kg/m3)
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Table 6: comparison of the specimens W/B=0.4 , S.F=20%
CO1
CN1
CN5
CN9
CV1
CV5
٠
١٠۵٫١٨

١
١٠۵٫١٨

٣
١٠۵٫١٨

٦
١٠۵٫١٨

١
٥٢٫٥٩

١
٣٥٫٠٦

Table 7: Comparison of the specimens W/B=0.4 , S.F=10%
CO2
CN2
CN6
CN10
CV2
CV6
٠
١٠۵٫١٨

١
١٠۵٫١٨

٣
١٠۵٫١٨

٦
١٠۵٫١٨

١
٥٢٫٥٩

١
٣٥٫٠٦

Table 8. comparison of the specimens W/B=0.5 , S.F=20%
CO3
CN3
CN7
CN11
CV3
CV7
٠
١
٣
٦
١
١
١٠۵٫١٨ ١٠۵٫١٨ ١٠۵٫١٨ ١٠۵٫١٨ ٥٢٫٥٩
٣٥٫٠٦

CV9
١
١٧٫٥٣

CV10
١
١٧٫٥٣

CV11
١
١٧٫٥٣
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Table 9. comparison of the specimens W/B=0.5 , S.F=10%
specimen
n
Q

CO4
٠
١٠۵٫١٨

CN4
١
١٠۵٫١٨

CN8
٣
١٠۵٫١٨

CN12
٦
١٠۵٫١٨

CV4
١
٥٢٫٥٩

CV8
١
٣٥٫٠٦

CV12
١
١٧٫٥٣

A) Compressive strength test
Standard 10*10*10 cm moulds were used in making compressive specimens. To
specify the compressive strength three specimens were made to be tested at each
age, meaning that for each design, three cubic specimens for the compressive
strength test at the age of 7 days, three cubic specimens for the compressive
strength test at the age of 14 days and three cubic specimens to be test at the age of
28 were made and the average results of the test of the three specimens were placed
into the pervious results. On the whole 252 cubic 10*10*10 cm specimens were
made to specify the strength terms of 7, 14 and 28 days. To convert the
compressive strength resulted from the cubic specimens to the standard cylinder,
the proposed factors of Iranians Concrete Regulations were used. The strengths
obtained, are the average of the strengths of the three concrete specimens made in
the laboratory, and are shown in the table. [5]
B) Tensile strength test
15*30 cylindrical specimens and the Brazilian test method were used to achieve the
tensile strength. Three models were made for each specimens and the average of
the result are shown in Tables and Figures. All the tensile specimens of the age of 7
and 28 days were tested. Totally, 168 cylindrical specimens (15*30) were made of
the age mentioned.[5]
3. RESULTS
Two subjects are studied in this part of the research. The first section compares the
effect of two techniques of magnetizing water (passing water through the magnetic
field in different frequencies or passing it through this field with different
velocities) on the compressive and tensile strength. The results of the two
techniques are studied in the second part.
3.1. Compressive and Tensile Strength
The results are shown in Table 10.
3.2. Results Discussing
In this part, due to the variety of the existing designs and the results obtained in the
previous parts, examining and comparing the concretes made with the maximum
compressive and tensile strengths (the designs with magnetized water in six
frequencies or magnetized water with water passing through a magnetic field as
much as 1/6 of the base passing discharge) with the observer concrete are studied.
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Table 10. Results of average compressive and tensile strength of specimens of different
ages (MPa)
Average
28-days
tensile
strength
٣٫١۵
٢٫٧٧
٢٫۶٨
٢٫۴۴
٣٫٢٧
٣٫٠۴
٢٫٨١
٢٫۵٩
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٣٫٣۵
٣٫٣۴
٣٫١٩

Average
7-days
tensile
strength
٢٫٣٣
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٢٫۵٢
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٢٫۵٩
١٫٨١
٢٫۵١
١٫٩٢
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Diagram 3. Effect of magnetizing water on
the compressive strength of concrete of
different ages
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Diagram 4. Effect of magnetizing water
on the tensile strength of concrete of
different ages
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3.2.1. Concrete with 0.4 Water to Cement Ratio and Containing 20% of Microsilica
The results of the comparison between this mix designing in the concrete with
normal water and with magnetized water (in six frequencies and with a passing
velocity of 1/6) are shown in diagrams 3 and 4. As illustrated in these figures, the
magnetization of water causes an increase in the compressive and tensile strength.
Furthermore, the induction of the magnetic property into water, by passing it
through a magnetic field with 1/6 of the base velocity, compared with the number
of processing frequencies causes more increase in the strength.
3.2.2. Concrete with 0.4 Water to Cement Ratio and Containing 20% of Microsilica
A comparison between the results of the diagrams 5 and 6 shows that due to
magnetizing water, mechanical properties (including the compressive and tensile
strength) will improve. For example, by increasing the number of magnetic
processing frequencies of water, the 28 days compressive and tensile strengths of
the concrete, in comparison with the observer specimen, will increase by 17.3 and
15.1, respectively.
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Diagram 5. Effect of magnetizing water
on the compressive strength of concrete
of different ages
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50
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Diagram 6. Effect of magnetizing water on
the tensile strength of concrete of
different ages

Induction of magnetic property by decreasing the velocity of water passing through
the field, causes an increase of 29.6% and 20.8% in these strengths. Therefore,
magnetizing water via decreasing its velocity of passing through the magnetic field
causes more increase in the compressive and tensile strengths of the concrete.
3.2.3. Concrete with 0.5 Water to Cement Ratio and Containing 20% of Microsilica
Results obtained from this comparison are shown in diagrams 7 and 8. According
to these results, the concrete containing magnetized water, will have its maximum
of tensile and compressive strength via decreasing the velocity of water passing
through the magnetic field. For example, via this method of magnetizing water, the
tensile and compressive strength will, in comparison with the observer concrete,
increase by 24.6% and 32.9% respectively, whereas by increasing the number of
magnetic processing, these two quantities will, in comparison with the normal
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specimens of water, increase by 13.5% and 17.5%, respectively.
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Diagram 7. Effect of magnetizing water on
the compressive strength of concrete of
different ages
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Diagram 8. Effect of magnetizing water
on the tensile strength of concrete of
different ages

4. CONCLUSION
Looking of the fact that, optimized strengths are obtained by magnetized water
with six frequencies or 1/6 of the base discharge, the results of examining the
laboratory results of this study and the final conclusion of the information there in
are as follows:
- Generally, by once magnetizing water, the average changes in the compressive
and tensile strength, will in comparison with normal water, be about 9% and
8.5%, respectively whereas the average amount of the increase in the
compressive and tensile strength of all ages, by once to three times of
magnetizing will, respectively be about 1.9% and 6.1% and with three to six
times of magnetizing will be 2.1% and 1.8%. This is the case that magnetizing
water via passing in through the magnetic field with the velocity of 1/2 of the
discharge, the averages in the compressive and tensile strength, is respectively
in comparison with normal water, about 17.6% and 20.4% whereas the average
amount of the increase in the compressive and tensile strength from 1/2 of the
discharge to 1/3 at all ages in respectively 6.5% and 5.6% and from 1/3 to 1/6 of
the discharge is about 3.2% and 0.9%.
According to what has been mentioned:
1. Increasing the number of magnetizing water frequencies (from 1 to 6) and also
decreasing the velocity of water passing through the magnetic field (from Q to
Q/6), the average increase in the strength will face a decline.
2. six times of magnetizing water will change the average compressive and tensile
strength, at all ages, to about 13% and 16.6% in comparison with the concrete
made with normal water, where as by water passing with a velocity of 1/6 of
the base passing discharge the average compressive and tensile strengths, at all
ages, will respectively change about 27.3% and 25.1% in comparison with the
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concrete made with normal water. Therefore,
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A) Magnetizing water vi decreasing the velocity of water passing though the
magnetic field, in comparison with the other technique of magnetizing water
(by increasing the number of magnetic processing frequencies) is the most
efficient technique, in a way that former technique causes an increase, in
comparison with the later technique, of 14.3% and 8.5% in the compressive
and tensile strength.
B) according to the results above, in the subject of tensile strength, water passing
through the magnetic field with the velocity of 1/6 of the base discharge is not
so cost-saving and caused a decline in the strength.
- The concrete containing 10% of Microsilica and a 0.5 water to cement ratio,
shows the best response to magnetizing and the compressive and tensile
strength, due to this change in the property of water (during six frequencies), the
amount of the increase in the compressive strength will be about 16.9% while
the concrete containing 10% of Microsilica and a 0.4 water to cement ratio has
the maximum increase (about 22.5%), due to six times of increasing the number
of the magnetic frequency, in the tensile strength. In case of magnetizing water
(with the velocity of 1/6 of the discharge), the concrete containing 10% of
Microsilica and a 0.5 water to cement ratio, shows the best response to the
magnetizing in the compressive and tensile strength and due to this change in
the property of water (during water passing will 1/6 of the base passing
discharge), the amount of the increase in the compressive and tensile strength
will be 26% and 37.9% respectively. Therefore, with a decrease in the
percentage of Microsilica and an increase in the water to cement ratio, the
concrete will have the maximum increase in the mechanical properties.

998 / The Study of Velocity and Frequency of Passing….

––––––––––––––––––

REFERENCES
1. H. Lotfi, “Effect of magnetic water on mechanical properties of lightweight
concrete, master thesis, Sistan and Baluchestan university, 2007” 8-10;
2. Y. Salimpoor, “Effect of decline rigidity and sediment of water with
electronically environment in heat and cold temperature, master thesis, Amir
Kabir university, 2006” 12-14;
3. Khash factory, “First congress about recognition and consumption of cement
types in cement factories, Khash, Sistan and Baluchestan, 2007”
4. A. Same, “ Quality and mix designing of concrete, Technical University of
Isfahan, 2006”, 44-54;
5. M. Shahnazari, M. Sahab, “Recipes of concrete laboratory, Iran University Of
Science & Technology, 2007,” 50-55;

CD07-002

MIX DESIGN OF STRUCTURAL SELF-COMPACTING
CONCRETE USING VOID-BULK DENSITY METHOD
N. Abdizadeh1, A.A. Zekavati2, H. Afshin3
M.Sc Student, Civil Eng. Faculty, Sahand University of Technology, Tabriz, Iran
2
M.Sc Student, Civil Eng. Faculty, Sahand University of Technology, Tabriz, Iran
3
Associated professor in Civil Eng. Faculty, Sahand University of technology, Tabriz, Iran
1

ABSTRACT
Self Compacting Concrete (SCC) was firstly developed in Japan in 1987.
(Alternative: Pioneering works on Self Compacting Concrete returns to 1980s in
Japan) In recent years, much research has been conducted in other to achieve a
reasonable and also suitable mix design method for controlling the compaction
experiment and determination of the compliance particular trait of SCC. But, just a
few researches have been done in to propose a mix design method that can have
both of highly fluid state and good viscosity, simultaneously. SCC is a special kind
of concrete that can flow through and fill the gaps of reinforcement and corners of
molds without any need for vibration and compaction during the placement
process. In this paper Void-Bulk Density mix design method for structural SCC is
investigated. In this method, firstly, the relationship between the void volume (or
density of combined aggregates) and coarse-to-total aggregate volume ratio is
established by packing different amounts of coarse and fine aggregates following
ASTM C 29/C 29M, using the void volume of the dry binary aggregate (fine and
coarse), is determined. Then, based on the optimum ratio that results from
minimum void of aggregate and minimum bulk density, mix design is
accomplished and finally in order to increase the flowability of the concrete have
been added, some excess paste via reducing ratio of volume aggregate in unit
volume concrete. Obtained results of the experiments on fresh concrete (Slump
flow, L-box, V-funnel) and hardened concrete (compressive strength, tensile
strength, elastic moduli and durability) show that this method is appropriate for
SCC. In this study nine different SCC mixtures having the volume of paste and the
ratio between sand and gravel as variables were compared with eight different
mixtures of conventionally vibrated concrete (CVC).
Keywords: Self-compacting concrete, compressive Strength, Durability, elastic
moduli, Mix design
1. INTRODUCTION
The development of Self-Compacting Concrete (SCC), also referred to as ‘‘SelfConsolidating Concrete’’ and ‘‘High-Performance Concrete’’, has recently been
one of the most important developments in the building industry. It is a kind of
concrete that can flow through and fill gaps of reinforcement and corners of
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moulds without any need for vibration and compaction during the pouring process.
It can be used in pre-cast applications or for concrete placed on site. SCC results in
durable concrete structures, and saves labour and consolidation noise. Pioneering
work in the development of SCC was carried out by Okamura [1] and Okamura
and Ouchi [2], which will henceforth be referred to as Japanese Method. The
method suggests that the gravel content in the concrete mix corresponds to 50% of
its packed density, and that in the mortar the sand content corresponds to about
50% of its packed density (Figure 1).

Figure 1. Schematic Composition of SCC [5]

This independent consideration of gravel and sand, results in SCC that has a
relatively high content of paste. Many SCC mixes therefore attain a higher strength
than actually required [3,4]. In the Netherlands, and many other European
countries, the Japanese Method has been adopted and used as a starting point for
the development of SCC [5]. More recently, Su et al. [6] and Su and Miao [7]
developed an alternative method for composing SCC, henceforth referred to as
Chinese Method. The Chinese Method starts with the packing of all aggregates
(sand and gravel together), and later with the filling of the aggregate voids with
paste. The method is easier to carry out, and results in less paste. This saves the
most expensive constituents, namely cement and filler, and concrete of ‘‘normal’’
strength is obtained. This will also favour the technical performance of the
concrete, as the largest possible volume of aggregate is advantageous in regard to
strength, stiffness, permeability, creep and drying shrinkage.
Self-consolidating concrete (SCC) is a highly flowable, yet stable, concrete that
can spread readily into place, fill the formwork, and encapsulate the reinforcement,
if present, without any mechanical consolidation and without undergoing any
significant separation of material constituents. The introduction of the modern SCC
is associated with the drive towards better quality of concrete pursued in Japan in
late 1980s, where the lack of uniform and complete compaction had been identified
as the primary factor responsible for poor performance of concrete structures. SCC
has many advantages over conventional concrete such as:
• Eliminating the need for vibration;
• Decreasing the construction time and labor cost;
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2. MIXTURE DESIGN PROCEDURES FOR SCC
Several design procedures based on scientific theories or empirical experiences
have been proposed for SCC [7-8]. In general, these procedures fall into the
following two categories: 1) combination of high-range water-reducing admixture
and high content of mineral powders, and 2) combination of high-range waterreducing admixture and viscosity-modifying admixture (VMA) with or without
defoaming agent. Figure 2 illustrates the general principles for the design of SCC,
as considered from the excess paste theory. The conventional concrete design
method begins with the determination of the amounts of water and cement, and
ends with the calculation of the amount of aggregates. Because aggregates are
much less expensive and more stable than cement pastes, a quality concrete should
contain as much aggregate and less cement paste as possible. Thus, the most
reasonable approach to determine the amounts of cement pastes for the concrete
should be based on the characteristics of the aggregates used and of the concrete
designed. In this paper, a procedure has been developed to design SCC using a
combination of the least void volume for a binary aggregate mixture, excess paste
theory [9-10] and ACI 211.2,“Standard Practice for Selecting Proportions for
Structural Concrete [11].
Figure 2(a) shows compacted aggregate particles. In order to obtain a concrete
mixture with proper workability, it is necessary to have not only sufficient amount
of cement paste to fill the voids among aggregate particles, but also enough paste
to form a thin layer of coating on the surface of aggregates to overcome some
frictions between aggregate particles, as shown in Figure 2(b). Without a film of
cement paste around aggregates as a lubricant, the movement between aggregates
would be difficult. To further increase the workability of the concrete mixture to
become a self-consolidating concrete, it is necessary to increase the volume of
excess paste or the distance between aggregate particles, as shown in Figure 2(c).
The required volume of excess paste is dependent on gradation, shape, and surface
texture of the aggregates used, and can be determined through laboratory
experiments for concrete mixtures with desired properties.
To determine the volume of filled paste and excess paste, the void volume of the
dry binary aggregate (fine and coarse) mixtures should be determined first. The
relationship between void volume or density of combined aggregates and coarseto-fine aggregate volume ratio can be established by packing different amounts of
coarse and fine aggregates following ASTM C 29/C 29M,19 as shown in Figure 3.
It can be seen from Figure 3 that the lowest void volume for the combined coarse
and fine aggregates used in this project is around 280 L/m3 when the coarse-to-fine
aggregate volume ratio is 0.4.
The target compressive strength fc′ of the designed SLC was 28 MPa (4000 psi) at
28 days using ASTM Type I Portland cement. Because no statistical strength data
are available for this concrete, ACI 318 “Building Code Requirements for
Structural Concrete” requires that an average strength of the tested concrete at 28
days be fc′ + 8 MPa (1200 psi), or 36 MPa (5200 psi). ACI 211.2 provides
guidelines on relationships between compressive strength and cement content, and
relationship between compressive strength and water cement ratio (w/c). Based on
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the strength requirement and ACI 211.2, a cement content of 420 kg/m3 and a w/c
of 0.48 were used in this study. The volume of excess paste was determined by
experiments.
Void

Aggregate

)a(

Add paste
Filled paste

)b(

Aggregate

Excess paste

Add more paste
Filled paste

Aggregate
Thickness of excess paste

)c(

Excess paste

Figure 2. Scheme of compacted aggregate and concrete mixtures.

Figure 3. Effect of coarse-to-total aggregate volume ratio on bulk density and void
volume of binary aggregate mixture consisting of coarse lightweight aggregate and
fine natural siliceous sand
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Different volumes of combined aggregates were replaced by cement paste with the
same property. It was found that a replacement of 20% aggregate (by volume) by
excess paste would give the concrete the required flowability and segregation
resistance. The workability of the concrete mixture was adjusted by using a highrange water-reducing admixture. During the mixture proportioning, the cement
content was fixed at 420 kg/m3; the rest of the paste was made from powders, such
as Limestone and Silica fume.
Bulk Density (“Unit Weight”) and Voids in Aggregate
Bulk Density-calculate the bulk density for the rodding, jigging, or shoveling
procedure as follows:
M = (G − T ) / V

Or

M = (G − T ) × F

Where:
M = bulk density of the aggregate, (kg m 3 ) ,
G = mass of the aggregate plus the measure, kg ,
T = mass of the measure, kg ,
V = volume of the measure, m 3 , and
F = factor for measure, m −3 .

Figure 4. Cylindrical metal measure with Tamping Rod and piece of plate glass

Void Content-Calculate the void content in the aggregate using the bulk density
determined by either the rodding, jigging, or shoveling procedure, as follows:
%Void =

100 × [( S × W ) − ( M )]
S ×W

Where:
M = bulk density of the aggregate, (kg m 3 ) ,
S = bulk specific gravity (dry basis) as determined in accordance with Test Method
C 127 or Test Method C 128, and
W = density of water, 998 (kg m 3 ) .
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Relative Density (Specific Gravity) (OD)—Calculate the relative density (specific
gravity) on the basis of oven-dry aggregate as follows:
Relative density (specific gravity) (OD) = A /( B − C )
Where:
A = mass of oven-dry test sample in air, g,
B = mass of saturated-surface-dry test sample in air, g, and
C = apparent mass of saturated test sample in water, g.
Powder Volume-Calculate the powder volume as follows:
V P = VW + V C − V EXP − Void

Where:
V P = Powder Volume (lit )
VW = Water Volume (lit )
VC = Cement Volume (lit )
V EXP = Excess Paste Volume (lit )
Void = Void Volume (lit )
3. MIX DESIGN OF STRUCTURAL SCC USING VOID-BULK DENSITY
METHOD
Nine batches of concrete were designed using the same mixture proportions, as
shown in Table 1.
Concrete mixtures were mixed in a high-speed shear mixer. The properties of
freshly mixed concretes were determined as described in the following. For each
batch, two 100x200mm cylinders were cast for splitting strength testing and six
100x100x100mm cube were cast for compressive and elastic moduli testing. The
specimens were cast in one layer without any compaction or vibration. After
casting, all the molded specimens were taken to a fog room at 23±2°C. The curing
and testing of these specimens for measurement of different properties are
described in the following.

Mixture
No.
SCC1
SCC2
SCC3
SCC4
SCC5
SCC6
SCC7
SCC8
SCC9

Table 1: Mixture proportions of SCC
Coarse
Sand Water Cement silicafume
ggregate
684
884
191
458
46
686
886
190
459
48
699
907
169
429
36
709
918
165
443
71
711
924
180
444
63
712
925
188
455
134
705
917
186
451
87
917
190
397
92
683
692
900
205
439
116

limestone

sp

149
149
165
83
107
0
61
110
33

6.8
7.15
7.01
10.10
9.8
10.40
9.47
9.38
10.10
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3.1. Slump Flow Test
The slump flow test measures the horizontal free flow of SCC by using a regular
slump cone. It was first developed in Japan for use in assessment of flowability of
underwater concrete. This is a simple, rapid test procedure and is suitable for
construction site use. The slump cone was filled with concrete mixtures without
rodding, and then lifted up vertically. The diameters of spread mixtures in four
directions after unconfined lateral spread were measured, and the average of the
four measurements was used as the flowability of the concrete mixture. The slump
flow of the mixtures was measured at 30, 60, and 90 min after the addition of
mixing water to examine how the flowability of SCLC mixtures changed with
time. Between measurements, the SCC mixtures were stored in a bucket covered
with a damp cloth to avoid moisture loss.

3.2. V-funnel test
A V-funnel, as shown in Figure 5, was used to determine the flowability of the
concrete. The funnel was filled with a concrete mixture without rodding or
tamping, then the trap door at the bottom was opened to allow concrete to flow out
under gravity. The time from opening the trap door until complete discharge of the
concrete mixture was recorded as an indication of the flowability of the concrete.

Figure 5. Schematic illustration of V-funnel

3.3. L-box test
L-box tests assess the filling and passing ability of SCC. Serious lack of stability
(segregation) can also be observed easily during the testing. The testing apparatus
is shown in Figure 6. The vertical section was filled with a concrete sample without
rodding or tamping, and then the sliding door was lifted. The time for concrete
mixture to flow to the end of the horizontal section was recorded, and the distance
H1 and H2 were measured. The flow time can give an indication of flowability.
The ratio H2/H1 is called the blocking ratio. Obvious blocking of coarse
aggregates behind the reinforcing bars can be visually observed easily.
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Figure 6. Schematic illustration of L-box
Table 2: Properties of freshly mixed SCLC mixtures
Mixture
no

Slump
flow (mm)

Slump
flow (s)

V-funnel
(s)

L-Box
H2/H1,%

L-Box
flow t1 (s)

Segration
resistance

Density
kg/m3

SCC1

615.0

2.75

7.10

0.900

0.73

GOOD

2416.67

SCC2

625.0

2.65

6.70

0.910

0.54

GOOD

2425.00

SCC3

610.0

3.31

12.42

0.785

1.01

GOOD

2412.50

SCC4

655.0

4.05

9.25

0.875

0.68

GOOD

2400.00

SCC5

710.0

1.18

6.12

0.895

0.51

GOOD

2439.38

SCC6

585.0

2.25

6.45

0.805

0.74

GOOD

2424.38

SCC7

690.0

1.29

6.02

0.835

0.46

GOOD

2416.67

SCC8

670.0

1.28

5.88

0.885

0.43

GOOD

2397.78

SCC9

600.0

1.19

5.94

0.825

0.45

GOOD

2400.00

Table 3: Mixture proportions of CVC
Mixture
no.

Coarse
aggregate

Sand

Water

Cement

silicafume

limestone

sp

CVC1

691

895

176

393

81

180

5.86

CVC2

1062

806

159

413

36

0

6.88

CVC3

1042

877

148

385

38

0

7.16

CVC4

1041

914

138

352

39

0

7.45

CVC5

1001

849

165

447

23

0

7.9

CVC6

1038

886

146

426

22

0

8.80

CVC7

1040

823

167

437

22

0

7.05

CVC8

1071

884

156

372

20

0

7.16
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ine different SCC mixtures, using the volume of paste and the relative amount of
sand and gravel as variables, and four different mixtures of CVC were made
(Tables 1 and 3). Natural sand and gravel with a high percentage of well rounded
particles was used with a maximum grain diameter of 12.5 mm for SCC and 19.5
mm for CVC.
4. RESULT
The compressive strengths of SCC and CVC showed similar values for an identical
w/b ratio (Figure 7).

Figure 7. Compressive Strength at 28 days versus w/b ratio

The average E-modulus of SCC was about 8% lower than that of CVC for an
identical compressive strength (Figure 8).

Figure 8. E-modulus versus Compressive Strength, both at 28 days
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There was no significant difference in the relation between compressive and
splitting tensile strength of SCC in comparison with CVC although the values for
SCC showed a relatively high standard deviation (Figure 9).

Figure 9. Splitting tensile strength versus Compressive Strength at 28 days

5. CONCLUSIONS
Based on the results of this study, the following conclusions can be drawn:
1. SCLC can be designed using a combination of the least void volume for a
binary aggregate mixture, excessive paste theory, and ACI standard practice
for selecting proportions for structural concrete. Both ground Limestone
powder and Silicafume can be used satisfactorily as powder for making up the
excessive paste for SCC.
2. Differences in the properties of SCC and CVC used in this study were mainly
caused by their relative volume of paste:
3. The E-modulus of SCC was about 8% smaller than that of CVC for an
identical compressive strength.
4. At the age of 28 days SCC and CVC displayed the same compressive and
splitting tensile strength with a constant w/b ratio.
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ABSTRACT
The development of alkali activated binders with superior engineering properties
and longer durability have emerged as an alternative to OPC. It is possible to use
alkali-activated natural pozzolans to synthesize environmental friendly sound
geopolymeric cementitious construction materials. The main benefit of geopolymeric cement is the reduction in environmental impact in harmony with the
concept of sustainable development. This paper presents a comprehensive
summary of the extensive studies conducted on the results of experimental
investigations on the engineering properties of geo-polymer concrete using
activated Iranian natural pozzolan namely, Taftan. Experimental work was
conducted to determine mechanical strength; modulus of elasticity; ultrasonic pulse
velocity and shrinkage of different concrete mixtures. Test data are used to identify
the effects of salient factors such as water to binder ratios and curing conditions
that influence the properties of the geopolymer concrete. The results show that
mortar and concrete made with alkali activated natural pozzolan develop moderate
to high mechanical strength and modulus of elasticity and shrink much less than
ordinary Portland cement (OPC) concrete.
Keywords: alkali-activated binder; geopolymeric cement; natural pozzolan
1. INTRODUCTION
Portland cement concrete is a major construction material worldwide use is said to
be second only to water. Unfortunate, the production of Portland cement releases
large amount of CO2 in to the atmosphere. This gas is a major contribution to the
greenhouse effect and the global warming of the planet. To reduce greenhouse gas
emissions, efforts are needed to develop environmentally friendly construction
materials. Unlike with regular concrete the chemical reactions that form
geopolymer concrete alternative do not give off carbon dioxide or require high
temperatures, which also lead to CO2 emissions.
In geopolymer concrete, the geopolymer paste serves to bind the coarse and fine
aggregates, and any un-reacted material. Geopolymer concrete can be utilized to
manufacture pre-cast concrete, structural and non-structural elements, to make
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concrete pavements, immobilize toxic waste, and produce concrete products that
are resistant to heat and aggressive environments [5, 6].
This paper presents the technology of making geopolymer concrete using natural
pozzolan as its source material and presents the results of laboratory tests
conducted on this material. The research data presented in this paper are useful to
understand the engineering properties of geopolymer concrete.
2. PREVIOUS RESEARCH ON GEOPOLYMER MATERIAL
The term “geopolymer” describing a family of mineral binders those have a
polymeric silicon-oxygen-aluminum framework structure. The mechanism of
geopolymerisation may consist of dissolution, transportation or orientation, and
polycondensation [15], and takes place through an exothermic process [3, 8].
Different pathways for preparation of a synthetic geopolymer, including the order
of addition of the raw materials, show different evolutions of compressive strength
of the materials. The best method is to prepare an alkaline solution (mixing MOH
and water and stirring for 2 minutes), adding pozzolan to alkaline solution for 15
minutes in a mixer, followed by sodium silicate, and mixing for 15 minutes [10].
The geopolymer paste serves to bind the coarse and fine aggregates and any unreacted material to prepare geopolymer concrete [5, 6].
The nature of the fresh geopolymer concrete is stiff paste with high viscosity hence
it tends to have low workability [5, 6].
A geopolymer mix can be timed to set either fast or slow, by adjusting the mixture
components. Depending on the synthesis conditions, structural integrity and
reasonable strength were attained in a short time, sometimes in as little as sixty
minutes [14]. With the use of granulated blast furnace slag as the source material
with the addition of metakaolinite, Cheng and Chiu (2003) found that the setting
time of geopolymer paste was affected by curing temperature, type of alkaline
activator and the composition of source material. They stated that the setting time
of above geopolymer paste was between 15 to 45 minutes at 60°C. The laboratory
experience by Hardjito, Wallah, Sumajouw and Rangan (2004) showed that the
fresh geopolymer concrete could be handled for at least 120 minutes after mixing,
without any sign of setting and degradation in compressive strength. These have
mostly depended on the compounds in the source material, for instance the higher
the content of CaO, the faster the setting. The presence of compounds other than
Al2O3 and SiO2 in the source material may also delay the setting. The pfa based
geopolymers show faster initial setting time at higher temperatures and the final
setting of these mortars occurr from 15 to 25 minutes after the initial setting [7].
There are many different views as to which main parameters affect the compressive
strength and other mechanical properties of geopolymer concrete. Palomo et al.
(1999) stated that the significant factors affecting the compressive strength are the
type of alkaline activator, the curing temperature and the curing time [5, 6]. Other
researchers have reported that the important parameters for satisfactory
polymerization are the relative amounts of Si, Al, K, Na, molar ratio of Si to Al in
solution, the ratio of alumina silicate mineral to kaolinite, type of alkaline activator,
water content, and curing temperature [1, 12, and 15]. The presence of silicate ions
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in the aqueous substantially improves the mechanical strength and modulus of
elasticity values but has a slightly adverse effect on the otherwise very strong
matrix/aggregate and matrix/steel bond [4]. Experimental results show that the
H2O/M2O molar ratio in the mixture composition is a significant parameter
affecting the compressive strength of fly ash based geopolymer concrete, whereas
the influence of the Na2O/SiO2 molar ratio is less significant. An increase of the
H2O/M2O molar ratio and water to geopolymer solids ratio decreases the
compressive strength of geopolymer. In addition, Van Jaarsveld et al. (2002) found
that curing at elevated temperatures for long periods of time may weaken the
structure of hardened material. The research on fly ash-based geopolymer binder,
Palomo, Grutzeck, and Blanco (1999) have confirmed that curing temperature and
curing time significantly influenced the compressive strength but seems not to be
same for different alumina silicate. Longer curing time and higher curing
temperature increased the compressive strength in fly ash based geopolymer
concrete, although the increase in strength may not be significant for curing at
more than 60°C and for periods longer than 48 hours [5, 6]. In most cases 70% of
the final compressive strength is developed in the first 4 hours of setting. Because
the chemical reaction of the geopolymer paste is a fast polymerization process, the
compressive strength does not vary with the age of concrete, after it has been cured
for 24h. This observation is in contrast to the well-known behaviour of OPC
concrete, where the hydration process extends over a long period and hence
strength increases over time [5, 6]. Another Kinetic difference between the
Portland and alkaline systems is the existence of a relatively low threshold
temperature in the former, above which thermal curing can have an adverse effect
on the mechanical development and even on material durability. In an activated
ash, on the contrary, a suitable choice of reaction time and curing temperature can
yield different reaction product without detracting from material durability,
because according to Fernandez, Palomo, and Hombradoz (2006) increases in the
curing temperature go hand-in-hand with decreases in the amount of Al
incorporated into the final product and a concomitant improvement in mechanical
properties. Such improvements parallel the formation of a homogeneous aluminasilicate matrix [3].
When alkali-activated slag cement concrete is cured in water, compressive strength
of the concrete keeps increasing until 365 days. However, if the concrete is cured
in sealed condition the strength stopped increasing at about 90 days. This may be
attributed to the lack of moisture available for the hydration of slag inside the
concrete. The concrete exposed to air exhibit the lowest strength all the time and
strength retrogression at ages greater than 28 days. The strength reaches a
maximum after 14 to 28 days of hydration, and then starts to decrease [13].
Puertas et al. (2003) reported that the elastic modulus of OPC mortars was 5679
MPa, also higher than the values for activated PFA mortars (4441 MPa).
Fernandez-Jimenez et al. (2006) found that the addition of soluble silicates in the
alkali solution improves the modulus of elasticity. However, this improvement was
not sufficient and the alkali activated PFA concrete showed a much lower static
modulus of elasticity than expected. The values presented for OPC concrete ranged
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from 30.3 to 32.3GPa while for geopolymeric concrete ranged from 10.7 (without
silicate) to 18.4 GPa (with silicate). Hardjito et al. (2004) observed better elastic
modulus results for a concrete samples made in similar conditions: 22.95 to 30.84
GPa.
Geopolymers also attain shrink much less on setting (for 7days 0.2% & for 28days
0.5% of OPC) [14]. The explanation for this behaviour is to be found in the micro
structural characteristic of the new binder and the main reaction product of the
alkali activation of fly ash which causes a zeolite-type phase. Zeolite properties and
microstructure are widely known to be unaffected by the loss of the water
incorporated during their synthesis because not only water loss is reversible in most
zeolites but also they are able to absorb water from the humidity in atmosphere [4].
3. EXPERIMENTAL WORK
3.1. Material and Mixing Procedure
In this research, Taftan andesite was selected as the most reactive natural pozzolan
in Iran, used to produce Portland pozzolan cement by Khash Cement Factory. The
chemical composition was analysed by XRF and presented on Table 1.
Potassium hydroxide was used as pellets to produce the alkaline solution for
geopolymeric concrete production. It was a 98% pure KOH supplied by MERK
International Ltd.
Sodium silicate was also provided by Iran Silicate Industrial Company in the form
of granules, powder and solution (water glass). The chemical composition of the
solution provided by the manufacture was:
8.5% of sodium oxide (Na2O), 26.5% of silicon oxide (SiO2) and 65% of water
Aggregate used in this study was obtained from deposits of Karaj River in
northwest of Iran comprising 14mm and 4.75mm coarse aggregates and fine sand.
The fineness modulus of combined aggregates was 2.08.
The proportioning of the concrete mixture was based on the BRE method targeting
a 40 MPa (28 days) compressive strength and a slump of 70 mm. Then, the amount
of cement was substituted with the same quantity of natural pozzolan and the
amount of water was ignored since there was already water in the alkali solution.
The BRE method was used only to decide what is a common ratio of binder, sand
and coarse aggregates, it was not expected that the actual 28 days compressive
strength or the slump would be in accordance with the values designed. The details
of the different mixes are presented in Table 2 and the notation for the mixes is as
follows:
CM1: PC control mix with w/c=0.45
CM2: PC control mix with w/c=0.55
ATAF1: Activated Taftan pozzolan with w/c=0.45
ATAF2: Activated Taftan pozzolan with w/c=0.55
The mixing of the geopolymeric concrete was carried out in two different mixers
sequent. The paste was prepared in a Hobart mixer (2 litre capacity) and added to a
horizontal pan mixer (20 litre capacity) which contains the aggregates.
Taftan specimens were de-moulded 24 hours after casting. Then they were cured in
two curing regimes and at three different temperatures:
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1. Sealed curing: Three series of specimens were sealed wrapped in a special
plastic covering which was tested to be impermeable and stored in a controlled
room kept at three different temperature equal to 20±2, 40±2 and 60±2°C.
Table 1: Chemical composition (oxide percent) of the materials used in this
investigation reported by Kansaran Binaloud X-ray laboratory in
Tehran, Iran (2005-2006)
Material
Taftan
andesite

LOI

SiO2

Al2O3

Fe2O3

CaO

MgO

TiO2

K2O

Na2O

1.85

61.67

15.90

4.32

7.99

2.04

0.438

2.12

3.21

Table 2: Concrete Mix Proportion

2. Steam curing: Three series of the specimens were put in the steam curing
chamber set at three different temperatures equal to 20±2, 40±2 and 60±2°C for
measuring compressive and splitting tensile strength and one series was put at
40±2°C for other measurements.
3.2. Testing Procedures
In order to determine the compressive strength of geopolymeric concrete each of
the subsequent mixtures were prepared in 100x100x100 mm cubes and the
compressive strength for these samples were tested according to BS EN 123903:2000. Details of casting and curing are described in section 3.1. Three samples of
each condition were tested for 1, 7, 14, 28, 90, 180 and 365 days, and the average
compressive strength values reported as the results.
PUNDIT was used to measure the ultrasonic pulse velocity in accordance with BS
1881: part 203: 1986. The measurement was conducted on the 100mmx100mm end
face of prism with a length of 500mm. Duplicate sets of samples were tested at 28,
90,180 days. For measuring ultrasonic pulse velocity, a pulse of longitudinal
vibration is produced by means of 54 kHz an electro acoustical transducer of 50mm
diameter and picked out by another transducer after travelling a known path length.
The splitting tensile strength of all mixes was measured using 100mm Ф x 200mm
length cylinders. The samples were prepared and splitting tensile tests performed as
described in BS EN 12390-6:2000. The specimens were tested in duplicate sets at
7, 14, 28, 90, 180 and the average results are reported.
The static modulus of elasticity is determined according to BS1881-121:1983
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standard by subjecting a 100mmФx200mm cylinder specimen to uni-axial
compression and measuring the deformation by means of dial gauges fixed
between certain gauge lengths. Dial gauge reading divided by gauge length will
give the strain while load applied divided by area of cross section will give the
stress. A series of readings are taken and the stress-strain relationship is
established. The modulus of elasticity so found out from actual loading is called
static modulus of elasticity.
In the present work the changes in length of 75x75x280mm concrete prisms were
measured by commonly used mechanical equipment. Predrilled metal studs were
fixed to either end of the concrete specimen with the adhesive at a preset spacing
with the aid of a standard calibration bar. The distance between each two pins
located into the stud holes was measured by an accuracy of about 0.0025 mm at
certain times. One end of the reference rod was designed as the top and it was kept
uppermost during all measurements. The prisms were placed in the apparatus with
the marked end uppermost and were rotated slowly around the contact surfaces to
measure the changes in length. For each mix two specimens were cast and cured
for 3 and 7 days. The prisms were then left in a room controlled at 20°C and 70%
humidity room and chemical shrinkage was measured using the length comparator
in accordance with BS 812: Part 120: 1989.
4. RESULTS AND DISCUSSION
4.1. Compressive Strength
The results of the compressive strength tests on geopolymeric concrete using
activated natural pozzolan and control Portland cement concrete mixes are
presented in Figures 1.
In all cases, the strength of the concretes increased with age. The rate of strength
gain is high at early ages and gradually decreases at longer ages. Geopolymeric
concrete mixes mostly showed lower strengths than OPC control mixes at early
ages, but they reached the same and even higher strengths than OPC mixes after
long-term aging. ATAF1 have the highest compressive strength equal to 43.5 MPa.
While ATAF2 mix has resulted compressive strength equal to 39.1 MPa after 365
days which is close to the amount resulted for OPC control mix.
It is well known that the lack of curing greatly affect the strength development.
Figure 1 clearly shows the effect of different curing temperatures in two conditions
of curing: sealed and steam curing. It generally sealed condition gives the best
results in long term the same as OPC control concrete although the difference
between the two conditions is not significant.
The results suggest that the optimum temperature for curing alkali-activated Taftan
pozzolan is 60°C at early ages but curing at 40°C under sealed conditions gave the
highest strength results in the long-term.
An increase of the water to binder ratio decreases the compressive strength of
geopolymer concrete significantly (Figure 2).
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strength development for activated Taftan pozzolan with different water to binder
ratio
55

20Sealed
20Steam
40Sealed
40Steam
60Sealed
60Steam

Compressive Strength (MPa)

50
45
40
35
30
25
20
15
10
5
0.35

0.4

0.45

0.5

0.55

0.6

Water to binder ratio (W/B)

Figure 2. Compressive strength at 28 days versus water to binder ratio (W/B) for
alkali activated Taftan pozzolan at different curing temperature

1018 / Engineering Properties of Geopolymer Concrete….

––––––––––––––––––

4.2. Ultrasonic Pulse Velocity
Figure 3 shows the results for the ultrasonic pulse velocity test for all mixes. The
Figure shows that ATAF1 achieved the highest values followed by ATAF2.
Tabular form of the results is shown in Table 3. Comparing the results with Table
4, which gives the pulse velocity rating as suggested by Central Water and Power
research Station, Khadakwasla (India), presents lower velocity corresponding to
the same compressive strength. It seems that in geo-polymeric concrete due to its
lower density the velocity of pulses are lower than OPC concrete.
5.5
U PV (k m /sec)

5

CM1
ATAF1
ATAF2

4.5
4
3.5
3
2.5
28

90

180

Age(days)

Figure 3. Ultrasonic Pulse Velocity for different mixes
Table 3: The pulse velocity and the corresponding compressive strength
of different mixes
Compressive
Mixes
Age(days) Velocity(km/sec)
strength(MPa)
28
3.95
29.8
CM1
90
5.0
39.23
180
4.95
39
28
3.5
24.78
CM2
90
4.7
36.78
180
4.6
36
28
3.39
39.7
ATAF1
90
4.0
35.6
180
4.5
40.97
28
3.03
21.36
ATAF2
90
4.2
38.72
180
4.2
38.06
Table 4: Quality Criteria Suggested by Central Water and Power Research Station
Khadakwasla (India)
Classification
Compressive
Velocity (km/sec)
(Quality)
strength(Kg/cm2)
4.0 and above
Very good
300 to 350
3.5 to 4.0
Good
250 to 300
3.0 to 3.5
Medium
200 to 250
3.0 and below
Poor
150 to 200
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4.3. Indirect Tensile Strength
The results of the indirect tensile strength tests up to 180 days are shown in Figure
4. The trend in tensile strength is similar to that obtained for compressive strength.
Tensile strength increases as time proceeds. Figure 6 illustrates a difference
development in tensile strength of different mixes. As far as the geopolymeric
concrete mixes based on activated natural pozzolan are concerned, higher strength
was observed at longer ages in comparison with control mixes. At early age,
ATAF2 shows lower tensile strength results than OPC control mix. Although, the
tensile strength of ATAF1 geopolymeric concrete mix is 3.57 MPa after 28 days
and higher than the OPC control mix. The results of long term tensile strength
show that Taftan geopolymeric concrete mixes have higher tensile strength than
OPC control mix equal to 3.69 and 3.0 MPa after 365 days.
The tensile strength of this type of concrete as compared to its compressive
strength, is more sensitive to improper curing, the same as OPC concrete. Figure 4
illustrates the effect of curing conditions and temperatures on tensile strength of
concrete based on activated natural pozzlans. The optimum temperature of curing
is 40ºC, the same as that found for compressive strength.
Figure 4 shows that the higher water to binder ratio results in lower tensile
strength, same as OPC mixes.
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Figure 4. Effect of different curing condition and curing temperature on Indirect
Tensile strength development for ATAF1 and ATAF2 mixes
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Figure 5. Effect of different curing condition and curing temperature on Static
Modulus of Elasticity development for ATAF1 and ATAF2 mixes
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4.4. Static Modulus of Elasticity
Results of the static modulus of elasticity are shown in Figure 5. Similar to the
compressive strength results of the mixes, static modulus of elasticity increases
with age. This improvement is fast in the first 28 days as the most of the modulus
value is generally achieved in this period. During the first 14 days the mixes made
with activated natural pozzolans have mostly shown lower values of static modulus
of elasticity than OPC concrete mixes, except ATAF1 mix. The static modulus of
elasticity for ATAF1, ATAF2 mixes after 14 days is 33.96, 14.033GPa,
respectively with that for the CM1 mix is 26.55GPa. Long term results show that
the static elastic modulus of some of alkali activated natural pozzolans such as
ATAF1 are around 5% to 20% more than OPC mixes. The long term static
modulus of elasticity of ATAF1, ATAF2 mixes were resulted at 32.664,
26.805GPa in compare with OPC concrete mixes which resulted 29GPa.
The elastic modulus was affected by the curing temperatures and conditions. Early
age static modulus of elasticity increases with increasing the curing temperature to a
limit which seems to be related to the water to binder ratio. For ATAF1 with water to
binder ratio equal to 0.45, the elastic modulus increases with increasing curing
temperature up to 40˚C and then decreases when the curing temperature rises up to
60˚C. This optimum temperature to achieve higher static modulus of elasticity raises
to 60˚C for ATAF2 mixes with water to binder ratio equal to 0.55. However, the long
term results drop to the same amount resulted for the mix cured at 40˚C.
4.5. Drying Shrinkage
The shrinkage time curves are shown in Figures 6. From this investigation the
following observations are made:
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Figure 6. Effect of length, temperature and condition of curing on drying shrinkage
development with age for ATAF1 and ATAF2 mixes
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1) The graphs show that the magnitude of shrinkage increases with time and the
rate of shrinkage decreases rapidly with time. The rate of shrinkage in Taftan
pozzolan mixture was similar but not as rapid as the rate of development of
strength and, seems to be constant after 60 days.
2) In OPC concrete one of the important factor which influences the magnitude of
shrinkage is water to cement ratio of concrete and the values of shrinkage
increases with the increasing of this ratio. The results indicate that the total
water to binder ratio has a significant effect on the shrinkage properties of
geopolymer concretes as well and seems to be contrary to the behaviour of
OPC concrete, where the higher the water to binder ratio lowers the amount of
drying shrinkage resulted. The maximum amount of final drying shrinkage for
ATAF2 mix observed is 43% of that for ATAF1. The shrinkage of ATAF1 and
ATAF2 mixes at 180 days at same curing conditions were 1185x10-6 and
514x10-6, respectively.
3) The results show that at a given water to binder ratio, the drying shrinkage at
all ages varied with different curing regimes and temperatures. In concrete
based on alkali activated natural pozzolan, the higher the curing temperature
the lower the amount of drying shrinkage resulted. The lowest amount of
drying shrinkage for different curing temperatures correspond to ATAF1 and
ATAF2 mixes was 239×10-6 and 161×10-6, respectively and achieved for mixes
cured at 60ºC. It can be observed that steam curing shows higher amount of
drying shrinkage. This phenomenon may be related to the pozzolan nature
minerals and because of swelling properties of its minerals during absorbing
moisture. When the samples are subjected to wetting condition, they start
swelling. Swelling is due to the adsorption of water by the natural minerals in
pozzolan gel. The water molecules act against the cohesive force and tend to
force the gel particles further apart as a result of which swelling takes place. In
addition, the ingress of water decreases the surface tension of the gel. The
property of swelling when placed in wet condition, and shrinking when placed
in drying condition. While in OPC concrete the magnitude of shrinkage is less
sensitive to moisture movement in concrete.
4) The length of curing affects the amount of drying shrinkage as well. The
specimens cured for a period of three days seem to absorb environmental
humidity similar to zeolites but after 7days the property of water absorption
reduces. Thus, the former show lower amount of shrinkage than the latter. In
calcined Shahindej, this phenomenon is not observed.
5. CONCLUSION
The main conclusions drawn from the investigation of engineering properties of
geopolymeric concrete based on activating natural pozzolans (i.e. alkali activated
natural pozzolan or AANP) are summarized as follows:
1) Geopolymeric concrete mixes based on activated natural pozzolans have
mostly shown lower strength than OPC mixes at early ages, but they have
reached the same and even higher strength than OPC mixes after long-term.
2) It seems that the ultrasonic pulse velocity in the geopolymeric concrete due to
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3)

4)

5)
6)

7)
8)
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its inherent property caused lower density is lower than in OPC concrete
having the same compressive strength.
During the first 14 days the mixes made with activated natural pozzolans have
mostly shown lower values of static modulus of elasticity than OPC concrete
mixes. However, long term results show that the static elastic modulus of alkali
activated natural pozzolans concrete is generally around 5 to 20% more than
OPC mixes.
The elastic modulus of AANP concrete was affected by the curing
temperatures. Early age static modulus of elasticity increases with increasing
the curing temperature to a limit which seems to be related to the water to
binder ratio. That means if there be the lack of water due to its evaporation at
higher temperature before the full strength is gained the static modulus of
elasticity decreases at higher temperatures.
The AANP concrete mixes may exhibit lower drying shrinkage in comparison
with the OPC mixes at the same water to binder and cement to aggregate ratio.
The results indicate that the total water to binder ratio have a significant effect
on the shrinkage properties of geopolymer concretes and seems to behave
differently to OPC concrete in this respect. Where, higher the water to binder
ratio for geopolymer concrete the lower is the amount of drying shrinkage.
In concrete made with alkali activated natural pozzolan, the higher the curing
temperature, the lower the amount of drying shrinkage resulted.
It can be observed that steam curing shows higher amount of drying shrinkage.
This phenomenon may be related to the pozzolan natural minerals and because
of swelling properties of its minerals during absorbing moisture.
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ABSTRACT
Self consolidating concrete (SCC) is usually proportioned with several mineral and
chemical admixtures. A key factor for a successful formulation is a clear
understanding of the role of the various constituents in the mix and their effects on
the fresh and hardened concrete. In this research a three phase mix design
procedure starting from designing the paste and then mortar leading to the design
of a stable SCC was adopted. Selection of type and amount of paste ingredients
was based on the result of a previous study presented elsewhere. A modified
version of Marsh cone test, called FlowCyl, was utilized to quantify the viscosity
related property of the paste. Also, using a miniature slump cone the spread
diameter of the paste, which is related to its yield stress, was measured. Then, using
a reduced size V-funnel and a mini slump cone, the influence of volume of selected
paste on the flow behavior of mortar was studied and the mortar suitable for SCC
was chosen. In this method if segregation or bleeding occurs in paste or mortar, the
mix proportion would be adjusted at the corresponding design phase. Finally, by
adding various quantities (volume) of the chosen mortar to the coarse aggregate,
the effect of mortar volume on the flow behavior of SCC was studied and an
optimized SCC with satisfactory workability was achieved.
1. INTRODUCTION
Over the last decade, SCC has been the most important subject in concrete research
since it has unique properties and numerous advantages in practical applications.
Self consolidating concrete is attractive for several reasons including the reduction
of: manpower, construction time, noise disturbance on the job site, defects on the
concrete surface, and the overall project cost [1-4].
The main factor in the mix design of SCC is the increase in the powder content, to
increase the separation of the aggregate particles. As the use of cement for the
entire powder fraction would be too expensive and detrimental for durability of the
structure, as well as green environment, fine powdered mineral admixtures such as
limestone powder, micronized quartzite, fly ash, silica fume etc. are usually
substituted for cement. SCC also relies on the use of superplasticizers (SP) for
achieving its fluidity and, often, viscosity modifying agents (VMA) to prevent
segregation and to achieve robustness [1-4]. Due to the complexity of the mix
design, with several chemical and mineral admixtures, the proportion design and
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compatibility of these admixtures should be optimized via testing the paste and
mortar [5- 7]. The properties of paste and mortar can be established by using only a
few liters of the material, while providing the designer with useful information for
understanding the effects of various constituents on their fresh and hardened
properties as well as predicting the behavior of fresh and hardened concrete.
Fresh SCC is a multiphase material but, from a practical viewpoint can be regarded
as a two-phase material namely: a solute being suspended in a solution [8]. In the
model the solute can be considered as either coarse aggregates, or fine and coarse
aggregates in which case the solution would be either highly flowable mortar or
paste, respectively. The flow properties and segregation resistance (stability) of SCC
are consequently controlled via proper adjustment of the rheology of the mortar as
well as that of paste and adequate selection of the content of aggregates [8-10].
Numerous researchers have successfully used the two point test, introduced by
Tattersall [11], to measure the rheological properties of concentrated suspensions.
In this model, using Bingham equation, two parameters define the flow of paste,
mortar and concrete: yield stress and plastic viscosity [12-14]. The measurement of
yield stress and plastic viscosity requires a rheometer and where it is not available,
alternative simpler one point tests can be used to assess the workability. The slump
spread-flow and flow time or rate of discharge from a funnel is used by many
researchers to identify the yield stress and viscosity of paste, mortar and concrete
[15, 16]. Obviously the size and shape of the apparatus used for testing concrete is
bigger than that of mortar; and for testing the paste, mini-sized apparatus is used.
Infact extensive concrete testing requires a large amount of materials and labor,
which is expensive and is not always practical. While, testing paste and mortar is
easier, cheaper, and needs much less material than concrete testing. There is,
therefore, a need to engineer the mix design proportion of SCC starting from paste
design and then mortar leading to a SCC with satisfactory desired properties.
The objective of this study was to use a three phase mix design procedure starting
from designing the paste and then mortar leading to the design of a stable SCC. A
modified version of Marsh cone test called FlowCyl, introduced by Mortsell [17]
and widely used in European countries [18], was utilized to quantify the viscosity,
called flow resistant ratio λQ, of the paste. Also, using a miniature slump cone (see
Figure 1-a), the spread diameter of the paste, which is related to its yield stress, was
measured. Then, the influence of paste volume on the flow behavior of mortar was
studied via a reduced size V-funnel and mini slump cone suggested by EFNARC
[1]. The self compactability of the mortar was examined by a small U-box
suggested by Saak et al [2]. And the mortar suitable for SCC design was chosen. In
this method if segregation or bleeding occurs in paste or mortar, the mix proportion
would be adjusted at the corresponding design phase.
Finally, the flow behavior of SCC, using slump flow and V-funnel flow time, was
studied by adding various quantities (volume) of the chosen mortar to the coarse
aggregate and optimized SCC with satisfactory flow behavior was achieved. Passing
ability of SCC was verified by L-box test. A mix design program based on volume
proportioning and the objectives of this study was prepared using spread sheet software
(EXCEL). The slump cones and funnels used in this study are shown in Figure 1.
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Figure 1. Slump cones and Funnels used for testing (A) paste, (B) mortar, and (C)
concrete

2. SIGNIFICANCE OF THE RESEARCH
For many years concrete was composed of only three materials (aggregate, cement,
and water) and the simple mix design methods such as ACI-211 was used to
proportion the ingredients. But in the recent years, the concrete mixtureproportioning problem has become more and more complicated. With the
appearance of new components like organic admixtures and supplementary
cementitious materials, SCC with several numbers of ingredients and high
performance expectation has been emerged. Its design must be engineered starting
first from the paste and then mortar, leading to an optimized SCC mixture with its
required fresh and hardened properties fulfilled. It is shown that following this
approach and using the results of very simple paste and mortar tests, not only
simplifies the SCC mix design process, but also optimizes the mix proportion. The
collection of test results utilizing this approach would make a valuable data base
for the design engineer and ready concrete mix supplier.
3. EXPERIMENTAL PROGRAM
3.1. Materials and Test Variables
Type I-425 Portland cement with density=3.15 and silica fume with density=1.9
was used. Micronized quartzite with density of 2.65 was used as filler. The
chemical properties of cement are given in Table 1. The density and absorbtion
capacity of fine and coarse aggregates are given in Table 2 and their grain size
distribution are given in Figures 2 and 3.
Table 1. Properties of Portland cement
SiO2%
Al2O3%
Fe2O3%
MgO%
CaO%
SO3
LOI%
C3S%
C2S%
C3A%
(Na2O+0.658K2O)%

19.94
4.12
4.08
4.25
60.15
2.03
4.10
54.02
16.41
4.01
0.96
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Table 2. Properties of the aggregates
Aggregate
SSD
Dry
Absorbtion
Type
Density
Density
Capacity %
Fine
2.59
2.51
3.24
coarse
2.58
2.53
1.97
ISIRI 302
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Figure 2. Grading curve of fine
aggregate

١٠٠

Figure 3. Grading curve of coarse aggregate

The superplastisizer used was based on carboxylic ether polymer with long lateral
chains (Gelenium 110) and 40% solid content. It has density of 1.07. Two water
powder ratios (W/P) of 0.25 and 0.30 were considered and utilizing the result of
previous study presented elsewhere type and amount of powder and admixture was
selected. The paste was designed and tested. Then mortar with paste volume of 50,
55 and 60 percent was made and its flow behavior was investigated; any necessary
adjustments were made and the optimized mortar was selected. Finally SCC with
mortar volume of 67.5, 70 and 72.5 percent was made from the selected mortar and
the effect of mortar volume on the flow behavior of SCC was studied. At this
phase, based on the design requirements, an optimized SCC would be selected. A
data base of the collected mix design along with the result of performed tests could
be used by design engineer and ready concrete mix supplier to obtain a reliable
model for fast and smart mix design.
3.2. Mix Proportions and Measurements
A mix design program based on volume proportioning was prepared using spread
sheet software (EXCEL). The experiments were carried out in three phases
described as follows.
3.2.1. Flow Measurement and Properties of Paste
The mix proportion design of pastes is given in Table 3. The following mixing
procedure was adopted, using a 3 speed Hobart 5 liter mixer equipped with a
standard whisk: all dry constituents were mixed for 30 seconds at low speed. Then
the mix water and HRWRA were added while the mixer was running at low speed.
After wet mixing for 120 seconds, the mixer was stopped and undispersed cement
paste was detached from the walls of the bowl during 30 seconds. In the next 2
minutes, the mixing was done at medium speed. The mixer was then stopped for 5
minutes, covered by a plastic sheet and finally it was allowed to run at medium
speed for 60 more seconds. After mixing was completed, the paste was poured into
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a 3 liter plastic flask equipped with a tight cap for intermediate storage. Before the
FlowCyl test was performed, the slump flow spread, temperature and density of
paste was determined.
Table 3: Mix proportions of pastes
Paste ID W/P
A/P
C/P
Sf/P
P1
0.25 0.6% 80%
10%
P2
0.30 0.6% 80%
10%

Fi/P
10%
10%

3.3. The Flowcyl Test
The FlowCyl apparatus is a modification of the Marsh Cone test apparatus originally
developed to characterize oil well cements. The original cone of the Marsh Cone test
has been replaced by a cylinder ending in a cone with a narrow outlet. This
modification has been done in order to simplify the time - flow rate relation. The
inner diameter of the cylinder is 80 mm and the outlet 8mm. The total length is 400
mm of which the cylindrical part is 300 mm. The cylinder is placed vertically in a
rack. The FlowCyl test started 10 minutes after contact of water and powder. The
flask containing the paste was shaken rigorously, and the paste was filled into the
FlowCyl apparatus. During filling, the bottom outlet of the FlowCyl was closed by
finger tip. When the FlowCyl cylinder was filled to the top level mark, the outlet was
opened and a steel bowl placed on an electronic balance connected to a computer
collected the paste flowing out of the cylinder and the weight was recorded by
computer in 2 second intervals. Using a spread sheet program, the viscosity related
parameter called “flow resistance ratio λQ” is calculated. λQ value can vary between 0
and 1. The larger value corresponds to more viscose paste. The corresponding λQ was
0.90 and 0.72 for P1 and P2 respectively.
3.2.1. Flow Measurement and Properties of Mortar
After selection of past with adequate viscosity, 6 mortar mixtures with paste volume of
50, 55 and 60 percent were made. The mixture proportion is given in Table 4.
Table 4: Mortar mix proportion design kg/m3
Vp %

M1
50

M2
55

M3
60

M4
50

M5
55

M6
60

W/P

0.25

0.25

0.25

0.30

0.30

0.30

C

656.6

722.4

788.2

605.8

666.5

727.2

Sf

82.1

90.3

98.5

75.7

83.3

90.9

Fi1

16.5

14.9

13.2

16.5

14.9

13.2

Fi2

65.5

75.4

85.3

59.2

68.4

77.7

W

194.7

214.2

233.7

217.5

239.3

261.1

Sp

16.6

18.3

20.0

15.3

16.9

18.4

FA

1280

1152

1024

1280

1152

1024

C=Cement, Sf=Silica fume, Fi1=Sand particles < 0.15mm, Fi2 = Micronized quartzite, W=Water, Sp
= Superplastisizer, FA = Fine Aggregate, Vp= paste Volume
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Mortar mixtures were prepared in 5 litter batches using an open pan forced action
mixer. The mixing sequence consisted of homogenizing the dry materials (sand and
powder) for 30 s, and then the water and super plasticizer were gradually added
while the mixture was mixed for 180 seconds. After 300 s of rest, the mortar
received another 120 seconds of mixing. The temperature and density of each
mixture were measured.
The flow property of each mortar was evaluated using slump flow spread and Vfunnel flow time tests. Both tests are based on the same principle as those for
concrete but with a reduced scale version of the equipments. In the slump flow
spread test the mini cone, placed on a smooth leveled surface, was filled with
mortar and lifted. The final diameter of the mortar after self-weight flow on the
smooth plate was measured in two perpendicular directions and the average was
noted. In the V-funnel test, after filling the funnel the trap door was opened and the
flow time was measured until the first sighting of daylight when looking down
through the funnel. The passing ability and self compactability of mortar was
verified using a small U-box with three steel rods spaced approximately 25 mm
apart to act as obstacles, hindering the cohesive flow of the material. After filling
one side of the box with mortar, the door separating the two chambers was lifted
and the equilibrium height was measured. With regards to the results of these tests
a suitable mortar was selected. Figure 1-B shows the apparatus used.
3.2.2. Flow Measurement and Properties of SCC
After selection of mortar with adequate flowability, 6 concrete mixtures with
mortar volume of 67.5, 70, and 72.5 percent were made. The mixture proportion is
given in Table 5.

Vm %
W/P
C
Sf
Fi1
Fi2
W
Sp
FA
CA

Table 5: SCC mix proportion design kg/m3
C1
C2
C3
C4
C5
67.5
70
72.5
67.5
70
0.25
0.25
0.25
0.30
0.30
487.6
505.7
523.7
449.8
466.5
60.9
63.2
65.5
56.2
58.3
26
27
27.9
26
27
34.9
36.2
37.5
30.2
31.3
145.5
150.9
156.3
162.3
168.4
11.4
11.8
12.3
10.5
10.9
786.7
815.8
845
786.7
815.8
838.4
774
709.4
838.4
774

C6
72.5
0.30
484.3
60.5
27.9
32.6
176.2
9.1
845
709.5

Vm=Volume of mortar, C=Cement, W=Water, P=Powder Sf=Silica fume, Fi1=Sand
particles<0.15mm Fi2=Micronized quartzite, Sp=Superplastisizer, FA=Fine Aggregate,
CA=Coarse Aggregate, Paste volume in mortar=55%

Preparation of concrete and its mixing sequence was similar to that of mortar
described in the previous section. The air content, temperature, and density of each
mixture along with its flow properties including Slump flow spread, T500, V-funnel
flow time, VFT@5min, and L-box blocking ratio were measured. These tests were
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done according to “The European Guidelines for Self-Compacting Concrete” [18].
The slump flow and T500 time is a test to assess the flowability and the flow rate of
self-compacting concrete in the absence of obstructions. It is based on the slump
test described in ASTM C-143 or EN 12350-2. The result is an indication of the
filling ability of self-compacting concrete. The T500 time is also a measure of the
speed of flow and hence the viscosity of the self consolidating concrete. The fresh
concrete was poured into a cone as used for the slump test. When the cone was
withdrawn upwards, the time from commencing upward movement of the cone to
when the concrete flowed to a diameter of 500 mm was measured and recorded as
the T500 time. The largest diameter of the flow spread of the concrete and the
diameter of the spread at right angles to it were then measured and the mean was
recorded as the slump-flow.
The V-funnel test was used to assess the viscosity, filling ability, and passing
ability of self consolidating concrete. The funnel was filled with fresh concrete and
the time taken for the concrete to flow out of the funnel is measured and recorded
as the V-funnel flow time. To assess the static segregation tendency of the mix, this
test was repeated but a 5 minute rest period was enforced after filling the funnel;
and then the trap door was opened and the time of SCC discharge was noted as
VFT@5min.
The L-box test, with three bars, was used to assess the passing ability of self
consolidating concrete while flowing through tight spaces between reinforcing bars
without segregation and blocking. The L-box, made from transparent pelexcy
glass, was supported on a level horizontal base and the gate between the vertical
and horizontal sections was closed. The concrete was poured into the vertical
section of the L-box and after a minute the gate was raised so that the concrete
could flow through the obstacle into the horizontal section of the box. When
movement was ceased, the heights of concrete at the end of the horizontal section
of the L-box (h1) and just behind the steel bars (h2) were measured and the
blocking ratio h1/h2 was recorded.
4. RESULTS AND DISCUSSION
4.1. Appropriate Volume Percentage of Paste in Mortar
Mortar mixtures with the selected pastes consisting of 50, 55, and 60 percent paste
were made to study the effect of amount of paste on the flowability of mortar. The
test results are shown in figures 4 and 5. As shown in the figures increasing paste
volume has a greater effect on the flowability of lower W/P mixture (higher λQ ).
Domone [19] has suggested that a mortar mini-slump spread range of 28 to 34 cm
and mortar V-funnel flow time of 1 to 7.5 seconds would lead to SCC with
satisfactory fresh properties recommended by European guidelines for SCC. With
regards to this recommendation, as well as optimization purpose, it was decided to
select the mortar with 55% paste volume for designing SCC.
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Figure 4. Slump Flow of mortar vs. Paste
volume

Figure 5. V-funnel flow time of mortar
vs. Paste volume

4.3. Appropriate Volume Percentage of Mortar in SCC
Designing SCC using the results of paste and mortar tests was the last phase of this
study. Mortar with 55% paste volume was selected and SCC with mortar volume of
67.5, 70, and 72.5 percent was made. W/P of 0.25 and 0.30 were considered and
the fresh SCC was tested to study the effect of mortar volume on its flow
properties. The test results are summarized in Table 6.
Table 6. Fresh SCC test results
SF
T500
VFt
VFt@5
L-Box
mm
Sec
Sec
Sec
h1/h2
690
6
23
32
0.5
700
4
16
28
0.6
750
2
9
12
0.9
710
3
14
21
0.6
720
4
10
12
0.7
760
3
5
7
1.0

C1
C2
C3
C4
C5
C6

The values of slump flow and v-funnel flow time vs. mortar volume of SCC are
plotted in Figures 6 and 7 respectively. As shown the flowability is increased with
increasing amount of mortar. Even though the slump flow of mixes C1, C2, C4 and
C5 satisfies the requirement of SCC but the corresponding values of L-Box
blocking ratio and V-funnel flow time at 5 minutes was not satisfactory and had
tendency to segregate. Based on these results mixes C3 and C6 with mortar volume
of 72.5% had excellent flowability and passing ability with no sign of segregation
or bleeding.
780

Slump Flow mm
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750
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720

720
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700
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760
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15

16
14
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10
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5
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5

0

640
675
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Mortar Volume lit/m3 of SCC

Figure 6. Slump Flow of SCC vs. Mortar
volume

675

700

725

Mortar Volume lit/m3 of SCC

Figure 7. V-funnel flow time of SCC vs.
mortar volume
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Figure 6 shows that the more viscose the paste is the more mortar volume is needed
in order to obtain the same slump flow and the difference in mortar volume gets
smaller as the volume percentage of mortar increases beyond 70%. Also at this
level the passing ability of SCC starts to improve significantly.
5. CONCLUSION
Investigation of new materials and evaluation of different combination of
ingredients for selection of their most effective combination for making SCC can
be done utilizing the single point tests mentioned in this paper. A three phase mix
proportion design procedure starting from paste and then mortar leading to desired
SCC was adopted and a spread sheet (EXCEL) program was prepared to fulfill this
purpose. The effect of paste viscosity and its volume percentage on rheological
properties of mortar was studied. Mortar with 55% paste volume was selected and
the effect of mortar volume on fresh properties of SCC was investigated. As mortar
volume increased beyond 70%, filling and passing ability of SCC was improved. A
data base may be defined to collect the result of tests performed for each design
phase which could be used by design engineer and ready concrete mix supplier to
obtain a reliable model for fast and smart mix design.
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ABSTRACT
The use of lightweight concrete in many applications of modern construction is
increasing, owing to the advantages that lower density results in decreasing the
magnitude of dead load of the structure which lead to smaller cross sections for load
bearing elements. Expanded polystyrene (EPS) beads are a type of artificial
lightweight nonabsorbent aggregates which can be used to produce low density
concretes by replacing with normal aggregates, either partially or fully, depending
upon the requirements of density and strength. Also plastic shrinkage is the
dimensional change that occurs in all fresh cement based materials within the first
few hours after it has been placed which is not unacceptable in itself, but it is some
times accompanied by development of cracks that are unsightly and objectionable.
Polypropylene and other synthetic fibers are added to concrete as secondary
reinforcement in order to control this plastic shrinkage. On the other hand, the
addition of fibers affects on the properties of hardened concrete like compressive and
tensile strength, elastic modulus and toughness. The present study covers the use of
polypropylene fibers at contents equal to 0.1%, 0.3%, 0.5% and 1% by volume of
EPS concrete in order to study about the effects of its addition into the EPS concrete
matrix on mechanical properties. Also the effects of using Silica fume and Rice husk
as two supplementary cementitious materials were investigated.
Keywords: EPS concrete, PP fibers, silica fume, rice husk, mechanical properties
1. INTRODUCTION
Lightweight concretes can be produced by replacing the normal aggregates in
concrete either partially or fully, depending upon the requirements of density and
strength [1]. Historically, lightweight concrete is used for both structural and nonstructural applications. use of lightweight concretes in construction of high rise
buildings, offshore structures and long span bridges due to the advantage of its low
density, results in a significant benefit in terms of load bearing elements of smaller
cross section and a corresponding reduction in the size of the foundation [2].
Lightweight aggregates are broadly classified in to two types, natural (pumice,
diatomite, volcanic cinders, etc.) and artificial (perlite, expanded shale, clay, slate,
sintered PFA, etc.). One of the main problems associated with the use of
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conventional lightweight aggregates produced from clay, slate and shale in concrete
is that these porous aggregates absorb a very large quantity of the mixing water. This
is known to affect the performance of the concrete, apart from the fact that it is
difficult to maintain specific water content during the casting. Also, this absorption
of water by the aggregate will mean that additional water will be required to maintain
the slump at acceptable levels. These increased water contents necessitate higher
cement contents, even without the benefit of higher strength [3]. Expanded
polystyrene is a kind of stable foam with low density, nonabsorbent, closed cell
nature aggregates consisting of discrete air voids in a polymer matrix. As a type of
artificial ultra-lightweight aggregate, the polystyrene beads can easily be
incorporated in mortar or concrete to produce lightweight concrete, with a wide
range of densities, required for building applications like cladding panels and loadbearing concrete blocks. Also, they can be used as a construction material for
floating marine structures, as an energy-absorbing material for the protection of
buried military structures and as fenders in offshore oil platforms [4]. Also, it was
reported that it can be used for other specialized applications like the sub-base
material for pavement and railway track bed, as construction material for floating
marine structures, sea beds, and sea fences, as an energy-absorbing material for the
protection of buried military structures, and as fenders in offshore oil platforms [5,6].
Polypropylene fibers have been widely used for the reinforcement of cementitious
materials to improve the toughness and energy absorption capability of matrix [7].
They were found to be extremely effective in reducing free plastic shrinkage, in
retarding first crack appearance and in controlling crack development [8].
Although effectiveness of PP fibers in shrinkage cracking, impact resistance and
ductility of cement matrices has been proved by many researchers, effect of PP
fibers on compressive and flexural strength is not quit clear [9]. Presently, a
comprehensive investigation on the mechanical behavior of the EPS concretes
containing polypropylene fibers is not available. In this study, concretes with
different EPS contents, were reinforced with polypropylene fibers and the effects
of using fibers on mechanical properties were evaluated.
2. EXPERIMENTAL INVESTIGATION
2.1. Materials and Mix Proportions
Cement: The cement used in all mortar mixes was ordinary Portland cement which
corresponds to ASTM type 1. The chemical analysis of Portland cement is shown
in Table 1.
Silica fume: Silica fume has been used as supplementary cementing materials to
partially replacement for many years. It has been also used for producing high
performance concrete or achieving other desired properties. The silica fume used in
this study contained 91.1% of SiO2 with average size of 7.38 µm.
Rice husk ash: Rice husk ash has been used in many countries as a low cost
concrete admixture because of its role as filler and a pozzolan [12]. It has been also
used. For producing high performance concrete (HPC) or achieving other desire
properties. RHA used in this experiment contained 91.62% of SiO2 with average
size of 15.83 µm.
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Table 1: Chemical composition of Cement and Silica fume and Rice husk ash
Oxide
Portland cement Silica fume Rice husk ash
SiO2
21/00
91/10
91/62
Al2O3
4/60
1/55
0/49
Fe2O3
3/20
2/00
0/73
CaO
64/50
2/42
2/51
MgO
2/00
0/06
0/88
SO3
2/90
0/45
Na2O + K2O
1/00
2/39
LOI
1/50
2/10
-

Superplastisizer: Superplastisizers are now widely used as additives in concrete
with high rheological requirements. The use of superplastisizers allows reducing
the water to cement ratio (w/c) of mortar and concrete without significantly
changing their flow properties. Sodium salts of formaldehyde condensates disperse
the cement particles by electrostatic repulsion which results from the adsorption on
cement surfaces [13, 14]. Due to high specific surface of silica fume and rice husk
ash which need more water for complete hydration, workability of concrete will be
affected. In order to achieve desire fluidity, polycarboxylate ether was incorporated
in to all mixes. The content of super plastsizer was adjusted for each mixture to
keep constant the workability of concrete.
Aggregates: Natural river sand was used with specific gravity of 2.51 gr/cm3 and
absorption capacity equal to 3.4%. Natural River gravel w used as coarse aggregate
with specific gravity of 2.54 gr/cm3 and absorption capacity equal to 2.57%.

Figure 3 . Sieve Analysis of used Sand and Gravel based on ASTM standard

EPS: The grading shows that used EPS has mostly (85%) 3.5 mm size beads. The
density of used expanded polystyrene was evaluated to be 0.0257 gr/cm3.
Polypropylene fiber: polypropylene fibers which is used is waste carpet fibers,

1038 / An Investigation on Effect of Using PP Fibers and….

––––––––––––––––

has been cut by length of 6mm.
Table 2: Characteristics of the polypropylene fibers
properties
description
Fibrillated or mono
Morphology
filament
Specific weight [gr/cm3]
0.95
Diameter [μm]
20 – 200
Modulus of elasticity
5 – 10
[GPa]
Tensile strength [MPa]
500 - 750
Ultimate strain [%]
5 - 15
Elongation at fracture [%]
Approx. 20
Melting point [°C]
160
Bonding with cement
Good
Stability in cement
Good

Mix proportions: Three percentages of using EPS of 15%, 25% and 40% by
volume were listed. In order to investigate the effect of polypropylene fibers on
mechanical properties of EPS concrete, it was used in mixes by four percentages of
0.1%, 0.3%, 0.5% and 1% by volume, silica fume and rice husk ash replacement
were 10% and 20% by weight in the cementitious material, respectively. The
complete details of the concrete mixes are presented in Table 3.
Table 3: Mix proportion of the specimens
Cement
(kg/m3)

S.F
%

R.H
%

Water
(kg/m3)

w/(c+s)

0-3
(kg/m3)

3-6
(kg/m3)

6-12
(kg/m3)

EPS
%

1
2
3
4
5

400
400
400
400
360

10%

-

180
170
165
160
190

0.45
0.43
0.41
0.4
0.48

666
540
431
294
652

118
95
76
52
115

957
777
620
423
940

15%
25%
40%
-

6
7
8
9
10
11

360
360
360
320
320
320

10%
10%
10%
-

20%
20%
20%

175
175
170
210
205
205

0.44
0.44
0.43
0.52
0.51
0.51

524
422
282
620
470
385

93
75
50
110
80
68

755
607
406
895
670
555

15%
25%
40%
15%
25%

12

320

-

20%

200

0.5

245

43

352

40%

PP
%
0% , 0.1% , 0.3% , 0.5% , 1% by Volume

mix
No.

Fresh
Density
(kg/m3)
2400
1900
1700
1350
2300
1900
1650
1300
2250
1850
1600
1250

Production of EPS concrete: EPS beads were wetted initially with a part of the
mixing water and superplasticizer before adding the remaining materials. Mixing
was continued until a uniform and flowing mixture was obtained. The fresh
concrete densities and slump values were measured immediately after the mixing
which showed a variation between 50 and 70cm. The specimens were cured under
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wet gunny bags initially and, after demolding, were stored in water [11].
Specimens: Cube specimens of 100 mm were tested for the uniaxial compressive
strength. Cylinders with a diameter of 150 mm and a height of 300 mm were tested
for the splitting tensile strength and modulus of elasticity. The 50×50×200 mm
beam specimens were tested in three point bending with the span of 180 mm with a
cross head movement of 1 mm/min. all the tests were done by using a testing
machine with a maximum load of 3000kN.
Test program: The main objective of the present investigation was to study the
Effect of Using PP fibers and different Cementitious Materials on Mechanical
Properties of EPS Concrete, over a wide range of concrete densities of 1250-2300
kg/m3, with the corresponding compressive strengths varying between 6.7 and 47.6
MPa. The flow values of the fresh concrete were measured according to ASTM C
124-1973. Compressive strength tests were carried out on 100 mm cubes at the age
of 3, 7, 14, 28 and 90 days on a testing machine of 3000 kN capacity at a loading
rate of 0.25 N/mm2s. The splitting tensile strength test was conducted on cylinders
of 150 mm in diameter and 300 mm in height, at 28 days as per ASTM C 496-89.
Modulus of elasticity test was done at 28 days by using the mentioned machine
based on ASTM C 469 [11]. the 50×50×200 mm beam specimens were tested in
third-point loading over a span of 180 mm in accordance with ASTM C 1018
w21x. Flexural test was done on these specimens with a cross head movement of 1
mm/min at 28 days.
2.2. Result and Discossion
Fresh concrete: The main parameter, which is often used to determine the
workability of fresh concrete, is the slump test. The slump value depends mainly
on the water absorption and porosity of the aggregates, water content in the
mixture, amount of the aggregate and fine material in the mixture, shape of the
aggregates and surface characteristics of the constituents in the mixture. The slump
values decreased significantly with the addition of polypropylene. With the use of
sufficient compaction, the fresh concrete would flow satisfactorily again and the
polypropylene fibers would be uniformly dispersed in the mixture. Furthermore,
with the constant water-cement ratio, the slump values of the concrete mixtures
containing polypropylene fibers were not significantly affected by the aggregate
types. This was primarily caused by the good adhesion in the fresh concrete, which
was created by the polypropylene fibers. The mixes having the higher percentage
of silica fume and rice husk ash show higher flow values. All the concretes were
flexible and easy to work with, and could be easily compacted using just hand
compaction.
Compressive strength: With or without using of EPS in mixes, the addition of
polypropylene fibers in the concrete did not significantly affect the compressive
strength of concretes. Test results showed increase in value of compressive strength
in some specimens and on the other hand, some other showed decrease on
mentioned parameter. Also from the results, it is clear that the rate of strength gain
in early ages increased using silica fume as a replacement of ordinary cement. But
rice husk ash, as a replacement of ordinary cement needs more time to show its
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benefits as a pozzolanic material. In this case, an improvement in mechanical
properties can be observed at the age of 90 days and upper. The desired density of
EPS concrete can be determined by varying the EPS volume in the mix. The
variations of compressive strength with the plastic density of concrete were
observed to be linear. Moreover, the failure mode of the concrete specimens
containing EPS aggregates under compressive loading observed to be gradual and
the specimens were capable of retaining the load after failure without full
disintegration. By adding polypropylene in EPS concrete matrix, the failure mode
observed to be more gradual. This clearly shows the high energy absorption
capacity of these concretes.
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Figure 2. Compressive strength of concrete at different contents of EPS and PP fibers
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Figure 3. variation of compressive strength with age and cementitious replacement

Split tensile strength: The variation of tensile strength with the EPS and
polypropylene content of admixture is given in Figure 4. From this, it can be seen
that the tensile strength increased with decreasing EPS content of concrete.
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Figure 4. variation of Tensile strength with PP and EPS content of concrete

The splitting failure mode of the concrete specimens containing EPS aggregates
also observed to be gradual. adding polypropylene fibers showed an increase in the
value of tensile strength, as well by adding polypropylene in concrete matrix, the
failure mode observed to be more gradual and specimens did not separate in two
parts as shown in Figure 5. Effect of using silica fume and rice husk ash as a
replacement of ordinary cement on split tensile is similar to the effects that
observed during compressive strength tests.

Figure 5. Effect of using polypropylene in concrete on failure mode

Modulus of elasticity: Static modulus of elasticity tests were carried out on the
150×300 mm EPS concrete cylinders. The results of these tests showed that this
mechanical material property has a linear variation with the used volume of EPS in
admixture, but vice versa. It means that an increase in the volume of EPS, used in
concrete lead to decrease in the magnitude of the parameter modulus of elasticity
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which is expected. From the results, the addition of polypropylene fibers in the
concrete did not significantly affect the modulus of elasticity of mixes. It means
that the use of polypropylene fibers by the mentioned percentages in EPS concrete
resulted in the low influence on modulus of elasticity of concrete rather than the
influences contributed by the other constituents of concrete.
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Figure 6. variation of Modulus of Elasticity with PP and EPS content of concrete

The results also indicated that adding silica fume to admixture caused an increase
in modulus of elasticity in all mixes, however using rice husk ash as a
supplementary cementitious material caused a decrease in value of the modulus of
elasticity at 28 days.
Flexural behavior: from the results, the flexural capacity decreased with an
increase in the volume of EPS in mixes. Also no effect on the flexural behavior
was observed. However, by increasing used polypropylene’s volume, flexural
capacity was observed to be improved.
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Figure 7. variation of Flexural strength with PP and EPS content of concrete
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3. CONCLUSION
The mechanical strength of EPS concrete showed a linear increase with an increase
in concrete density. The failure was observed to be gradual (compressible), and the
specimens were capable of retaining the load after failure, without full
disintegration. The strength of EPS concretes appears to increase linearly with an
increase in concrete density, or with a decrease in the EPS volume. With or without
using of EPS in mixes, the addition of polypropylene fibers in the concrete did not
significantly affect the compressive strength of concretes. The rate of strength gain
was increasing with using silica fume as a replacement of ordinary cement. But rice
husk ash, as a replacement of ordinary cement needs more time to show its benefits
as a pozzolanic material. In this case, an improvement in mechanical properties can
be observed at the age of 90 days and upper. Be seen that the tensile strength
increased with an increase in compressive strength. Modulus of Elasticity of
concretes decreased with the incorporation of EPS. High amounts of EPS contents,
decreased the elastic module more. Effect of polypropylene fibers on module of
elasticity was not clear. Adding silica fume to admixture increased the modulus of
elasticity however using rice husk ash had not positive effect in early ages. Results
of flexural behavior test showed that, the flexural strength decreased with an
increase in the volume of EPS in mixes. Results showed that application of PP
fibers improved the flexural strength of concrete.
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ABSTRACT
The use of lightweight concrete in many applications of modern construction is
increasing, owing to the advantages that lower density results in decreasing the
magnitude of dead load of the structure which lead to smaller cross sections for load
bearing elements. Expanded polystyrene (EPS) beads are a type of artificial
lightweight nonabsorbent aggregates which can be used to produce low density
concretes by replacing with normal aggregates, either partially or fully, depending
upon the requirements of density and strength. Also plastic shrinkage is the
dimensional change that occurs in all fresh cement based materials within the first
few hours after it has been placed which is not unacceptable in itself, but it is some
times accompanied by development of cracks that are unsightly and objectionable.
Polypropylene and other synthetic fibers are added to concrete as secondary
reinforcement in order to control this plastic shrinkage. On the other hand, the
addition of fibers affects on the properties of hardened concrete like compressive and
tensile strength, elastic modulus and toughness. The present study covers the use of
polypropylene fibers at contents equal to 0.1%, 0.3%, 0.5% and 1% by volume of
EPS concrete in order to study about the effects of its addition into the EPS concrete
matrix on mechanical properties. Also the effects of using Silica fume and Rice husk
as two supplementary cementitious materials were investigated.
Keywords: EPS concrete, PP fibers, silica fume, rice husk, mechanical properties
1. INTRODUCTION
Lightweight concretes can be produced by replacing the normal aggregates in
concrete either partially or fully, depending upon the requirements of density and
strength [1]. Historically, lightweight concrete is used for both structural and nonstructural applications. use of lightweight concretes in construction of high rise
buildings, offshore structures and long span bridges due to the advantage of its low
density, results in a significant benefit in terms of load bearing elements of smaller
cross section and a corresponding reduction in the size of the foundation [2].
Lightweight aggregates are broadly classified in to two types, natural (pumice,
diatomite, volcanic cinders, etc.) and artificial (perlite, expanded shale, clay, slate,
sintered PFA, etc.). One of the main problems associated with the use of
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conventional lightweight aggregates produced from clay, slate and shale in concrete
is that these porous aggregates absorb a very large quantity of the mixing water. This
is known to affect the performance of the concrete, apart from the fact that it is
difficult to maintain specific water content during the casting. Also, this absorption
of water by the aggregate will mean that additional water will be required to maintain
the slump at acceptable levels. These increased water contents necessitate higher
cement contents, even without the benefit of higher strength [3]. Expanded
polystyrene is a kind of stable foam with low density, nonabsorbent, closed cell
nature aggregates consisting of discrete air voids in a polymer matrix. As a type of
artificial ultra-lightweight aggregate, the polystyrene beads can easily be
incorporated in mortar or concrete to produce lightweight concrete, with a wide
range of densities, required for building applications like cladding panels and loadbearing concrete blocks. Also, they can be used as a construction material for
floating marine structures, as an energy-absorbing material for the protection of
buried military structures and as fenders in offshore oil platforms [4]. Also, it was
reported that it can be used for other specialized applications like the sub-base
material for pavement and railway track bed, as construction material for floating
marine structures, sea beds, and sea fences, as an energy-absorbing material for the
protection of buried military structures, and as fenders in offshore oil platforms [5,6].
Polypropylene fibers have been widely used for the reinforcement of cementitious
materials to improve the toughness and energy absorption capability of matrix [7].
They were found to be extremely effective in reducing free plastic shrinkage, in
retarding first crack appearance and in controlling crack development [8].
Although effectiveness of PP fibers in shrinkage cracking, impact resistance and
ductility of cement matrices has been proved by many researchers, effect of PP
fibers on compressive and flexural strength is not quit clear [9]. Presently, a
comprehensive investigation on the mechanical behavior of the EPS concretes
containing polypropylene fibers is not available. In this study, concretes with
different EPS contents, were reinforced with polypropylene fibers and the effects
of using fibers on mechanical properties were evaluated.
2. EXPERIMENTAL INVESTIGATION
2.1. Materials and Mix Proportions
Cement: The cement used in all mortar mixes was ordinary Portland cement which
corresponds to ASTM type 1. The chemical analysis of Portland cement is shown
in Table 1.
Silica fume: Silica fume has been used as supplementary cementing materials to
partially replacement for many years. It has been also used for producing high
performance concrete or achieving other desired properties. The silica fume used in
this study contained 91.1% of SiO2 with average size of 7.38 µm.
Rice husk ash: Rice husk ash has been used in many countries as a low cost
concrete admixture because of its role as filler and a pozzolan [12]. It has been also
used. For producing high performance concrete (HPC) or achieving other desire
properties. RHA used in this experiment contained 91.62% of SiO2 with average
size of 15.83 µm.
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Table 1: Chemical composition of Cement and Silica fume and Rice husk ash
Oxide
Portland cement Silica fume Rice husk ash
SiO2
21/00
91/10
91/62
Al2O3
4/60
1/55
0/49
Fe2O3
3/20
2/00
0/73
CaO
64/50
2/42
2/51
MgO
2/00
0/06
0/88
SO3
2/90
0/45
Na2O + K2O
1/00
2/39
LOI
1/50
2/10
-

Superplastisizer: Superplastisizers are now widely used as additives in concrete
with high rheological requirements. The use of superplastisizers allows reducing
the water to cement ratio (w/c) of mortar and concrete without significantly
changing their flow properties. Sodium salts of formaldehyde condensates disperse
the cement particles by electrostatic repulsion which results from the adsorption on
cement surfaces [13, 14]. Due to high specific surface of silica fume and rice husk
ash which need more water for complete hydration, workability of concrete will be
affected. In order to achieve desire fluidity, polycarboxylate ether was incorporated
in to all mixes. The content of super plastsizer was adjusted for each mixture to
keep constant the workability of concrete.
Aggregates: Natural river sand was used with specific gravity of 2.51 gr/cm3 and
absorption capacity equal to 3.4%. Natural River gravel w used as coarse aggregate
with specific gravity of 2.54 gr/cm3 and absorption capacity equal to 2.57%.

Figure 3 . Sieve Analysis of used Sand and Gravel based on ASTM standard

EPS: The grading shows that used EPS has mostly (85%) 3.5 mm size beads. The
density of used expanded polystyrene was evaluated to be 0.0257 gr/cm3.
Polypropylene fiber: polypropylene fibers which is used is waste carpet fibers,
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has been cut by length of 6mm.
Table 2: Characteristics of the polypropylene fibers
properties
description
Fibrillated or mono
Morphology
filament
Specific weight [gr/cm3]
0.95
Diameter [μm]
20 – 200
Modulus of elasticity
5 – 10
[GPa]
Tensile strength [MPa]
500 - 750
Ultimate strain [%]
5 - 15
Elongation at fracture [%]
Approx. 20
Melting point [°C]
160
Bonding with cement
Good
Stability in cement
Good

Mix proportions: Three percentages of using EPS of 15%, 25% and 40% by
volume were listed. In order to investigate the effect of polypropylene fibers on
mechanical properties of EPS concrete, it was used in mixes by four percentages of
0.1%, 0.3%, 0.5% and 1% by volume, silica fume and rice husk ash replacement
were 10% and 20% by weight in the cementitious material, respectively. The
complete details of the concrete mixes are presented in Table 3.
Table 3: Mix proportion of the specimens
Cement
(kg/m3)

S.F
%

R.H
%

Water
(kg/m3)

w/(c+s)

0-3
(kg/m3)

3-6
(kg/m3)

6-12
(kg/m3)

EPS
%

1
2
3
4
5

400
400
400
400
360

10%

-

180
170
165
160
190

0.45
0.43
0.41
0.4
0.48

666
540
431
294
652

118
95
76
52
115

957
777
620
423
940

15%
25%
40%
-

6
7
8
9
10
11

360
360
360
320
320
320

10%
10%
10%
-

20%
20%
20%

175
175
170
210
205
205

0.44
0.44
0.43
0.52
0.51
0.51

524
422
282
620
470
385

93
75
50
110
80
68

755
607
406
895
670
555

15%
25%
40%
15%
25%

12

320

-

20%

200

0.5

245

43

352

40%

PP
%
0% , 0.1% , 0.3% , 0.5% , 1% by Volume

mix
No.

Fresh
Density
(kg/m3)
2400
1900
1700
1350
2300
1900
1650
1300
2250
1850
1600
1250

Production of EPS concrete: EPS beads were wetted initially with a part of the
mixing water and superplasticizer before adding the remaining materials. Mixing
was continued until a uniform and flowing mixture was obtained. The fresh
concrete densities and slump values were measured immediately after the mixing
which showed a variation between 50 and 70cm. The specimens were cured under
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wet gunny bags initially and, after demolding, were stored in water [11].
Specimens: Cube specimens of 100 mm were tested for the uniaxial compressive
strength. Cylinders with a diameter of 150 mm and a height of 300 mm were tested
for the splitting tensile strength and modulus of elasticity. The 50×50×200 mm
beam specimens were tested in three point bending with the span of 180 mm with a
cross head movement of 1 mm/min. all the tests were done by using a testing
machine with a maximum load of 3000kN.
Test program: The main objective of the present investigation was to study the
Effect of Using PP fibers and different Cementitious Materials on Mechanical
Properties of EPS Concrete, over a wide range of concrete densities of 1250-2300
kg/m3, with the corresponding compressive strengths varying between 6.7 and 47.6
MPa. The flow values of the fresh concrete were measured according to ASTM C
124-1973. Compressive strength tests were carried out on 100 mm cubes at the age
of 3, 7, 14, 28 and 90 days on a testing machine of 3000 kN capacity at a loading
rate of 0.25 N/mm2s. The splitting tensile strength test was conducted on cylinders
of 150 mm in diameter and 300 mm in height, at 28 days as per ASTM C 496-89.
Modulus of elasticity test was done at 28 days by using the mentioned machine
based on ASTM C 469 [11]. the 50×50×200 mm beam specimens were tested in
third-point loading over a span of 180 mm in accordance with ASTM C 1018
w21x. Flexural test was done on these specimens with a cross head movement of 1
mm/min at 28 days.
2.2. Result and Discossion
Fresh concrete: The main parameter, which is often used to determine the
workability of fresh concrete, is the slump test. The slump value depends mainly
on the water absorption and porosity of the aggregates, water content in the
mixture, amount of the aggregate and fine material in the mixture, shape of the
aggregates and surface characteristics of the constituents in the mixture. The slump
values decreased significantly with the addition of polypropylene. With the use of
sufficient compaction, the fresh concrete would flow satisfactorily again and the
polypropylene fibers would be uniformly dispersed in the mixture. Furthermore,
with the constant water-cement ratio, the slump values of the concrete mixtures
containing polypropylene fibers were not significantly affected by the aggregate
types. This was primarily caused by the good adhesion in the fresh concrete, which
was created by the polypropylene fibers. The mixes having the higher percentage
of silica fume and rice husk ash show higher flow values. All the concretes were
flexible and easy to work with, and could be easily compacted using just hand
compaction.
Compressive strength: With or without using of EPS in mixes, the addition of
polypropylene fibers in the concrete did not significantly affect the compressive
strength of concretes. Test results showed increase in value of compressive strength
in some specimens and on the other hand, some other showed decrease on
mentioned parameter. Also from the results, it is clear that the rate of strength gain
in early ages increased using silica fume as a replacement of ordinary cement. But
rice husk ash, as a replacement of ordinary cement needs more time to show its
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benefits as a pozzolanic material. In this case, an improvement in mechanical
properties can be observed at the age of 90 days and upper. The desired density of
EPS concrete can be determined by varying the EPS volume in the mix. The
variations of compressive strength with the plastic density of concrete were
observed to be linear. Moreover, the failure mode of the concrete specimens
containing EPS aggregates under compressive loading observed to be gradual and
the specimens were capable of retaining the load after failure without full
disintegration. By adding polypropylene in EPS concrete matrix, the failure mode
observed to be more gradual. This clearly shows the high energy absorption
capacity of these concretes.
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Figure 2. Compressive strength of concrete at different contents of EPS and PP fibers
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Figure 3. variation of compressive strength with age and cementitious replacement

Split tensile strength: The variation of tensile strength with the EPS and
polypropylene content of admixture is given in Figure 4. From this, it can be seen
that the tensile strength increased with decreasing EPS content of concrete.
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Figure 4. variation of Tensile strength with PP and EPS content of concrete

The splitting failure mode of the concrete specimens containing EPS aggregates
also observed to be gradual. adding polypropylene fibers showed an increase in the
value of tensile strength, as well by adding polypropylene in concrete matrix, the
failure mode observed to be more gradual and specimens did not separate in two
parts as shown in Figure 5. Effect of using silica fume and rice husk ash as a
replacement of ordinary cement on split tensile is similar to the effects that
observed during compressive strength tests.

Figure 5. Effect of using polypropylene in concrete on failure mode

Modulus of elasticity: Static modulus of elasticity tests were carried out on the
150×300 mm EPS concrete cylinders. The results of these tests showed that this
mechanical material property has a linear variation with the used volume of EPS in
admixture, but vice versa. It means that an increase in the volume of EPS, used in
concrete lead to decrease in the magnitude of the parameter modulus of elasticity
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which is expected. From the results, the addition of polypropylene fibers in the
concrete did not significantly affect the modulus of elasticity of mixes. It means
that the use of polypropylene fibers by the mentioned percentages in EPS concrete
resulted in the low influence on modulus of elasticity of concrete rather than the
influences contributed by the other constituents of concrete.
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Figure 6. variation of Modulus of Elasticity with PP and EPS content of concrete

The results also indicated that adding silica fume to admixture caused an increase
in modulus of elasticity in all mixes, however using rice husk ash as a
supplementary cementitious material caused a decrease in value of the modulus of
elasticity at 28 days.
Flexural behavior: from the results, the flexural capacity decreased with an
increase in the volume of EPS in mixes. Also no effect on the flexural behavior
was observed. However, by increasing used polypropylene’s volume, flexural
capacity was observed to be improved.
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Figure 7. variation of Flexural strength with PP and EPS content of concrete
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3. CONCLUSION
The mechanical strength of EPS concrete showed a linear increase with an increase
in concrete density. The failure was observed to be gradual (compressible), and the
specimens were capable of retaining the load after failure, without full
disintegration. The strength of EPS concretes appears to increase linearly with an
increase in concrete density, or with a decrease in the EPS volume. With or without
using of EPS in mixes, the addition of polypropylene fibers in the concrete did not
significantly affect the compressive strength of concretes. The rate of strength gain
was increasing with using silica fume as a replacement of ordinary cement. But rice
husk ash, as a replacement of ordinary cement needs more time to show its benefits
as a pozzolanic material. In this case, an improvement in mechanical properties can
be observed at the age of 90 days and upper. Be seen that the tensile strength
increased with an increase in compressive strength. Modulus of Elasticity of
concretes decreased with the incorporation of EPS. High amounts of EPS contents,
decreased the elastic module more. Effect of polypropylene fibers on module of
elasticity was not clear. Adding silica fume to admixture increased the modulus of
elasticity however using rice husk ash had not positive effect in early ages. Results
of flexural behavior test showed that, the flexural strength decreased with an
increase in the volume of EPS in mixes. Results showed that application of PP
fibers improved the flexural strength of concrete.
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ABSTRACT
When an earthquake happens, different kinds of compression and shear waves are
produced. Structures in direction of compression waves P (sense's weight of
structure) have good enforcement and main loss of structures is in sense of shear
(sense of propagation S waves). By reducing amplitude of seismic waves, we can
reduce damages to the building. Nowadays, one of the most important difficulties
in front of engineering structure is finding ways for reducing side movement of
structure and vibrations caused by the device measuring earthquakes in buildings
especially high structures for adding to their factor of safety. Seismic waves are
among mechanic waves and for propagation need material environment and their
reduction has opposite environment's density. So, reducing density of propagation
environment is one of ways for reducing amplitude of waves. On the other side,
liquids do not have a stiffness shear and cannot effect and propagation S waves. So,
in this plan, we have tried using this specifications and installing sphere full of
fluid in the sample environment of ordinary concrete, make new concrete and
evaluate its behavior so that has considerable reduce against shear waves.
For considering the made sample behavior and comparing it with ordinary concrete,
cubic samples with sizes 10x20x20 and 10x20x60cm are made and were put under
impulse loads. Comparing test results, it was observed that amplitude of registered
wave on the concrete sample with fluid compare to sample of ordinary concrete has
reduced on average %50. So, by using this damping concrete, we can reduce the
seismic energy and acceleration effected to the structure and considering amount of
this reduction, the structure weight is also reduced. Reduction of structure weight
caused reduction of secondary seismic force.
Keywords: damper, shear wave, fluid
1. INTRODUCTION
Buildings are always subject to great dynamic loads which are caused by different
environment factors, and the seismic load caused by earthquake is one of them. So,
today one of the most important problems in front of structure engineers is finding
ways for reducing side movement of structure and produced vibrations in buildings
especially high structures for increasing the structure's factor of safety, ease and
tranquility of inhabitants. Nowadays, in some buildings of advanced countries such
as Japan and USA, passive dampers are used and they have different kind so
bracing rod damper and pillar damper. You can see some pictures of the most
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useful ones in picture No. 1. Also, other kinds of dampers such as Viscous Damper
(VEDs) and the one which can be adjusted for its weight (TMDs)… exist and by
changing ductility of structure (R), it causes reduction of vibrations in the time unit
or earthquake's rock. Using dampers is the base of reducing the seismic energy
after entrance to structure. So, in this method, all changes are mechanic and do not
have effect on nature of entrance waves. And, the seismic acceleration is exactly
effected to the structure and is subject to dampers which constitute part of
structure, are a mortised.
Although reducing R has effect in ductility, but another effective parameter is the
structure weight which is independent of R. using the present dampers, for every
structure, considering its weight, damping should be calculated separately. But, in
this plan, we tried considering the nature of seismic waves, as much as effective
acceleration on the structure is reduced, we can say definitely that we will have as
much as force reduction for structure that has made a lighter structure design and
this again will lead to reducing final shear force.

B
A
Figure 1. Kinds of mechanical damp ions a) pillar. b) Bracing Rod

Figure 2. The style of production and diffusion of body waves

2. SEISMIC WAVES
When an earthquake happens, different types of body waves are produced which
are mainly mechanic and are propagation only in material environments. These
waves are produced in the center of earthquake and are distributed in all directions.
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They are two main groups: compression waves (P) and shear waves (S). In picture
No. 2, way of production and propagation of these waves is observed. The first
group which is primary, compression and length waves cause compression and
connection of materials which pass through them. Second group is secondary;
shear or width waves cause vibration of environment particles in vertical line on
distributing waves and perform shear waves on the distribution environment.
Velocity of waves is subject to material and hardness of composed materials in the
distributed environment and the steady fluid which does not have stiffness shear
can not effected and distribute shear waves.
3. DAMPER CONCRETE
This concrete considering specifications of the propagation environment of shear
waves and in order to amortize more these waves is made. Since sense of
propagation compression waves is in line with the structure gravity and structures
for effect this force in sense vertical are very rigidity designs, so that compression
waves of the earthquake often are not serious damage. But, shear waves while
happening of earthquake cause the most damages. But, if we can make shear waves
before entrance to damped structure, we can reduce favorably the caused damages
by earthquake. In this case, a lighter structure will have stability against
earthquake. This in return causes reduction of the force to structure. If this cycle
continues, we can achieve the below diagram is obtained. Some sentences of it are
economical from engineering viewpoint. It means that we can do this several times
and this cycle is effective depending on the structure weight.
Fn=aqn-1
Fn: Reduced earthquake force
A: Primary seismic force
Q: Amount of reduced seismic force in percent
N: No. of sentences
In making the sample concrete, sphere full of water have low shear resistance are
available easily and are used as vertically sheets. Picture No. 3 shows a sample of
these spheres. Shear waves of earthquake while passing these spheres because of
their fluid are reduced. Amount of this reduction is subject to specifications and the
amount of fluid inside the concrete and also the way of putting spheres in the
concrete.
4. PERFORMING TESTS
Considering hypotheses and theories presented in the preface, we expect that waves
and especially shear waves by passing this concrete are reduced. In this concrete,
quite equal spheres by passage of time do not exit these spheres so that fluids are
preserved for longer period in the environment. For primary considerations,
effectiveness of the innovative concrete, at first a sample 20 x 20 x 10 cm is made
and necessary considerations are made.
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Figure 3. Arrangement of the beads full of fluid

Since the primary sample was cubic, one side of the cubic is chosen and a
pounding device for impact shown in picture No. 4 is used for making waves.

Figure 4. The pounding is used in experiments.

Since our aim is comparing reduction of wave's amplitude in the made concrete
sample and also waves amplitude in addition to distribution environment is the size
is impact, the pounding device system is so made that it has equal conditions in all
impact. Besides, by repeating the test and taking average, we tried to reduce the
fault of these tests. Also, another parameter which is determining is time's impact.
Impact should be in a way which is equal in time. So, in every test, equal impact
with equal time intervals are used and in processes of data equal time window are
considered. In these considerations on cubic samples, we observed that these
spheres as expected by theory can cause amortization of shear waves and amplitude
of vibrations is reduced. These changes are observed in picture No. 5-A and 5-B.
Since the primary sample was small, a second sample with sizes 60 x 20 x 10 were
made, and results of the test were repeated.

A)
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B)
Figure 5. Vibrations domain A) In sample of typical concrete B) In sample of damping
concrete

During tests, two samples were used so that a suitable comparison is made in
produced waves. I mean one sample of ordinary concrete and a sample of damping
concrete in which fluid sphere existed. Difference of these samples is the spheres.
And from other viewpoints such as: mixing design, amount of cement, type,
grading of gravel and sand est. are considered the same. Before performing tests, it
was necessary to get insured of producing shear waves by the pounding system. So,
the test was done according to the picture No. 6. In this test, two horizontal single
element sensors in two vertical lines were installed. And, from the side, we impact
the samples. We expected that considering direction of the impact, the produced
waves are shear; also the arrived polarity is changed. Results of this test shown in
picture No. 7 confirm this hypothesis

B
A
Figure 6. Using form uni-vector geophone for assessment of Shear wave production
A) Sensors placement B) the way of doing impact

Figure 7. Polarity changing of wave with changing of impact direction is confirmation
of producing shear wave in experiment
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Continuing the tests, as observed in picture No. 8, hits are produced from side and
instead of using geophone, horizontal device of systems measuring acceleration are
very sensitive. 20 impacts are equally impact on the sample. The reason for using
20 impacts is getting average and reducing fault of impact size.

Figure 8. Testing in different environment.

In processing registered data, seismosignal is used and for omitting it, first it
should pass though a filter in frequency limit of 1 to 25 Hertz. Considering
acceleration response spectrum in damping %5, %10, and % 20 evaluation of data
pseudo acceleration are received. Previous amount of them for both samples of
concrete are measuring and reducing amplitude waves is got. And, by getting this
ratio, we can say that the sample of produced concrete how much has role in
reducing the amplitude and as result energy of seismic waves. Table No. 1 shows
this ration in 10 samples tested for ordinary concrete and damping concrete.
Table 1: Obtained acceleration of data in typical and damping concrete and their ratios
Awc (g)
Acc (g)
Test
Awc/Acc
Max acceleration in
Max acceleration in
number
ratio
damping concrete
typical concrete
1
0.9
2.6
0.35
2
1.3
2.4
0.54
3
0.55
2.3
0.24
4
0.55
2.3
0.24
5
1.25
2.8
0.45
6
1.15
2.3
0.50
7
0.95
2.6
0.37
8
1.25
2.4
0.52
9
1.2
1.8
0.67
10
1.05
1.8
0.58
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A)

B)
Figure 9. Acceleration domain, speed and changes of recorded movement resulting
form impacts, respectively A) before and B) after filter

Figure 10 is the response spectrum of amplitude figure of shear wave acceleration in
the ordinary and damper concrete in 1.5 second compared together. In one test,
amount of acceleration in damped concrete is less than ordinary concrete. And, in the
figure of picture No. 11 the reduction ration of acceleration for 10 tests is shown.

Figure 10. The comparison of acceleration response spectrums for section wave in damper
and normal concrete- blue for normal concrete and balk & white for damper concrete
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Figure 11. Shows the proportions ratio of acceleration decrease for 10 tests

As observed in pictures 10 and 11, using this damper concrete, we can seismic
energy can be affected to structure. And, considering this amount of structure
reduction is reduced. Also, reduction of structure weight causes secondary
reduction of seismic force. This concrete reduces the wave acceleration directly
and causes reduction of seismic force and reduces the structure weight indirectly.
Later on, we intend to consider other parameters such as: dimensions, fluid
volume, kind of fluid, arrangement of sphere and entrance of unit energy to the
sample so that we achieve a reduction factor.
5. CONCLUSIONS
Since effect of spheres in small dimensions is considerable, we hope that by
considering more, we can reduce seismic waves and consequently earthquake
danger considerably. And, by reducing human losses, consumption of building
materials, structure weight and seismic force are reduced. This is a useful method
for reducing the seismic waves' intensity before entrance to structures.
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ABSTRACT
Self compacting concrete is termed as a concrete with high flow ability and
cohesiveness which can fill its mold without the need of any extra vibration effort.
Fiber inclusion to concrete enhances the mechanical properties, while making the
concrete less workable. This article presents a study on the fresh and mechanical
properties of a fiber reinforced self compacting concrete incorporating highvolume fly ash that does not meet the fineness requirements of ASTM C 618. A
poly carboxylic based superplasticizer was used in combination with a viscosity
modifying admixture. In mixes containing fly ash, 50% of cement by weight was
replaced with fly ash. Two different types of steel fibers were used in combination,
keeping the total fiber content constant at 60 kg/m3. Slump flow time and
diameter, V funnel, and air content were performed to assess the fresh properties of
the concrete. Compressive strength, split tensile strength, and ultrasonic pulse
velocity of the concrete were determined for the hardened properties. It can be
concluded that high-volume coarse fly ash could successfully be used in producing
fiber reinforced SCC. Even though there is some reduction in the concrete strength,
because of the use of high-volume coarse fly ash, it is possible to achieve self
compaction with considerable fiber inclusion.
Keywords: self compacting concrete, fiber reinforcement, high volume coarse fly
ash, fresh properties, ultrasonic test
1. INTRODUCTION
Use of self compacting concrete (SCC) in the construction industry has been
increasing [1] because of its technical advantages such as flowing through the
reinforcement and filling every corner of its mold without any need for vibration
and compaction during its placement. Generally, SCC is achieved using new
generation superplasticizers to reduce the water–binder ratio. In addition,
supplementary cementitious or inert materials such as limestone powder, natural
pozzolans, and fly ash is also used to increase the viscosity and reduce the cost of
SCC. Among these materials, fly ash, a by-product of thermal power plants, has
been reported to improve the mechanical properties and durability of concrete
when used as a cement replacement material [2]. Concretes having large amounts
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of fly ash are termed as high-volume fly ash (HVFA) concrete. HVFA concrete
was initially developed for mass concrete applications to reduce the heat of
hydration, but with its sufficient mechanical and excellent durability properties it
has been used in structural and pavement applications [3]. Fly ash is usually
separated at the power plants and high quality (fine) fly ash meeting the fineness
requirement of ASTM C 618 can be used in producing blended cements or added
as a separate ingredient at the ready mixed concrete batching plants. In addition to
this fine fly ash, there are vast amounts of substandard (coarse) fly ash that can be
utilized in the concrete industry. A successful application of the coarse fly ash in
producing blended Portland cements was published by the researchers at CANMET
[4]. Fly ash has also been increasingly used in the Turkish concrete industry.
Recently, to increase the use of fly ash, investigations on HVFA in producing SCC
are being performed [5]. In this article another application of this type of coarse fly
ash will be presented on SCCs incorporating hybrid fiber reinforcement.
The term fiber reinforced concrete (FRC) is defined by ACI 116R, Cement and
Concrete Terminology, as a concrete containing dispersed randomly oriented
fibers. Inherently, concrete is brittle under tensile loading and mechanical
properties of concrete may be improved by randomly oriented short discrete fibers
which prevent or control initiation, propagation, or coalescence of cracks [6]. The
character and performance of FRC changes depend on the properties of concrete
and the fibers. The properties of fibers that are usually of interest are fiber
concentration, fiber geometry, fiber orientation, and fiber distribution. Using a
single type of fiber may improve the properties of FRC to a limited level. However,
the concept of hybridization, adding two or more types of fiber into concrete, can
offer more attractive engineering properties as the presence of one fiber enables
more efficient utilization of the potential properties of other fibers [7-8]. Previous
investigations showed that the use of steel fibers in SCC is feasible [9-10]. In these
mixes, steel fibers can decrease workability of SCC as the fiber amount and
slenderness ratio (length/diameter) increase.
However, in case of well-proportioned SCC the workability is not influenced by
the steel fibers [10]. The incorporation of fibers in concrete improves mechanical
properties of concrete such as ductility, toughness, tensile strength, impact
resistance and fatigue.
The objective of this study is to assess the effects of HVFA replacement on the
fresh and hardened properties of SCCs incorporating different types of steel fibers.
Moreover, the fly ash used in this study was a coarse fly ash that does not meet the
fineness requirements of ASTM C 618. Even though, the suitability of using such a
substandard fly ash needs much detailed investigations, this study covers the fresh
and some hardened properties of such mixes. In addition to the fly ash, two
different sizes of steel fibers were used at different proportions in making the
concrete. Total mass of cementitious materials is 500 kg/m3, in which 50% of
cement is replaced by the coarse grained fly ash. For comparison, a control SCC
mix without any fly ash was also produced. The commercially available chemical
admixtures used in this study included a viscosity modifying admixture (VMA)
and a polycarboxylic based superplasticizer (SP).
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2. MATERIALS
2.1. Portland Cement
The cement used in all mixes was a commercially available Portland cement (PC),
which corresponds to ASTM Type I cement. It had a specific gravity of 3.09 and
Blaine fineness of 3030 cm2/g. Chemical composition of the PC is given in Table 1.
2.2. Limestone Powder
Limestone powder (LP) was used as a mineral viscosity enhancing admixture. LP
was a by product of marble extraction with a CaCO3 content of 98% and a specific
gravity of 2.70. The chemical composition of the limestone powder is also
presented in Table 1.
2.3. Fly Ash
A fly ash (FA) from Çayırhan, Turkey was used in this study. Its chemical
composition is given in Table 1. The FA had a relatively low specific gravity and
Blaine fineness of 2.01 and 2420 cm2/g respectively. The percentage of fly ash
retained when wet sieved on a 45-μm sieve was 46. Therefore, this FA failed to
meet the fineness requirements of ASTM C 618. To confirm the fineness of the
FA, the particle size distribution of the FA was also determined. Figure 1 shows the
particle size distribution of the FA, as well as the LP, and PC used in this study. As
can be seen from that plot, FA was much coarser compared to both PC and LP.
Table 1: Chemical composition of the Portland cement and mineral admixtures
Chemical
Portland
Limestone
Fly ash
analyses (%)
cement
powder
CaO
61.94
11.31
54.97
SiO2
18.08
49.55
0.01
Al2O3
5.58
13.34
0.17
Fe2O3
2.43
8.51
0.05
MgO
2.43
4.10
0.64
SO3
2.54
1.70
0.00
K2O
0.99
1.99
0.00
Na2O
0.18
3.08
0.00
LOI
4.40
2.74
43.66

2.4. Fiber
Two cylindrical steel fiber types, one with hooked ends (SF1) and one straight
(SF2) were used. Their specific gravities were 7.85 and 7.17 respectively. The
length and aspect ratio of the SF1 was 30 mm and 55, respectively, compared to 6
mm and 37.5 of SF2. The SF2 fiber was made of high strength steel with a brass
coating, which provides it a relatively smooth surface. The total fiber content was
kept constant at 60 kg/m3 for all the mixes.
2.5. Aggregates
As for the aggregates, crushed limestone and crushed sand from the same local
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source were used. As can be seen from the gradation of the aggregates presented in
Table 2, the maximum aggregate size was 19 mm. Both the coarse and fine
aggregate had a specific gravity of 2.70, and water absorptions of 0.5 % and 1.2 %
respectively.

Figure 1. Particle size distribution of PC, FA and LP
Table 2: Aggregate grading
Sieve size
% passing
(mm)
Coarse
Fine
19
100
100
58.6
100
12.7
35.8
100
9.5
0
96.9
4.75
85.5
2.36
68.3
1.18
42.3
0.6
17.4
0.3
3.7
0.15

3. CHEMICAL ADMIXTURES
A polycarboxylic type superplasticizer (SP) was used in all concrete mixes. In
addition to the SP a viscosity modifying admixture (VMA) was also used. The
properties of both admixtures, as provided by their manufacturers, are shown in
Table 3.

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 1065

Table 3: Properties of chemical admixtures
Solid
Specific
Main component
pH
content (%)
gravity

Chemical
Admixture
SP

1.08

5-7

40

polycarboxylic

VMA

1.00

-

20

dispersed carbohydrate

4. EXPERIMENTAL PROCEDURES
4.1. Mix Proportions
The mix proportions of the mixes are summarized in Table 4. As seen in that table,
five concrete mixes are prepared. The two control mixes did not contain any steel
fibers. As a binder, one of the control mixes included PC (Control_PC) and the
other one had FA replacing 50 % by weight of PC (Control_FA). All of the
remaining mixes had the same amount of FA as in Control_FA. These were named
as FA_SF1, FA_SF1&SF2, and FA_SF2 indicating the type of steel fiber
incorporated in the mix. For all the mixes, the total amount of binder (PC + FA),
the amount of chemical admixtures, and the amount of LP were all kept constant.
Water was added to the mix until the SCC characteristics were observed; therefore,
the water/powder ratio was not kept constant and change was observed between
0.35 and 0.44.
Table 4: Mix proportions
Mix
ID
Control_PC
Control_FA
FA_SF1
FA_SF1&SF2
FA_SF2

Water

PC

FA

LP

250
230
226
205
205

500
250
250
250
250

0
250
250
250
250

70
70
70
70
70

Aggregate
Fine Coarse
905
539
888
529
889
530
925
550
924
549

Steel fiber
SF1 SF2
0
0
0
0
60
0
30
30
0
60

SP

VMA

5.5
5.5
5.5
5.5
5.5

6.25
6.25
6.25
6.25
6.25

4.2. Preparation and Casting of Test Specimens
The mixes were prepared at about 5 min. with a 70-liter rotating planetary mixer.
The sand, coarse aggregate and fibers were first dry-mixed followed by the
addition of fine materials and 1/3 of water. Finally, water and chemical admixtures
were pre-mixed and added to the mix. After the mixing procedure was completed,
tests were conducted on the fresh concrete to determine slump flow time and
diameter, V-funnel flow time, and air content. Segregation and bleeding were
visually checked during the slump flow test and was not observed in any of the
mixes. From each concrete mix, six 150-mm cubes and six _100*200-mm
cylinders were cast. All specimens were cast in one layer without any compaction.
The cubes were used for the compressive strength and ultrasonic pulse velocity
tests and the cylinders were used for the splitting tensile strength tests. After
demolding, all specimens were stored in a curing room at 21±2 0C, and 95±5%
relative humidity until testing.
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4.3. Tests on Fresh Concrete
Deformability and viscosity of fresh concrete is evaluated through the
measurement of slump flow time and diameter, and V-funnel flow time (Figure 2).
The slump flow is used to assess the horizontal free flow (deformability) of SCC in
the absence of obstructions. The procedure for the slump flow test and the
commonly used slump test are almost identical. In the slump test, the change in
height between the cone and the spread concrete is measured, whereas in the slump
flow test the diameter of the spread concrete is determined as the slump flow
diameter (D). According to Nagataki and Fujiwara, a slump flow diameter ranging
from 500 to 700 mm is considered as the slump required for a concrete classified as
SCC [11].
According to Specification and Guidelines for SCC prepared by EFNARC
(European Federation of National Trade Associations), a slump flow diameter
ranging from 650-800 mm can be accepted for SCC [12]. In the slump flow test
concrete’s ability to flow and its segregation resistance can also be measured. To
measure these properties, the time (t50) it takes for the concrete to reach a 500 mm
spread circle and any segregation border between the aggregates and mortar around
the edge of spread are recorded. EFNARC suggests t50 of 2 to 7 sec. for SCC. In
addition to the slump flow test, V-funnel test is also performed to assess the
flowability and stability of the SCC. The funnel is filled completely with concrete
and the bottom outlet is opened, allowing the concrete to flow. The V-funnel flow
time is the elapsed time (tV-f) in seconds between the opening of the bottom outlet
and the time when the light becomes visible from the bottom, when observed from
the top. Good flowable and stable concrete would consume short time to flow out.
According to Khayat, a tV-f which is less than 6 sec. is recommended for a
concrete to qualify as a SCC [13]. According to EFNARC, tV-f ranging from 6 to
12 sec. is considered adequate for a SCC [12].

Figure 2. Workability tests on the HVFA-SCC

4.4. Tests on Hardened Concrete
Tests performed on cured concrete specimens consist of the specimen compressive
strength, the splitting tensile strength, and the ultrasonic pulse velocity. For each
mix, cubic specimens were loaded under compressive load to failure (ultimate
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load) at 28, and 56 days. The compressive strength was computed from the average
of three specimens. The ultrasonic pulse velocities (UPV) of all six cubic
specimens were measured on the two smooth sides of the specimen at 7, 14, 28,
and 56 days. The UPV test was conducted with direct transducer arrangement
using a pair of narrowband 54 kHz transducers using a commercially available
PUNDIT system.
5. DISCUSSION OF TEST RESULTS
5.1. Fresh Concrete Properties
Table 5 lists the test results performed on fresh concrete. Included in that table are
the w/p ratio of the mix, slump flow diameter (D) and time (t50), V-funnel flow
time and air content. As seen in that table, the slump flow diameters of all mixes
were in the range of 560 to 700 mm, slump flow times are less than 2.9 sec., and
the V-funnel flow times (tV-f) were in the range of 2.4 to 4.3 sec. Therefore, all
concrete mixes could be considered as SCC. In all of the SCC mixes, there was no
segregation of aggregate near the edges of the spread-out concrete as observed
from the slump flow test.
Table 5. Fresh properties
Slump flow
V-Funnel
Fiber
flow time
D
factor
t50 (s)
tV-f (s)
(mm)
0
560
2.9
4.3
0
690
< 2.0
2.4

Air Content
(%)

Mix ID

w/p*

Control_PC
Control_FA

0.44
0.40

FA_SF1

0.40

42

660

< 2.0

2.8

4.2

FA_SF1&SF2
FA_SF2

0.36
0.36

35
29

630
700

< 2.0
< 2.0

4.0
2.7

4.5
3.6

2.5
1.8

Also observed in Table 5 is the change in w/p ratio for the same workability
measure, i.e. the same D, t50, and tV-f. The Control_PC mix had the highest w/p
ratio, but as part of the PC was replaced by FA the w/p ratio of all mixes decreased.
This phenomenon is also observed by other researchers [4, 14]. In such studies,
even though finer FAs were used, which is expected to increase the water
requirement of a concrete mix, the smooth surface characteristics and spherical
shape of the FA improved the workability characteristics of concrete mixes and the
same workability was achieved by a smaller w/p ratio. Therefore, using a coarser
FA with higher volumes is naturally going to decrease the water demand of a SCC
mix for the same workability measure. The steel fibers also affected the fresh
properties of the concrete mixes. The addition of SF1 type steel fibers did not
affect the water requirement of the mix for the same workability. However,
addition of SF2 type fibers which have smaller diameters and sizes reduced the
amount of water. This could be explained by the geometry of the fibers as well as
the surface characteristics of these fibers. SF2 fibers have smaller dimensions when
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compared with SF1 fibers, thus have less potential to prevent the movement of
aggregates. In addition, SF2 fibers are coated with brass and have very smooth
surfaces, which reduce the energy loss during the movement of particles.
5.2. Hardened Concrete Properties
The results of hardened concrete tests are presented in Table 6. Included in that
table are the 28 and 56 day compressive and splitting tensile strength tests and 7,
14, 28, and 56 day ultrasonic pulse velocity tests. Even though the w/p ratio of the
mix was reduced, substitution of PC with a coarse FA resulted in lower strengths
both at 28 and 56 days. This reduction was 43% at 28 days and 31% at 56 days.
The low pozzolanic activity can be attributed to the coarseness of the FA used.
Fiber inclusion did not significantly affect the measured mechanical properties;
however, as seen in Figure 3 as the volume of the SF2 type fibers increased the
compressive strength slightly increased. This is due to the relatively small
dimensions of SF2 type fibers, which give these fibers the ability to delay the
micro crack formation and to arrest and prevent their propagation afterwards up to
a certain extent. Another explanation to the increase in the compressive strength
could be the decrease in w/p ratio which decreased as the amount of SF2 type
fibers increased. However, when the split tensile strengths are examined (Figure 4)
it can be seen that there is a reduction in the split tensile strengths as the volume of
SF2 type fibers are increased or the w/p decreased. The reduction in the split
tensile strength is explained by the loss of the presence of longer SF1 type fibers
which are responsible for the increase in tensile strengths.
Table 6: Hardened properties
Mix
ID
Control_PC
Control_FA
FA_SF1
FA_SF1&S
F2
FA_SF2

Compressive
Strength(MPa)

Split Tensile
Strength (MPa)

Ultrasonic Pulse Velocity (m/s)

28 d*

56 d*

28 d*

56 d*

7 d†

14 d†

28 d†

56 d*

40.7 70
[0.5] ‡
23.3
[1.0]
19.6
[0.1]
22.8
[0.5]
22.5
[2.9]

41.7
[0.4]
28.6
[1.2]
24.5
[0.6]
26.1
[2.0]
31.8
[0.8]

3.58
[0.3]
2.8
[0.4]
3.10
[0.2]
3.40
[0.0]
3.08
[0.1]

3.68
[0.1]
3.34
[0.5]
3.69
[0.6]
3.82
[0.3]
3.23
[0.2]

4565
[22]
4161
[31]
3963
[10]
3970
[42]
4142
[109]

4570
[45]
4260
[51]
4007
[44]
4100
[41]
4224
[109]

4578
[35]
4436
[74]
4157
[45]
4249
[40]
4359
[82]

4609
[7]
4564
[29]
4317
[28]
4383
[88]
4506
[114]

* Tests are performed on 3 specimens
† Tests are performed on 6 specimens
‡ Numbers in parenthesis are the standard deviations

Ultrasonic pulse velocity (UPV) is used to assess the hardening of the SCC mixes.
As seen in Figure 5, as hydration continues the UPVs increased for all the SCC
mixes. However, the slope of that curve is quite different for the PC and FA mixes.
For the Control-PC mix the slope was much smaller as most of the hydration was

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 1069

complete by 7 days. However, for the mixes with FA the hydration reactions
continue after 7 days indicating a higher slope.

Figure 3. Effect of steel fibers on the compressive strength

Figure 4. Effect of steel fibers on the split tensile strength

Figure 5. Strength gain of SCC mixes
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6. CONCLUSIONS
This paper discusses the part of the results of an experimental program carried out to
investigate the effects of incorporation of HVFA, and steel fibers on the flow
characteristics of SCC and mechanical properties in the hardened state.
It can be concluded that it is possible to achieve self compaction with considerable
fiber inclusion. Incorporation of HVFA may reduce the water requirement of a SCC
mix. In other words, using high volumes of coarse FA may increase the workability
characteristics of SCC mixes. Therefore the amount of SP and VMA to achieve self
compaction could be reduced with proper adjustments to the FA amount. However, it
is also seen that using coarse FA may cause significant strength losses to the SCC
mixes, since they are used in high volumes. However, the strength reduction due to
low pozzolanic activity of the FA was partially off-set by the use of smaller SF2 type
steel fibers. It can also be concluded that the SF2 type steel fibers affect the
properties of SCC mixes not only in the hardened state but also in the fresh state
reducing the water requirement for the same workability measure.
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EFFECTS OF POLYPROPYLENE FIBERS ON PHYSICAL AND
MECHANICAL PROPERTIES OF CONCRETES
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ABSTRACT
In this present study, the effects of adding polypropylene fibers on physical and
mechanical properties of concretes are investigated. To this end, three concrete
mixtures consists of 6 mm, 12 mm and 19 mm polypropylene fibers are made and
their physical/ mechanical aspects are studied and compared with control concrete.
The results manifest that adding polypropylene fibers increases the flexural
strength slightly and decreases the cracks width. Besides, the compressive strength
decreases slightly. These properties are improved with increase of fibers length.
Keywords: concrete, polypropylene fibers, crack bridge, flexural strength, impact
resistance
1. INTRODUCTION
Nowadays concrete is one of the most applicable materials in construction of
structures such as buildings, dams, bridges, tunnels, highway pavements, offshore
structures, towers and so on. This material has received great attention because of
its desirable performance in compression.
Concrete is considered to be a relatively brittle material, so it is prone to cracking.
Many investigations have been carried out in order to overcome this problem. The
inclusion of adequate fibers improves tensile strength and provides ductility [1-3].
There are more investigations on the effects of different fibers on concrete
properties [4-9].
Some of the important effects of fibers in concrete are: increasing the tensile
strength, preventing the crack development and increasing the toughness of
concrete. The fundamental advantage of adding fibers to concrete is known as
crack bridging [9-14].
In recent years, concrete containing different fibers has been applied in large
structures such as highway pavements and airports, huge foundations with large
deformations and concrete cover of tunnels. Recently in order to prevent cracking
in the covers of the pre-cast tunnels, un-reinforced concrete with the fibers has
been used. On the other hand the investigations have shown the compressive
strength reduction in fiber concretes. This reduction occurs because of the
collection of Calcium-Hydroxide in the interface of hydrated cement and various
types of fibers (such as Steel, Carbon, Dacron, Polypropylene fibers, and …) [15].
In recent decades the polypropylene fibers have been widely used in industries.
Polypropylene fibers are relatively inexpensive, easy to split into finer sizes,
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durable in the environment of cement matrix and they don’t rust. They have a
relatively low modulus of elasticity, relatively poor bond and it is difficult to obtain
uniform dispersion with Polypropylene fibers when a sufficiently large volume of
fibers is used. In the present study, the effects of adding polypropylene fibers on
physical and mechanical properties of concretes are investigated.
2. EXPERIMENTAL PROGRAM
2.1. Materials
2.1.1. Aggregates
Crushed coarse aggregates with maximum nominal size of 19mm and natural fine
aggregates were selected. The Physical properties of coarse and fine aggregates are
presented in Table 1. The aggregates grading curve is shown in Figures 1, 2.
Table 1: Physical properties of aggregates
Water
SSD Density*
Aggregates
Type
absorption (%)
(gr/cm3)
Coarse
Crushed
2.53
1.61
Fine
Natural
2.56
2.46
SSD: Saturated Surface Dry
ASTM C33

Passing from
sieve #200 (%)
0.5
1.1

sand

100
90
80

Passing (%)

70
60
50
40
30

sand
mm 0 - 4

20
10
0
0.1

1

10

100

Sieve size (mm)

Figure 1. Particle size distribution of fine aggregates
ASTM C 33

Gravel

100
90

Passing (%)

80
70
60
50
40
30

9.5 - 25.0 mm

20
10
0
0.1

1

Sieve size (mm)

10

Figure 2. Particle size distribution of coarse aggregates

100
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2.1.2. Cement
Type II Portland cement (according to ASTM C595) produced by Tehran Cement
manufactory, was used in this investigation. The chemical and physical properties
of this cement are presented in Table 2.
2.1.3. Polypropylene Fibers
The polypropylene fibers in three sizes of 6, 12 and 19 mm were used. A sample of
the fibers is shown in Figure 3.
Table 2: Chemical and physical properties of cement
Chemical analysis, %
Calcium oxide (CaO)
61.9
Silica (SiO2)
21.1
Alumina (Al2O3)
4.2
Iron oxide (Fe2O3)
4.6
Magnesia (MgO)
3.4
Sodium oxide (Na2O)
0.6
Potassium oxide (K2O)
0.5
Sulfur trioxide (SO3)
1.79
Bogue potential compound composition, %
Tri-calcium silicate (C3S)
52.74
Di-calcium silicate (C2S)
20.31
Tri-calcium aluminate (C3A)
3.35
Other properties
3 days compressive strength, kg/cm2
223
7 days compressive strength, kg/cm2
306
28 days compressive strength, kg/cm2
414
Initial setting time, min
150
Final setting time, min
190
Specific surface, cm2/gr
3296

Figure 3. Sample of polypropylene fibers (6, 12 and 19 mm)

2.2. Mix Design
The mixtures were made on the basis of a series of experimental mix parameters
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such as suitable slump, lack of segregation and bleeding. The mixture proportions
are shown in Table 3.
To prevent breaking the fibers, first concrete materials were mixed, and then the
fibers were poured in the mixture by hand rapidly in a 1-2 minute period [16].
3. RESULTS AND DISCUSSIONS
3.1. Fresh Concrete
The fresh concrete specifications for each kind of the mixtures are shown in Table
4. The concretes containing polypropylene fibers had lower slump than the control
concrete.
Table 3: Mixture proportions (per m3)
Mixture
identification
Control mix
Mix 1
Mix 2
Mix 3

W/C

Water
(kg)

Cement
(kg)

Coarse
(kg)

Fine
(kg)

0.5
0.5
0.5
0.5

175
175
175
175

350
350
350
350

860
860
860
860

980
980
980
980

Mixture
identification
Control mix
Mix 1
Mix 2
Mix 3

Table 4: Fresh concrete specifications
Slump
Air
Density
(cm)
percentage
(Kg/m3)
2400
7
4.5
2385
3.5
4
2380
3
4
2380
3
4

Polypropylene
fibers (kg)
6
12
19
mm mm mm
---2
---2
---2

Observations
No bleedingNo segregation

3.2. Hardened Concrete
In order to determine the physical/ mechanical properties of mixtures, tests of
compressive strength, flexural strength, modulus of elasticity, abrasion resistance,
impact resistance and shrinkage were performed.
3.2.1. Compressive Strength
The compressive strength of cube specimens was obtained according to the BS
1881 at the ages of 7, 28 and 56 days. The results are presented in Figure 4.
It can be observed that the compressive strength of fiber concretes is less than the
control concrete. This strength reduction can be induced by collection of CalciumHydroxide in the interface of fibers and hydrated cement. Besides, the compressive
strength increased with increase of fibers length. The compressive strength of 19
mm fibers concretes is almost equal to the control concrete.
3.2.2 Flexural Strength
The flexural strength of the specimens was measured according to ASTM C293 at
the ages of 7, 28 and 56 days. The results are shown in Figure 5.
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As can be seen, the use of fibers increases the flexural strength of the
concrete. This increasing trend may have occurred due to crack bridging of
the fibers. Besides, the flexural strength increased with an increase in the
length of the fibers. It can be concluded that longer fibers (with higher
aspect ratio) can bridge the cracks better than other fibers.

Compressive strength (MPa)

Control Mix

Mix 1

Mix 2

Mix 3

50
40
30
20
10
0
7

28

56

90

Time (days)

Figure 4. Compressive strength versus age
Control Mix

Mix 1

Mix 2

Mix 3

Flexural strength (MPa)

8

6

4

2

0
7

28

56

90

Time (days)
Figure 5. Flexural strength versus age

3.2.3 Modulus Of Elasticity
The modulus of elasticity of the specimens was determined at the ages of 7, 28 and
56 days according to ASTM C469 and the results are shown in Figure 6.
The use of fibers decreases the static modulus of elasticity of the concrete slightly.
Besides, the increase in the length of the fibers causes a slight increase in the static
modulus of elasticity. This increase may have occurred because of increase in the

1078 / Effects of Polypropylene Fibers on Physical….

––––––––––––––––––––

aspect ratio.

Modulus of elasticity (GPa)

Control Mix

Mix 1

Mix 2

Mix 3

40

30

20

10

0
7

28

56

Time (days)
Figure 6. Modulus of elasticity versus age

3.2.4. Abrasion Resistance
The abrasion resistance of the specimens was measured at age of 28 days according
to standards ASTM C779 and EN 1338. The results are shown in Table 5.
It can be observed that abrasion resistance of the fiber concretes is better than the
control concrete. Besides, the abrasion resistance of the concrete slightly increases
with increase in the length of the fibers.
Table 5: Abrasion resistance
Abrasion depth according to
Abrasion according
Mixture
ASTM C779-89a
to EN 1338
Identification After 30 min
After 60
Variation Abrasion Variation
(mm)
min (mm)
(%)*
(cm)
(%)
Control mix
0.94
1.68
-2.2
-Mix 1
0.54
1.09
0.351
2.1
0.045
Mix 2
0.56
1.05
0.375
2.05
0.068
Mix 3
0.52
0.98
0.417
1.85
0.159
* Variation has been calculated with respect to after 60 min results

3.2.5. Impact Resistance
One of the important properties of the fiber concretes is the resistance against impact.
The test of impact repeat with load drop is one of the valid tests for evaluation of
impact resistance of concrete which has been suggested by ACI 544- part 2.
In this test, the number of required impacts which causes to crack and rupture in
concrete specimen, is determined and this number implies the qualitative
estimation of the absorbed energy by the concrete specimen. In this test the
standard hammer (with the weight of 4.5 kg and drop height of 457 mm) drops on
the steel sphere of 63.5 mm diameter which has been fixed on the surface of the
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concrete, and transfers the impact to the concrete specimen. The specimen shape is
cylindrical with 152 mm diameter and 63.5 mm height. The results are shown in
Table 6 at the age of 28 days.
Adding fibers to concrete decreases the required number of impacts due to first
crack, while it increases the required number of the impacts due to complete
rupture. The number of impacts until complete rupture is also increased with the
increase of the length of the fibers.
Table 6: Impact resistance in 28 days
Mixture
Identification
Control mix
Mix 1
Mix 2
Mix 3

Required number of impacts due to
first crack
Minimum Maximum
Average
impacts
impacts
21
25
23
19
21
20
16
18
17
16
18
17

Required number of the impacts
due to complete rupture
Minimum Maximum
Average
impacts
impacts
27
27
27
27
28
28
28
29
29
29
31
30

3.2.6. Restrained Shrinkage Test
If the shrinkage of concrete occurs freely, the concrete section doesn’t crack, but if
it is restrained, the tensile stresses will appear and the concrete becomes more
prone to cracking. One of the effective methods of controlling restrained shrinkage
cracking is the use of fibers in the concrete mixture. In this research, in order to
evaluate the cracking potential caused by restrained shrinkage, the method of
cracking in circular specimens which is suggested by ACI 544- part 2 is used. In
this test, concrete is molded into a ring formwork with the thickness of
approximately 30mm and of 300mm outer diameter. The specimen is subjected to
wind blowing and low relative humidity and the procedure of crack development is
monitored. A sample of this test is shown in Figure 7. In this test, width of the
cracks and the pattern of cracks from the time of cracking were studied up to 90
days. The results of restrained shrinkage up to 90 days are shown in Table 7.
As can be observed, fiber concrete mixtures have less crack width in comparison
with control concrete. The time of the first cracking in the fiber concrete has also
increased. These results confirm results of the flexural strength test about fiber's
crack bridging.

Figure 7. Crack in restrained ring specimen drying from the top and bottom [14]
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Table 7: Observed results of restrained shrinkage cracks up to 90 days
Time of the
Maximum
Average
Mixture
Maximum
first cracking
crack
crack
identification
after 7 days
crack width
number
width
curing (days)
Control mix
3
3
0.3
0.27
Mix 1
4
3
0.26
0.21
Mix 2
6
2
0.2
0.18
Mix 3
6
2
0.2
0.17

4. CONCLUSION
From the results of this investigation, the following conclusions can be drawn:
- Adding polypropylene fibers to the concrete has led to a slight decrease in the
compressive strength and modulus of elasticity of the specimens. The strength
was decreased slightly (up to 10 percent for specimens made of 6 mm length
fibers). Besides, the compressive strength has been increased with the increase
in the length of the polypropylene fibers. The compressive strength of 19 mm
fibers concrete is almost equal to the control concrete.
- According to obtained results of the flexural strength test, adding fibers to
concrete has led to increase of flexural strength with respect to the control
concrete. Flexural strength also increases with the increase in the length of the
fibers. The concrete mixture with 19 mm fibers showed 10 percent higher
flexural strength than the control concrete.
- The specimens which contained polypropylene fibers had better abrasion
resistance than control concrete. Generally the fibers with different lengths
showed equal abrasion resistance.
- Adding fibers to concrete decreased the required number of impacts for the first
cracking, but increased it for complete rupture. The number of impacts for
complete rupture increases with the increase of the length of the fibers. It can be
concluded that adding fibers to concrete has an effective role in reduction of the
crack width.
- According to obtained results, polypropylene fibers concretes are useful in
control of shrinkage and fine cracks. It is recommended to apply these materials
in construction of the concrete floors such as airports and industrial floors.
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ABSTRACT
Compressive strength and water permeability of concretes containing ground palm
oil fuel ash (GPOA) and ground rice husk–bark ash (GRBA) were investigated.
From the tests, the replacement of Portland cement by both materials resulted in the
higher water demand in concrete mixtures as compared to ordinary Portland
cement (OPC) concrete with compatible workability. The compressive strengths of
concretes containing 20% of GPOA and GRBA were as high as that of OPC
concrete and were reduced as the increase in the replacement ratios. Although the
compressive strengths of concrete with the replacement of GPOA or GRBA up to
40% were lower than OPC concrete, their water permeabilities were still lower
than that of OPC concrete. These results indicate that both of GPOA and GRBA
can be applied as new pozzolanic materials to concrete with an acceptable strength
as well as permeability.
Keywords: oil palm shell, ground palm oil fuel ash, ground rice, lightweight
concrete, permeability.
1. INTRODUCTION
Because of environmental problems and considering the rapid depletion of
conventional aggregates, the use of aggregates from by-products and solid waste
materials from different industries are highly desirable. One such alternative is oil
palm shell (OPS), which is a form of agricultural solid waste.
The bond behaviour of OPS is one such necessary investigation that has to be
clearly established. The bond strength between the concrete matrix and the steel
reinforcement is one of the most important aspects in structural reinforced
concrete. The investigation involved pullout test on both plain and deformed steel
bars under two types of curing conditions. In addition, the durability performance
is also another important aspect that determines the viability of OPS concrete to be
used in practical applications. The permeability of concrete has a high bearing on
the concrete durability as it controls the penetration rate of moisture that may
contain harmful or chemicals. The absorption characteristics of a concrete is
another means of indicating its durability.
The addition of fillers and pozzolanic materials are introduced to improve the
strength and other properties of concrete for necessary conditions.
Palm oil fuel ash (POA) is produced from burning of fiber, shell, and empty fruit
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bunch of palm oil tree as a fuel to heat the steam for electricity generation and palm
oil extraction process. The palm oil fuel ash is so disposed in landfills that the
amount of ashes increases every year and now becomes a burden. It is estimated that
more than 100,000 tons of palm oil fuel ash has been produced every year and
increases annually in Thailand. The study of palm oil fuel ash was started by Tay [1]
who used it to replace Portland cement with 10-50%. He found that in the range of
20-50% of cement replacement, the decrease in the compressive strength of concrete
at various ages was almost proportional to amount of the ash in the concrete
mixtures, except when only 10% ash was used. Later, Awal and Hussin [2] reported
that palm oil fuel ash had a good potential in suppressing expansion due to sulfate
attack. In 2004, it was found that palm oil fuel ash, which contained a substantial
amount of silica and was ground to a suitable fineness, could be used as a pozzolanic
material to produce high strength concrete as high as 100 MPa at 90 days [3].
Rice husk-bark ash (RBA) is also a waste from electricity generation power plant.
In the fluidized bed power plant, two parts of rice husk are used in conjunction
with one part of eucalyptus tree bark by weight as fuel. The burning temperature of
the materials is between 800 and900-C. The disposal of rice husk–bark ash is also
becoming a problem due to its quantity. It is estimated that more than 300,000 tons
of rice husk–bark ash has been produced each year in Thailand [4]. Effort has,
therefore, been made to utilize this ash. The study revealed that the ground rice
husk–bark ash conforms to the Class N pozzolanic material [5] as prescribed by
ASTM C 618 [6]. Moreover, the compressive strength of mortar containing very
high fineness of rice husk–bark ash is equal or higher than the control mortar.
Although some properties of concrete containing rice husk–bark ash have been
reported [4], none of them deals with a relationship between the strength and the
permeability. The aim of this research is to study the compressive strength and
water permeability of concrete containing palm oil fuel ash and rice husk–bark ash.
The results are compared to concrete containing fly ash, a well-known pozzolanic
material, and also compared to the control concrete as well. The knowledge on the
strength and permeability of concrete containing palm oil fuel ash and rice husk–
bark ash is and could be beneficial on the utilization of these waste materials in
concrete work, especially on the topic of durability.
2. EXPERIMENTAL PROGRAM
2.1. Materials
The properties of the sand and OPS used are illustrated in Table 1. It can be
observed that the aggregate impact value (AIV) and aggregate crushing value
(ACV) of OPS aggregates were much lower compared to the conventional crushed
stone aggregates. The chemical composition of OPS was determined and is
presented in Table 2. Before the OPS are used as aggregates, they were sieved and
only aggregates passing the 12.5mm sieve were used for mixing. The sieve analysis
of the river sand and OPS aggregate is illustrated in Figure 1. Due to the high water
absorption of OPS, the aggregates were pre-soaked for 24 h in potable water prior
to mixing and were in saturated surface dry (SSD) condition during mixing to
prevent absorption from occurring during mixing. The properties of OPS
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aggregates are different compared to other lightweight aggregates, such as
expanded clay, expanded shale and sintered pulverised fuel ash, which are
artificially produced.

Figure 1: Sieve analysis for river sand and OPS aggregate
Table 1: Properties of river sand and OPS aggregate
Properties
River sand
Oil palm shell (OPS)
Maximum grain size (mm
1.18
12.5
Shell thickness (mm)
0.5-3
Specific gravity
2.45
1.17
Bulk unit weight (kg/m3)
1500-1550
500-600
Fineness modulus
1.40
6.08
Los Angeles abrasion value (%)
4.90
Aggregate impact value (%)
7.51
Aggregate crushing value (%)
8
24-h water absorption (%)
3.89
33
Table 2: Chemical composition of OPS aggregate
Elements
Results (%)
Ash
1.53
Nitrogen (as N)
0.41
Sulphur (as S)
0.000783
Calcium (as CaO
0.0765
Magnesium (as MgO
0.0352
Sodium (as Na2O
0.00156
Potassium (as K2O
0.00042
Aluminium (as Al2O3
0.130
Iron (as Fe2O3)
0.0333
Silica (as SiO2
0.0146
Chloride (as Cl_
0.00072
Loss on Ignition
98.5

The mix design for the OPS concrete in this investigation is based on conducting
trial mixes and the proportion of these mixes are adjusted to arrive at an optimum
mix proportion, which was used throughout the entire investigation. This mix
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proportion consisted of 510 kg/ m3 cement, 848 kg/m3 sand, 308 kg/m3 OPS with a
water/cement ratio of 0.38. The SP added was 1.4 l per 100 kg of cement. The
obtained slump, which was between 50 and 70mm showed that OPS concrete has a
medium degree of workability and is within the range of a workable concrete. The
air content was in the range of 4.8-5.5% and this relatively high air content could
be attributed by the highly irregular shapes of the OPS which prevented full
compaction to be achieved.
Ordinary Portland cement (OPC) was used for all concrete mixtures. Palm oil fuel
ash and rice husk–bark ash were ground by ball mill until the 95% of the particles
passed a sieve No. 325 (opening 45 lm) and were assigned as GPOA and GRBA,
respectively. Physical properties and chemical compositions of the materials
areshown in Tables 3 and 4.
2.2. Aggregates
River sand with fineness modulus of 2.44 and specific gravity of 2.65 was used as
fine aggregate. Crushed limestone with the maximum size of 20 mm and having
specific gravity of 2.67 was used as coarse aggregate. 2.2. Concrete mixtures OPC
was partially replaced by ground palm oil ash (GPOA) and ground rice husk–bark
ash (GRBA) at 20%, 40% and 55%, while the replacement of OFA was 20% and
40% by weight of binder. The binder content of concrete was set as a constant of
300 kg/m3 and mix proportions of concrete are presented in Table 3.

Materia
OPC
OFA
GPOA
GRBA

Table 3: Materials properties
Retained on
Specific gravity
a sieve #325 (%)
3.14
2.19
32.1
2.43
1
2.15
1.9

Median particle
size, d50 (lm)
14.7
27.1
8
10.2

Note: OPC = Ordinary Portland cement Type I. OFA = Fly ash.
GPOA = Ground palm oil fuel ash. GRBA = Ground rice husk–bark ash.

3. TESTING
3.1. Compressive Strength and Structural Bond
Concretes cylinders of 100mm in diameter and 200 mm in height were used to
determine the compressive strength. The samples were demolded 24 h after casting
and cured in water until the testing ages. The compressive strengths of concretes
were determined at the ages of 28 and 90 days.
For each specimen, a single reinforcing bar was placed in the centre of the
specimen and both ends of the specimen were provided with an unbonded length of
25mm at each end. The unbonded lengths were provided by attaching a plastic
sheathing to the bar for obtaining uniform pressure. The short embedment length of
150mm was selected to avoid yielding of the steel bar under pullout load.For the
bond strength determination, two types of curing regimes, namely laboratory airdry curing (CL) and fullwater curing (CC) were considered. Under both curing
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conditions, the specimens were immediately covered with plastic sheets upon
casting to prevent excessive evaporation from the fresh concrete and then
demoulded after 24 h. In CL curing, specimens were kept in ambient laboratory
conditions (RH of 74–88%; temp. of 2573 1C) until the age of test. For CC curing,
the specimens were cured in a water tank (water temp. of 2372 1C) until the age of
test. The pull-out test was carried out using the Universal Testing Machine
(Shimadzu UH-300kN capacity) complete with a modified loading frame. The load
was applied on the top of the concrete surface at a uniform rate as per ASTM
standards until failure to obtain the ultimate load. Triplicate specimens were
prepared for the pull-out test and the bond strength was reported as an average of
three tests.
3.2. Water Permeability
The steady flow method was applied to test the permeability of concrete. The
coefficient of water permeability was determined by measuring the amount of
water passing through the sample and calculated using Darcy’s law and the
equation of continuity [7].
Two days before testing the permeability, the samples were prepared by sawing of
40 mm thick slice from the middle of the cylinder. After drying in the laboratory
for 24 h, the slice was cast around with 25 mm thick of nonshrinkage epoxy resin
to prevent the water leakage. The epoxy resin was allowed to harden and dry for
another 24 h. The sample was then installed in the housing cell and then the water
pressure of 0.5 MPa was applied. This pressure was recommended and used by
Chan and Wu [8]. The time and the amount of water passed through the specimen
were monitored until the constant flow rate was obtained.
4. RESULTS AND DISCUSSION
4.1. Properties and Particle Shape of Materials
In Table 4, it revealed that the fly ash and the GRBA can be assigned as class F and
class N pozzolan as prescribed by ASTM C 618 [6]. The GPOA cannot be
classified as class N pozzolan because the contents of SiO2+Al2O3 + - Fe2O3 were
less than 70%. It should be noted that the loss on ignition (LOI) contents of GPOA
and GRBA were rather high as 10.1% and 11.2%, respectively and 74.8% of
GRBA was SiO2. Particle size distribution curves of OPC and the other materials
are shown in Figure 4. The median particle size of OFA was 27.1 lm, which was
larger than that of the OPC (14.7 lm). Before grinding, palm oil fuel ash and rice
husk–bark ash had median particle sizes more than 100 lm. After grinding, the
median particle sizes of GPOA and GRBA were reduced to 8.0 and 10.2 lm,
respectively. The particle shapes of OPC and the replacement materials are
presented in Figure 3. The particle shape of OFA was spherical and smooth surface
indicating a rather complete burning. On the other hand, both of GPOA and GRBA
had an angular and irregular particle shape, which were similar to that of Portland
cement Type I
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Table 4: Chemical composition of cement and replacement materials
Ground palm
Ground rice
Chemical
Cement
Fly ash
oil fuel ash
husk–bark
Composition (%)
(OPC)
(OFA)
(GPOA)
ash (GRBA
SiO2
20.9
41.1
57.8
74.8
Al2O3
4.8
22.5
4.6
0.2
3.4
11.6
3.3
0.8
Fe2O3
CaO
65.4
15.3
6.6
5.9
MgO
1.2
2.8
4.2
0.6
Na2O
0.2
1.7
0.5
0.2
K2O
0.3
2.9
8.3
2
SO3
2.7
1.5
0.3
0.5
LOI
0.9
0.2
10.1
11.2
SiO2+Al2O3 + Fe2O3
75.2
65.7
76.8

4.2. Water Requirement in Concrete Mixtures
The water-to-binder (W/B) ratios are shown in Table 4. The W/B ratio of OPC
concrete was 0.71. The use of OFA could reduce the W/B ratio in the concrete
mixture and the W/B ratio was much lower than OPC concrete as the increase in
replacement ratios. This result was affected by the spherical particles of OFA. The
W/B ratios of GPOA and GRBA concretes were higher than that OPC concrete and
tended to increase with the higher replacement ratios. Because the particles of
GPOA and GRBA were angular and irregular with some porous particles, they
needed more water to lubricate for maintaining the same workability than OPC
concrete. It was noted that the W/B ratios of GRBA concrete were larger than that
of GPOA concrete.

Figure 2. Particle size distribution of materials

4.3. Compressive Strength
At the later age, their strengths slightly increased, therefore, 90-day compressive
strengths of these concretes were 29.4, 23.7 and 22.3 MPa or 104%, 84% and 79%
of OPC concrete, respectively. It was observed that the compressive strength of
GPOA20 concrete at 90 days was slightly higher than that of OPC concrete,
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although the W/B ratio of GPOA20 concrete was higher. This is due to the filler
effects and the pozzolanic reaction of the high fineness of GPOA. Otherwise, the
increase in replacement ratio of GPOA to 40% and 55% decreased the strength of
concrete. However, the normalized compressive strength of all GPOA concretes
increased with the ages. This suggests that the contribution of compressive strength
was due to the pozzolanic reaction of GPOA with calcium hydroxide released from
hydration of cement.

Figure 3. Scanning electron microscopy (SEM) of materials: (a) Portland cement type
I (OPC); (b) original fly ash (OFA); (c) ground palm oil fuel ash (GPOA); and (d)
ground rice husk–bark ash (GRBA)

From the results, it revealed that the incorporation of 20% of these pozzolans did
not adversely affect the strength of concrete. An increase in the replacement ratios
to 40% and 55% of binder, however, decreased the strength of concrete. For the
same replacement ratio, the strengths of GPOA and GRBA concretes were slightly
higher than those of OFA concretes, although their W/B ratios were higher than the
OFA concretes. This suggested that the strengths of GPOA and GRBA concretes
were affected by the finer particles of GPOA and GRBA as compared to OFA
particles. Thus the faster pozzolanic reaction of GPOA and GRBA occurred and
the filler effect made the concrete denser. In addition, the strengths of GBRA
concretes were slightly higher than the strengths of GPOA concretes, although they
needed more water in the concrete mixtures. This indicated that GRBA was more
reactive than GPOA. This is due to the rice husk–bark ash contains a large amount
of SiO2 (74.8%). It is known that the proper burnt and ground rice husk ash (has
the content of SiO2 more than 80%) develops the compressive strength of concrete
at the early age [9, 10]. Although, the burning temperature of GRBA was quite
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high (800–900 _C) and some part of the silica might become crystalline, it had
been found that rice husk ash with this high temperature burning could still be
successfully used as a good supplementary cementitious material [10, 11].
Table 5: Compressive strength and permeability of concrete
Compressive strength
Permeability · 10_12, k
Mixed
W/B
(MPa)-Normalized
(m/s) – k/kcontrol
28 days
90 days
28 days
90 days
OPC
0.71
26.1 – 100
28.2 – 100
2.89 – 1.00 2.05 – 1.00
OFA20
0.7
26.3 – 101
28.7 – 102
2.22 – 0.77 0.60 – 0.29
OFA40
0.65
20.9 – 80
24.4 – 87
4.67 – 1.62 2.01 – 0.98
GPOA20
0.73
23.9 – 92
29.4 – 104
0.59 – 0.20 0.25 – 0.12
GPOA40
0.74
20.7 – 79
23.7 – 84
0.41 – 0.14 0.26 – 0.13
GPOA55
0.75
18.1 – 69
22.3 – 79
3.30 – 1.14 2.38 – 1.16
GRBA20
0.71
27.5 – 105
29.3 – 104
0.90 – 0.31 0.42 – 0.21
GRBA40
0.76
22.7 – 87
25.6 – 91
1.74 – 0.60 1.33 – 0.65
GRBA55
0.8
20.0 – 77
24.1 – 85
5.48 – 1.90 4.02 – 1.96
Table 6: Mix proportions of concrete
Mixtures

Cement
(kg)

OFA
(kg

GPOA
(kg)

GRBA
(kg)

Fine
aggregate
(kg

Coarse
aggregate
(kg

Water
(kg)

Slump
(mm)

OPC
OFA20
OFA40
GPOA20
GPOA40
GPOA55
GRBA20
GRBA40
GRBA55

300
240
180
240
180
135
240
180
135

60
120
-

60
120
155
-

60
120
155

915
904
893
907
900
894
903
891
883

1080
1068
1057
1072
1064
1059
1068
1055
1046

213
215
195
220
222
225
214
229
240

75
65
60
65
70
90
80
60
70

4.4. Water Permeability of Concretes
The water permeability of concrete and the ratio of permeability are given in Table
6. The ratio of permeability is defined as the permeability of concrete containing
pozzolanic materials divided by the permeability of OPC concrete at the same age
of testing. At 90 days, the permeability of GPOA concretes decreased as compared
to that of 28- day. It is interesting to note that the result showed that GPOA20 and
GPOA40 concretes gave the lower perme- ability than the OPC concrete, even
though the W/B ratios of the two concretes were higher than the OPC concrete.
The permeability of GPOA55 rapidly increased and was higher than the OPC
concrete. This may result from the low cement content and the high W/B ratio of
GPOA55 concrete [12].
Figures 4 and 5 show the relationship between the permeability of all concretes and
the cement replacement levels at 28 and 90 days, respectively. At 28 days, most of
concretes had lower permeability than that of OPC concrete, except OFA40 and
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GRBA55 concretes and the lowest permeability was observed in GPOA40
concrete. Moreover, the permeabilities of GPOA concretes tended to decrease
when the cement replacement ratio increased up to 40%. On the contrary, the
permeabilities of OFA and GRBA concretes increased as the cement replacement
was more than 20%. At 90 days, the permeabilities of all concretes reduced and
were lower than the values at 28 days. The ratios of permeability also had the
similar result, except GRBA55 concrete. This suggested that the development of
permeation

Figure 4. Relationship between the permeability of concretes and the cement
replacement ratios at 28 days

Figure 5. Relationship between the permeability of concretes and the cement
replacement ratios at 90 days

Figure 6. Relationship between water permeability and compressive strength of
concretes at 28 days
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Figure 7. Relationship between water permeability and compressive strength of
concretes at 90 days

4.5. Durability Performance
The long-term durability of a structure is highly affected by the permeability of
concrete and, therefore, the water permeability can be used as an indicator of the
durability of OPS concrete. The water permeability obtained from this
investigation is illustrated in Figure 8.

Figure 8. Water permeability of OPS concrete

From the figure, it is observed that the OPS concrete becomes less permeable with
time and also it is greatly affected by the curing regime. At the age of 28 days,
when cured under CC condition, the water permeability was about 9 times lower
compared to that cured under CL condition. This shows when sufficient amount of
water is present, the hydration of cement can continue. Consequently, the total
porosity of the concrete is reduced as the probability of pores being either blocked
or narrowed down by continued formation of hydration products are increased
4.6. Relationship Between Compressive Strength And Water Permeability of
Concrete
The relationships between the permeability and the compressive strength of
concretes at 28 and 90 days are presented in Figures. 6 and 7, respectively. The
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permeability of concrete tended to decrease with the increasing in the compressive
strength. The figures are divided into four regions in Figures. 6 and 7. Region I
represents concretes which have both compressive strength and permeability higher
than OPC concrete. Region II indicates concretes which have lower compressive
strength but higher permeability as compared to OPC concrete. Region III, which
are lower in both of compressive strength and permeability than OPC concrete.
Region IV are the preferable concretes, which are more lower permeability and
also have higher compressive strength than OPC concrete.
5. CONCLUSIONS
It can be said the following conclusions are understood:
The permeability of GPOA and GRBA concretes depends on the cement
replacement ratios, and age of concretes. In general, the permeability of concrete
reduces with the increasing in the compressive strength and age of concrete.
The optimum cement replacement by GPOA, GRBA and OFA in this experiment
is 20%. The higher replacement than this ratio results in the reduction of
compressive strength and tends to give higher permeability of concrete.
Although GPOA and GRBA increased the amount of water in concrete mixture,
the compressive strength of concretes containing 20% of these materials as cement
replacement were higher than OPC concrete. With 40% of cement replacement, the
compressive strength of GPOA and GRBA concretes were more than 84% of OPC
concrete at 90 days.
Both GPOA and GRBA are suitable as pozzolanic materials in concrete. This
shows a good promise to utilize these waste materials GRBA produces higher
compressive strength than GPOA at all cement replacement levels, although lower
of permeability of concrete was obtained with GPOA.
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HIGH PERFORMANCE CONCRETE FOR REPAIR OF SEWER
NETWORK
T. Parhizkar, A.M. Raiss ghasemi, A.R. Pourkhorshidi
Building and Housing Research Center

ABSTRACT
High performance concrete often consists of ternary mixes of silica fume, fly ash or
other pozzolans, and Portland cement. However, the specification of the
proportions of these components remains uncertain [1-2]. High performance
concrete have found their place in construction and compete with other materials
for certain features like high strength, long term durability in severe conditions. In
fact, high performance concrete has been designed in order to improve durability
and provides easy handling, placement and compaction [3-4].
In this research, a high performance concrete with unique specifications has been
studied. One of the most important properties of this type of concrete is its low
permeability against different aggressive agents, and reduction of cement content
in comparison with other high performance concretes.
Keywords: high performance concrete, fly ash, silica fume, permeability
1. INTRODUCTION
Fly ash and silica fume is a by-product. When used in concrete manufacturing, it is
truly a "green" building material because it replaces a portion of the Portland
cement, and the resulting emissions associated with its production. Fly ash and
silica fume have the consistency of fine powder. Due to the shape, size and
chemical composition, it imparts a number of benefits to concrete such as reduced
water demand, improved durability and increased strength [1-3]. Use of fly ash and
silica fume leads to improved workability- hence ease of handling, placing
(pumping), and compacting concrete, reduction in bleeding and improvement in
cohesiveness of concrete- hence smooth form finished concrete without honeycombing or segregation, reduction in heat of hydration- hence no threat of thermal
cracks which makes it ideal for foundations and large sections. It also comes in
handy in designing higher grades of concrete, improved resistance to Chloride
attack. Chloride attacks lead to corrosion of reinforcing steel and subsequent
distress of concrete [5-6].
Considering the optimized specifications of high performance concrete, it is
suitable for repair of concrete, in for example, sewer network.
Design of high performance concrete, involves different factors. The most
important factors included water-cement ratio, increase in the amount of cement,
using mineral and chemical additives and grading curve of particle size for
improvement of mixture density [7-9].
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2. EXPERIMNTAL PROGRAM
2.1. Materials
Aggregate: Crushed gravel and sand were used as coarse and fine aggregates,
respectively. The properties of aggregates are shown in Table 1. Curves of grading
are given in Figures. 1 and 2.

Sand
Gravel

Table 1. Aggregate properties
Specific Gravity
Absorption (%)
Fineness Modulus
2.53
2.6
2.7
2.56
1.46
6.5

ISIRI 302 & BS 882:1992 Coarse grading

ASTM C 33-97

sand

100
90

Passing (%)

80
70
60
50
40
30

0 - 5 mm

20
10
0
0.1

1

10

اﻧ ا
Size (mm)
Figure 1. Fine-aggregate grading curve for SN and FSN mixtures

ISIRI 302 & ASTM C 33-97

BS 882 : 1992

100

Grave l

100
90

Passing (%)

80
70
60
50
40
30
20

4.75 - 19.0 mm

10
0
0.1

1

10
Size (mm)
Figure 2. Coarse-aggregate grading curve for SN and FSN mixtures

100

Cement: ASTM type II Portland cement was used in this investigation. The
composition of cement is shown in Table 2.
Fly ash: Fly ash was prepared in Germany. The composition of Fly ash is shown in
Table 2.
Silica fume: A locally produced silica fume (in accordance with ASTM C1240)
was used. The composition of Silica fume is shown in Table 2.
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Grading of binding material is determined by Particle Size Analyzer method and
the relative distribution curve is given in Figure 3.
Superplasticizer-The superplasticizer was conventional carbocilate-based.
Chemical properties of the superplasticizer are given in Table 3.
Table 2: Chemical compositions of cement, fly ash and silica fume
Type II
Fly ash
Silica fume
SiO2
20.96
48
91.10
Al2O3
4.2
26
1.55
Fe2O3
4.6
9
2.00
MgO
3.4
1.5
0.6
CaO
61.88
2.5
2.24
SO3
1.79
1
0.45
Na2O+0.658 K2O
1.47
2.8
0.80
C3S
52.74
C2S
20.31
C3A
7.35
Table 3: Chemical and physical properties of superplasticizer
Apparent condition
Bright yellow liquid
PH
6.5
Density
1.06 Kg/lit in 20 °C
Quantity of chlorine
Less than 0.1%
Quantity of alkaline
Usually less than 1/5 gr equal to Na2O per liter

2.2. Grading of Binding Material
As about 80% of cement particles have a diameter in the range of 10 to 100
micrometer, 50% of the particles of Fly ash have the particle size between 5 to 20
micrometer and 60% of silica fume has a size of less than 1 micrometer. This is with
regard to the chemical properties of these materials while considering their mechanical
and physical properties, as well as their required durability and the particle size
distribution of cement. Fly ash and silica fume and also 70% cement, 20% fly ash and
10% silica fume with the combination curve is given in Figures 3 and 4.
Cement

Fly Ash

Silica Fume

100
90

Passing(%)

80
70
60
50
40
30
20
10
0
0.1

1

10

100

1000

Size (micrometer)
Figure 3. Grading curves for binding materials (cement, fly ash and silica fume)
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Cementitious
materials
Cementitious
materials
100.00
90.00
80.00

Passing(%)

70.00
60.00
50.00
40.00
30.00
20.00
10.00

70% Cement + 20% Fly Ash + 10% Silica Fume

0.00
0.1

1

10

100

1000

Size (micrometer)
Figure 4. Grading curve for total binding materials

2.3. Concrete Mixtures
Mixture proportions of concrete are summarized in Table 4. Water-cementitious
materials ratios(W/Cm) were 0.45. After mixing the concrete, casting performed in
the moulds was based on En 12390-2:2000. After one day, under standard
conditions, specimens were removed from the moulds and transferred to the
standard curing condition until the time of testing.
Table 4: Mixture proportions
Mixture

Water
(kg/m3)

Cement
(kg/m3)

Fly ash
(kg/m3)

Silica fume
(kg/m3)

SN
FSN

170
124

372
220

63

30
30

Fine
(0-0.25mm)
(kg/m3)
56
60

Coarse
(0.25-16mm)
(kg/m3)
1833
1955

2.4. Tests on Fresh Concrete and Results
- Density
Density of fresh concrete was obtained based upon En 12350-6:1999. Results are
shown in Table 5.
- Workability
The slump of fresh concrete, was determined based on EN 12350-2:1999 method.
Results are shown in Table 5.
- Fluidity in Flow table test
The fluidity of fresh concrete was measured based on EN 12350-5:1997 method.
Results are shown in Table 5.
- Air Content
The test performed for measuring air content in concrete was based on per EN
12350-5:1997 method. Results are shown in Table 5.
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Mixture
SN
FSN

Table 5: Results of fresh concrete test
slump
Flow consistency
Density
(cm)
(cm)
(kg/m3)
4
37.5
2391
2466

Air content
(%)
3.8
2.0

2.5. Tests on Hardened Concrete and Results
Tests for determination of mechanical properties and durability of concrete,
performed on hardened concrete include: Determination of compressive strength,
rapid chloride ion permeability, depth of water penetration under pressure, length
change of concrete prisms in sulphate solution. To perform the aforesaid test,
samples of cubic, cylindrical and prism shapes were prepared upon EN 123901:2000. Dimensions and shapes of moulds for the purpose of each test is given in
Table 6.
Table 6. Dimensions and shapes of moulds to be used for hardened concrete tests
Mould
Mould dimensions
Type of test
shape
(mm)
Compressive strength
Cube
100
Depth of water penetration
Cube
150
Rapid chloride permeability test
Cylindrical
100 x200
Length change in sulfate solution
Prism
285x75x75

3. RESULTS
3.1. Compressive strength
Samples (three samples per age) were tested in the age of 7, 28 and 90 days.
Compressive strength of samples was measured based on DIN EN 12390-3:2000
and the results are given in Figure 5.
SN

FSN

Compressive Strength (N/mm2)

80
70
60
50
40
30
20
10
0
0

28

56

84

112

140

Age (days)

Figure 5. Results of compressive strength test

168

196
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3.2. Rapid Chloride Permeability
This test is performed on ASTM C 1202-97 method in the age of 28 and 90 days.
Test results are given in Figure. 6.
800

charge (coloumb)

700
600
500

28days

400

90days

300
200
100
0

SN

FSN

Figure 6. Results of rapid chloride permeability test

depth of water penetration (mm)

3.3. Depth of Water Penetration Test
This test was performed based on EN 12390-9:2000 method at the age of 28 and 90
days and the results are given in Figure. 7.
3
2.5
2

28days

1.5

90days
1
0.5
0

SN

FSN

Figure 7. Results of depth of water penetration test

3.5. Length Change of Concrete Prism in Sulphate Solution
To study performance of concrete mixtures in sulphate, the 5% sodium sulphate
solution was used. For this purpose, concrete prisms measuring 75x75x285 mm
after 28 days of standard curing were placed in sulphate solution. For adjustment of
pH and keeping this parameter constant during the process of test, diluted sulphuric
acid was used. Meantime and at the early ages, sulphate solution was changed
regularly.
Elongation and weight loss of samples at certain intervals and up to 6 months was
determined. Results are given in Figure 8.
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FSN

Length change (%)

0٫030
0٫025
0٫020
0٫015
0٫010
0٫005
0٫000
-0٫005
-0٫010
-0٫015
0

10

20

30

40

50

60

70

80

90 100 110 120 130 140 150 160 170 180 190

Age (days, after exposure)

Figure 8. Length change in sulphate

4. CONCLUSIONS
According to the experimental work:
1. The experimental observation showed the effectiveness of Fly Ash on the
development of concrete compressive strength and reduction of the chloride
permeability.
2. At the early age, the Fly Ash has fewer effects on the properties of concrete, but
after 28 days, it could result in a better performance in contrast to the concrete
without Fly Ash .
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ﺑﺮرﺳﻲ اﺛﺮ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦ اﻳﺮان در رﻓﺘﺎر ﺑﺘﻦ ﺗﺎزه
ﺧﻮدﺗﺮاﻛﻢ
2

ﭘﺮوﻳﺰ ﻗﺪوﺳﻲ ،1راﻣﻴﻦ دوﻟﺘﻴﺎر
 .1ﻋﻀﻮ ﻫﻴﺎت ﻋﻠﻤﻲداﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان
 .2داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان

ﭼﻜﻴﺪه
ﭘﮋوﻫﺸﮕﺮان ﻣﺨﺘﻠﻒ ﻣﺪﻟﻬﺎﻳﻲ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺑﺎ ﻛﻤﺘﺮﻳﻦ ﺗﺨﻠﺨـﻞ و در ﻧﺘﻴﺠـﻪ ﻛـﺎﻫﺶ ﺣﺠـﻢ
ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻻزم ،ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط اراﺋﻪ داده اﻧﺪ.در اﻳﻦ ﻣﻘﺎﻟﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي روش ﻣﻠﻲ ﻃـﺮح ﻣﺨﻠـﻮط
ﺑﺘﻦ اﻳﺮان ﺑﺎ ﻣﺪﻟﻬﺎي اراﺋﻪ ﺷﺪه ﺗﻮﺳﻂ ﻣﺤﻘﻘﻴﻦ دﻳﮕﺮ ﻣﻘﺎﻳﺴﻪ ﺷﺪه اﺳﺖ .ﻫﻤﭽﻨـﻴﻦ ﺑـﺎ اﺳـﺘﻔﺎده از ﻫـﺮ ﻳـﻚ از اﻳـﻦ
ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎ ﻣﺨﻠﻮﻃﻬﺎﻳﻲ ﺳﺎﺧﺘﻪ ﺷﺪه اﺳﺖ و ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﺗﺎزه اﻳﻦ ﻣﺨﻠﻮﻃﻬﺎ ﻣﻮرد ﺑﺮرﺳﻲ ﻗـﺮار ﮔﺮﻓﺘـﻪ
اﺳﺖ .در اﻳﻦ ﻣﺨﻠﻮﻃﻬﺎ اﻳﻦ اﻣﻜﺎن اﻳﺠﺎد ﺷﺪه اﺳﺖ ﻛﻪ ﻓﻘﻂ از ﻓﻴﻠﺮ ﺑﺮاي اﺻﻼح ﻟﺰﺟـﺖ ﻣﺨﻠـﻮط اﺳـﺘﻔﺎده ﺷـﻮد و
ﻧﻴﺎزي ﺑﻪ اﺳﺘﻔﺎده از  VMAﻧﺒﻮده اﺳﺖ.در ﻧﻬﺎﻳﺖ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﻬﺎ ﻧﺸﺎن داده اﺳﺖ ﻛﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫـﺎي ﺑـﻴﻦ
ﺣﺪ وﺳﻂ و ﺣﺪ ﺑﺎﻻي ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪﻳﻬﺎي روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑـﺘﻦ اﻳـﺮان )ﻣﺤـﺪوده رﻳﺰداﻧـﻪ(ﺑـﺮاي ﺳـﺎﺧﺖ
ﻣﺨﻠﻮﻃﻬﺎي ﺑﺘﻨﻲ ﺧﻮد ﺗﺮاﻛﻢ ﻣﻨﺎﺳﺐ ﺑﻮده اﻧﺪ و ﻫﺮﭼﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻮرداﺳﺘﻔﺎده ﺑﻪ ﺳـﻤﺖ ﺣـﺪﺑﺎﻻ)رﻳﺰداﻧﮕـﻲ(
ﻣﺘﻤﺎﻳﻞ ﺑﻮده اﺳﺖ ،ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﺗﺎزه ﺑﻬﺘﺮ ﺷﺪه اﺳﺖ .دراﻳﻦ ﺗﺤﻘﻴﻖ ﺑﺮاي ﻫﺮ ﻳـﻚ از ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪيﻫـﺎي
روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦ اﻳﺮان ﺑﺎزه اي ﺑﺮاي ﺣﺠﻢ ﺧﻤﻴﺮﺳـﻴﻤﺎن ﺟﻬـﺖ ﺗﻬﻴـﻪ ﻣﺨﻠـﻮط ﺑـﺘﻦ ﺧـﻮد ﺗـﺮاﻛﻢ ﻧﻴـﺰ
ﻣﺸﺨﺺ ﮔﺮدﻳﺪه اﺳﺖ ﻛﻪ در ﺻﻮرت اﺳﺘﻔﺎده از ﻓﻴﻠﺮ ﺑﻪ ﺗﻨﻬﺎﻳﻲ ﺑﺮاي اﺻﻼح ﻟﺰﺟﺖ ،ﺗﻨﻬﺎ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن در اﻳﻦ
ﺑﺎزه ﻣﻨﺠﺮ ﺑﻪ ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ ﻣﻲﺷﻮد.
ﻛﻠﻴﺪواژهﻫﺎ :ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ،ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي،ﻓﻴﻠﺮ،رﻳﺰداﻧﻪ،ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن.
 -1ﻣﻘﺪﻣﻪ
داﻧﻪﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪﻫﺎ ﻋﺎﻣﻞ ﺗﻌﻴﻴﻦ ﻛﻨﻨﺪه اي در ﻣﻘﺪار ﻛﺎرآﻳﻲ ﻣﺨﻠﻮط ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ.ﻛﺎر آﻳﻲ ﺑﻪ ﻧﻮﺑﻪ ﺧﻮد ﺑﺮ ﻣﻘﺪار آب
وﺳﻴﻤﺎن ﻻزم در ﻣﺨﻠﻮط اﺛﺮ ﻣﻲﮔﺬارد وﺟﺪا ﺷﺪﮔﻲ و آب اﻧﺪاﺧﺘﮕﻲ ﺑﺘﻦ را ﻛﻨﺘﺮل ﻣـﻲﻛﻨـﺪ و ﺑـﺮ ﻧﺤـﻮه ﺟﺎﻳـﺪﻫﻲ و
ﭘﺮداﺧﺖ ﺳﻄﺢ ﺑﺘﻦ اﺛﺮ دارد.اﻳﻦ ﻋﻮاﻣﻞ ﻣﻌﺮف ﺧﺼﻮﺻﻴﺎت ﻣﻬﻢ ﺑﺘﻦ ﺗﺎزه ﻣﻲﺑﺎﺷﻨﺪ .از ﻃﺮﻓﻲ ﺑﺮ ﺧﻮاص ﺑـﺘﻦ ﺳـﺨﺖ
ﺷﺪه ﺷﺎﻣﻞ ﻣﻘﺎوﻣﺖ ،ﺟﻤﻊ ﺷﺪﮔﻲ دوام و ﭘﺎﻳﺪاري ﺗﺎﺛﻴﺮ ﮔﺬار اﺳﺖ .ﺑﻨﺎﺑﺮ اﻳﻦ داﻧﻪ ﺑﻨـﺪي ﺳـﻨﮕﺪاﻧﻪ در ﺗﻌﻴـﻴﻦ ﻧـﺴﺒﺖ
ﻣﻮاد ﻣﺘﺸﻜﻠﻪ ﻣﺨﻠﻮط ﺑﺘﻦ اﻫﻤﻴﺖ ﺑﺴﻴﺎر زﻳﺎدي دارد.
داﻧﻪ ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻪ ﮔﻮﻧﻪ اي ﺑﺎﻳﺪ ﺑﺎﺷﺪ ﺗﺎ ازﺑﺮوز ﭘﺪﻳﺪه اﻧﺴﺪاد در ﻫﻨﮕﺎم ﻋﺒﻮر ﺟﻠﻮﮔﻴﺮي ﻛﻨﺪ ،ﺑـﻪ ﻋﺒـﺎرت دﻳﮕـﺮ
ﺣﺠﻢ ﺳﻨﮕﺪاﻧﻪ درﺷﺖ و ﻫﻤﭽﻨﻴﻦ ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ را ﺗﺎ ﺣﺪ اﻣﻜﺎن ﻛﺎﻫﺶ داده و ﺑﺮاي اﻳﺠﺎد ﻳﻜﭙﺎرﭼﮕﻲ ﺑـﻴﻦ
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ﺳﻨﮕﺪاﻧﻪﻫﺎ از رﻳﺰ ﭘﺮﻛﻨﻨﺪهﻫﺎي ﻣﻨﺎﺳﺐ اﺳﺘﻔﺎده ﻧﻤﻮد.در اﻳﻦ ﺻﻮرت اﺣﺘﻤﺎل اﻧﺴﺪاد ﺗﻮﺳﻂ درﺷﺖ داﻧﻪﻫﺎ ﻛﺎﻫﺶ ﭘﻴـﺪا
ﻣﻲﻛﻨﺪ و ﺑﺘﻦ ﻣﻲﺗﻮاﻧﺪ ﺑﻪ راﺣﺘﻲ ﺗﺤﺖ اﺛﺮ وزن ﺧﻮد ﺟﺎري ﺷﺪه و از ﺑﻴﻦ ﻣﻮاﻧﻊ و آرﻣﺎﺗﻮرﻫﺎ ﻋﺒﻮر ﻛﻨﺪ.
ﺗﺎﺛﻴﺮات داﻧﻪ ﺑﻨﺪي روي ﺧﻮاص ﺑﺘﻦ ﺗﺎزه ﻧﺎﺷﻲ از ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﻣﻲﺑﺎﺷﺪ ،ﻛﻪ اﻳﻦ ﺗﺮاﻛﻢ ﺑﺴﺘﮕﻲ ﺑﻪ ﻣﻨﺤﻨﻲ داﻧـﻪ
ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪﻫﺎ دارد.ﻫﺮ ﭼﻪ ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻴﺸﺘﺮ ﺑﺎﺷﺪ و ﺗﺨﻠﺨﻞ ﻣﺎ ﺑـﻴﻦ آﻧﻬـﺎ ﻛﻤﺘـﺮ ﺷـﻮد و در ﻧﺘﻴﺠـﻪ ﺧﻤﻴـﺮ
ﺳﻴﻤﺎن ﺑﻴﺸﺘﺮي ﺑﺮاي ﭘﻮﺷﺎﻧﻴﺪن دور ﺳـﻨﮕﺪاﻧﻪﻫـﺎ و آﺳـﻮده ﺗـﺮ ﻏﻠﺘﻴـﺪن آﻧﻬـﺎ روي ﻳﻜـﺪﻳﮕﺮ ،در دﺳـﺘﺮس ﺧﻮاﻫـﺪ
ﺑﻮد[1] Andreasen&Anderson .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻦ ﻣﻄﻠﺐ راﺑﻄﻪ اي ﺑﺮاي ﺑﻪ دﺳـﺖ آوردن درﺻـﺪ ﻋﺒـﻮري از ﻫـﺮ
اﻟﻚ و در ﻧﻬﺎﻳﺖ ﺑﺪﺳﺖ آوردن ﻣﻨﺤﻨﻲ داﻧﻪﺑﻨﺪي ﻣﻨﺎﺳﺐ ارﺋﻪ دادﻧﺪ ﻛﻪ ﺑﻪ ﺻﻮرت زﻳﺮ ﻣﻲﺑﺎﺷﺪ:
)(1
ﻛﻪ در آن:
 =Dدرﺻﺪ ﻋﺒﻮري از اﻟﻚ ﺑﺎ اﻧﺪازه ﭼﺸﻤﻪ)P(D

P(D)=(D⁄Dmax)q

 =Dmaxﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ
0<q<1

ﻋﺒﺎرت  ،qﭘﺎراﻣﺘﺮ ﺗﻮان در ﻣﻌﺎدﻟﻪ ) (1و) (2ﻣﻲﺑﺎﺷﺪ ﻛﻪ اﻳﻦ ﭘﺎراﻣﺘﺮ ﻧﻘﺶ ﺑﺴﻴﺎر ﻣﻬﻤـﻲدر ﺗﻌﻴـﻴﻦ ﺷـﻜﻞ ﻣﻨﺤﻨـﻲ
داﻧﻪ ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪﻫﺎ دارد ﻛﻪ ﺑﺎ ﻛﺎﻫﺶ آن ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪﻫﺎ رﻳﺰ داﻧﻪ ﺗﺮ ،وﺑﺎ اﻓﺰاﻳﺶ آن ﻣﻨﺤﻨــــﻲ
داﻧﻪ ﺑﻨﺪي درﺷﺖ داﻧﻪ ﺗﺮ ﻣﻲﺷﻮد.
[1 ] Andreasen&Andersonﻳﺎﻓﺘﺘﻨﺪ ﻛﻪ اﮔﺮ  q=0.37ﺑﺎﺷﺪ ﺗﺮاﻛﻢ ﺑﻬﻴﻨﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻪ دﺳﺖ ﻣـﻲآﻳـﺪ.زﻣﺎﻧﻴﻜـﻪ
 q=0.5ﺑﺎﺷﺪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي  Fullerﺑﻪ دﺳﺖ ﻣﻲآﻳﺪ[ 2]Funk&Dinger.اﻳﻦ ﻣﺪل را اﺻﻼح ﻧﻤﻮدﻧﺪ و ﻣـﺪل
اﺻﻼح ﺷﺪه را ﺑﻪ ﺻﻮرت زﻳﺮ اراﺋﻪ دادﻧﺪ:
P(D)=(Dq –Dminq) ⁄ (Dmaxq - Dminq

(

)(2
ﻛﻪ در آن:
 = Dminﺣﺪاﻗﻞ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ
[ 3]Browser& Redixﻧﺸﺎن دادﻧﺪ ﻛﻪ اﮔﺮ  q=0.25ﺑﺎﺷﺪ ،ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﺘﻨﺎﻇﺮ ﺑﺎ اﻳـﻦ ﻣﻘـﺪار ﺑـﺮاي ﺗﻬﻴـﻪ
ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ﻣﻨﺎﺳﺐ ﺧﻮاﻫﺪ ﺑﻮد.در اﻳﻦ ﺗﺤﻘﻴﻖ ،ﻫﺪف از ﻣﻄﺎﻟﻌﺎت ﻣﻨﺤﻨﻲﻫﺎي داﻧﻪ ﺑﻨﺪي و ﻣﺪﻟﻬﺎي ﻣﺮﺑﻮﻃـﻪ،
ﺑﻪ دﺳﺖ آوردن ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺑﺎ ﻛﻤﺘﺮﻳﻦ ﺗﺨﻠﺨﻞ و در ﻧﺘﻴﺠـﻪ ﻛﻤﺘـﺮﻳﻦ ﺣﺠـﻢ ﺧﻤﻴـﺮ ﺳـﻴﻤﺎن ﻻزم ﻣـﻲﺑﺎﺷـﺪ.
درﮔﺬﺷﺘﻪ اﺳﺘﺮاﺗﮋﻳﻬﺎي ﻃﺮاﺣﻲ ﺑﺮ اﻳﻦ اﺳﺎس ﺑﻮده اﻧﺪ ﻛﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻮرد اﺳﺘﻔﺎده ،ﻧﺰدﻳﻚ ﺑﻪ ﻳـﻚ ﻣﻨﺤﻨـﻲ
داﻧﻪ ﺑﻨﺪي اﻳﺪه آل ﺑﺎﺷﺪ ،ﻛﻪ ﺑﻴﺸﺘﺮﻳﻦ ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎ را ﻣﻨﺠﺮ ﺷﻮد .دﺳﺘﻴﺎﺑﻲ ﺑـﻪ ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي ﻣـﺬﻛﻮر از
ﻃﺮﻳﻖ ﺳﻌﻲ و ﺧﻄﺎ اﻧﺠﺎم ﻣﻲﮔﺮدﻳﺪ[4] Larrard .ﭘﺎراﻣﺘﺮﻫﺎﻳﻲ را اراﺋﻪ داده اﺳﺖ ﻛـﻪ ﺑـﺎ اﺳـﺘﻔﺎده از اﻳـﻦ ﭘﺎراﻣﺘﺮﻫـﺎ
ﻣﻲﺗﻮان ﺑﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي اﻳﺪه آل ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ دﺳﺖ ﻳﺎﻓﺖ.ﻳﻜـﻲ از اﻳـﻦ ﭘﺎراﻣﺘﺮﻫـﺎ ،ﭘﺘﺎﻧـﺴﻴﻞ
ﺟﺪاﺷﺪﮔﻲ ﻣﻲﺑﺎﺷﺪ ﻛﻪ در اﻳﻦ ﺗﺤﻘﻴﻖ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﮔﺮﻓﺘﻪ اﺳﺖ.
در اﻳــﻦ ﺗﺤﻘﻴــﻖ ﻣﻨﺤﻨــﻲ داﻧــﻪ ﺑﻨــﺪيﻫــﺎي روش ﻣﻠــﻲ ﻃــﺮح ﻣﺨﻠــﻮط ﺑــﺘﻦ اﻳــﺮان ﺑــﺎ ﻣــﺪل اﺻــﻼح ﺷــﺪه
[1] Andreasen&Andersonﻣﻘﺎﻳﺴﻪ ﺷﺪه اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ اﻳﻦ ﻣﻨﺤﻨﻲﻫﺎ ﻣﻮرد ﻣﻄﺎﻟﻌـﻪ ﻗـﺮار
ﮔﺮﻓﺘﻪ و ﺑﺎ اﺳﺘﻔﺎده از ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﻬﺎي اﻧﺠﺎم ﺷﺪه روي ﻣﺨﻠﻮﻃﻬﺎي ﺳـﺎﺧﺘﻪ ﺷـﺪه ﺑـﺎ اﺳـﺘﻔﺎده از اﻳـﻦ ﻣﻨﺤﻨـﻲﻫـﺎ،
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ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪا ﺷﺪﮔﻲ ﻣﻮرد ﻗﺒﻮل ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ اراﺋﻪ داده ﺷﺪه اﺳﺖ.در ﻧﻬﺎﻳﺖ ﺑﺮاي ﻫـﺮ ﻳـﻚ از
ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﻣﺬﻛﻮر ،ﺟﻬﺖ ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ،ﻳﻚ ﺑﺎزه ﺣﺠﻢ ﺧﻤﻴﺮ ﺳـﻴﻤﺎن ﺗﻌﺮﻳـﻒ ﺷـﺪه اﺳـﺖ و
ﻣﻘﺪار ﺑﻬﻴﻨﻪ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ،در اﻳﻦ ﺑﺎزه را ﻛﻪ ﻣﻨﺠﺮ ﺑﻪ ﺑﻬﺘﺮﻳﻦ ﺧﻮاص ﺑﺘﻦ ﺗﺎزه ﻣﺨﻠـﻮط ،در ﻣﻘﺎﻳـﺴﻪ ﺑـﺎ ﺳـﺎﻳﺮ
ﻣﻘﺎدﻳﺮ اﻳﻦ ﺑﺎزه ﺷﺪه اﺳﺖ ،ﻧﻴﺰ ﺑﺮاي ﻫﺮ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﺸﺨﺺ ﺷﺪه اﺳﺖ.
 -2ﺑﺮﻧﺎﻣﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ
 1-2ﻣﺼﺎﻟﺢ ﻣﺼﺮﻓﻲ
ﺳﻴﻤﺎن
ﺳﻴﻤﺎن ﻣﺼﺮﻓﻲ ،ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻣﻌﻤﻮﻟﻲ ﻣﻄﺎﺑﻖ ﺑﺎ  ASTMﻧﻮع ﻳﻚ ﺑﺎ وزن ﻣﺨﺼﻮص  3,15ﻣﻲﺑﺎﺷﺪ.
ﺷﻦ
ﺷﻦ ﻣﺼﺮﻓﻲ ﺑﺎ وزن ﻣﺨﺼﻮص  2,53و ﺟﺬب آب 0,015ﻣﻲﺑﺎﺷﺪ .ﻣﺎﻛﺰﻳﻤﻢ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪﻫـﺎي ﺷـﻦ ﻣـﺼﺮﻓﻲ ﺑـﺎ
ﺗﻮﺟﻪ ﺑﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي اﻧﺘﺨﺎﺑﻲ  10ﻳﺎ  20ﻣﻴﻠﻴﻤﺘﺮ ﻣﻲﺑﺎﺷﺪ.
ﻣﺎﺳﻪ
ﻣﺎﺳﻪ ﻣﺼﺮﻓﻲ ﻣﺎﺳﻪ ﻃﺒﻴﻌﻲ ﺑﺎ وزن ﻣﺨﺼﻮص  2,5وﺟﺬب آب  0,041ﻣﻲﺑﺎﺷﺪ.
ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي
ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﺑﻪ ﻛﺎر ﺑﺮده ﺷﺪه ﺑﺮاي ﺷﻦ وﻣﺎﺳﻪ ﻣﻄﺎﺑﻖ ﺑﺎ ﺷـﻜﻞ  1ﻣﺘـﺸﻜﻞ از ﻣﻨﺤﻨـﻲﻫـﺎي A,B,Cﺑـﺎ
ﺣﺪاﻛﺜﺮ اﻧﺪازه 9,5و 19ﻣﻴﻠﻴﻤﺘﺮ ﻣﻲﺑﺎﺷﺪ.

)اﻟﻒ( ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪ ﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ

)ب( ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪ ﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ 9,5

 19ﻣﻴﻠﻴﻤﺘﺮ

ﻣﻴﻠﻴﻤﺘﺮ

ﺷﻜﻞ  -1ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط اﻳﺮان ﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه9,5و19ﻣﻴﻠﻴﻤﺘﺮ

درﺻﺪ ﻋﺒﻮري ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﺳﻨﮕﺪاﻧﻪ روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦ اﻳﺮان ﻛﻪ در ﺷﻜﻞ  1ﻧـﺸﺎن داده ﺷـﺪه
اﺳﺖ ،ﺑﻪ ﺻﻮرت درﺻﺪ ﻋﺒﻮري ﺣﺠﻤﻲﻣﻲﺑﺎﺷﺪ .زﻣﺎﻧﻲ ﻛﻪ ﺟﺮم ﺣﺠﻤﻲﺳﻨﮕﺪاﻧﻪﻫﺎ ﻳﻜﺴﺎن در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﻮد درﺻﺪ
ﻋﺒﻮري ﺣﺠﻤﻲﺑﺎ وزﻧﻲ ﺗﻔﺎوﺗﻲ ﻧﺪارد ،ﻛﻪ اﻳﻦ ﻣﻮﺿﻮع ﺑﺎ ﻣﻘﺎﻳﺴﻪ ﺟﺪول  -1ب ﺑﺎ ﺷﻜﻞ  1ﻣﺸﺨﺺ ﻣـﻲﮔـﺮدد.اﻣـﺎ در
اﻳﻦ ﺗﺤﻘﻴﻖ ﺑﻪ دﻟﻴﻞ اﺳﺘﻔﺎده از ﻓﻴﻠﺮ ،ﻣﻄﺎﺑﻖ ﺑﺎ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺳـﻨﮕﺪاﻧﻪ ﻣـﻮرد اﺳـﺘﻔﺎده ،و ﻣﺘﻔـﺎوت ﺑـﻮدن ﺟـﺮم
ﺣﺠﻤﻲﻓﻴﻠﺮ ﺑﺎ ﺳﻨﮕﺪاﻧﻪﻫﺎ ،درﺻﺪ ﻋﺒﻮري ﺣﺠﻤﻲرا ﻧﻤﻲﺗﻮان ﺑﺮاﺑﺮ ﺑﺎ درﺻﺪ ﻋﺒﻮري وزﻧﻲ داﻧﺴﺖ.ﺑـﺮاي ﺑﺮرﺳـﻲ اﻳـﻦ
ﻣﻄﻠﺐ اﺑﺘﺪا ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻮرد اﺳﺘﻔﺎده ،درﺻﺪ ﺣﺠﻤﻲﻋﺒﻮري ﻫﺮ ﻳﻚ از اﻧﺪازه ﺳـﻨﮕﺪاﻧﻪﻫـﺎ و ﻓﻴﻠـﺮ
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ﻣﺸﺨﺺ ﺷﺪه و ﺑﻪ در ﺻﺪ وزﻧﻲ ﻋﺒﻮري ﺗﺒﺪﻳﻞ ﮔﺮدﻳﺪه و در ﺟﺪول  -1اﻟﻒ ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺟﺪول
 1ﺑﻴﺸﺘﺮﻳﻦ اﺧﺘﻼف درﺻﺪ وزﻧﻲ ﻋﺒﻮري ﺑﺎ درﺻﺪ ﺣﺠﻤﻲﻋﺒﻮري ﻣﻨﺤﻨﻲﻫﺎي داﻧﻪ ﺑﻨﺪي ﻫﻤﺎﻧﻄﻮر ﻛﻪ اﻧﺘﻈﺎر ﻣﻲرﻓﺖ،
ﻣﺮﺑﻮط ﺑﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي C9,5ﺑﻮده اﺳﺖ و ﻣﻘﺪاراﻳﻦ اﺧﺘﻼف ﺑﺮاﺑﺮ ﺑﺎ 0,6درﺻﺪ ﺑﻮده اﺳﺖ.
ﺟﺪول  :1اﻟﻒ -درﺻﺪ وزﻧﻲ ﻋﺒﻮري ﻣﻨﺤﻨﻲﻫﺎي داﻧﻪ ﺑﻨﺪي روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦ اﻳﺮان ﺑﺎ ﭘﻮدر ﺳﻨﮓ
ﺣﺪاﻛﺜﺮ

ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي

ﺳﻨﮕﺪاﻧﻪ

درﺻﺪ وزﻧﻲ ﻋﺒﻮري

اﻧﺪازه

 19ﻣﻴﻠﻴﻤﺘﺮ

 9,5ﻣﻴﻠﻴﻤﺘﺮ

اﻧﺪازه اﻟﻚ )ﻣﻴﻠﻴﻤﺘﺮ(

0,15

0,3

0,6

1,18

2,36

4,75

9,5

12,5

19

19C
19B
19A
9,5C

10,6
5,3
2,12
12,6

21,5
11,28
4,12
24,57

32,43
18,26
8,11
38,47

43,4
28,2
13,1
81,4

56,3
39,2
23,1
97,3

70,2
55,1
38,1
82,1

83,1
75,1
62,1
100

92,05
89,03
79,02

100
100
100

9,5B

7,4

14,38

25,33

37,3

53,2

74,1

100

9,5A

3,18

6,18

12,16

22,2

37,1

61,1

100

ﺟﺪول  :1ب  -درﺻﺪ وزﻧﻲ ﻋﺒﻮري ﻣﻨﺤﻨﻲﻫﺎي داﻧﻪ ﺑﻨﺪي روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦ اﻳﺮان ﺑﺪون ﭘﻮدر ﺳﻨﮓ
ﺣﺪاﻛﺜﺮ

ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي

اﻧﺪازه

اﻧﺪازه اﻟﻚ

ﺳﻨﮕﺪاﻧﻪ

)ﻣﻴﻠﻴﻤﺘﺮ(

19
ﻣﻴﻠﻴﻤﺘﺮ
9,5
ﻣﻴﻠﻴﻤﺘﺮ

درﺻﺪ وزﻧﻲ ﻋﺒﻮري
0,15

0,3

0,6

1,18

2,36

4,75

9,5

12,5

19

19C

10

21

32

43

56

70

83

92

100

19B

5

11

18

28

39

55

75

89

100

79

100

19A

2

4

8

13

23

38

62

9,5C

12

24

38

81

97

82

100

9,5B
9,5A

7
3

14
6

25
12

37
22

53
37

74
61

100
100

ﻓﻴﻠﺮ
ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﺎ وزن ﻣﺨﺼﻮص  2660ﺑﻪ ﻋﻨﻮان ﻓﻴﻠﺮ اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
ﻓﻮق روان ﻛﻨﻨﺪه
ﻓﻮق روان ﻛﻨﻨﺪه ﻣﻮرد اﺳﺘﻔﺎده ﺑﺮ ﭘﺎﻳﻪ ﭘﻠﻲ ﻛﺮﺑﻮﻛﺴﻴﻼﺗﻲ و ﺗﻮﻟﻴﺪ ﻛﺎرﺧﺎﻧﺠﺎت داﺧﻞ ﻣﻲﺑﺎﺷﺪ.
 2-2ﻧﺴﺒﺘﻬﺎي ﻣﺨﻠﻮط
در اﻳﻦ ﺗﺤﻘﻴﻖ ﺑﺎ ﻣﻨﺤﻨﻲﻫﺎي  B,Cﻃﺒﻖ ﺷﻜﻞ  1ﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه  9,5و 19ﻛﻪ ﺑﺮﮔﺮﻓﺘﻪ از روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠـﻮط
ﺑﺘﻦ اﻳﺮان ﻣﻲﺑﺎﺷﺪ ،ﻣﺨﻠﻮﻃﻬﺎي ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ ﺳﺎﺧﺘﻪ ﺷﺪه اﺳﺖ .ﺗﺤﻘﻴﻘﺎت آزﻣﺎﻳﺸﮕﺎﻫﻲ ﻣﻘﺪﻣﺎﺗﻲ ﻧﺸﺎن داد ﻛﻪ ﺑـﺎ
ﻣﻨﺤﻨﻲ Aاﻣﻜﺎن ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ وﺟﻮد ﻧﺪارد .در ﺗﻤﺎﻣﻲﻣﺨﻠﻮﻃﻬﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﺮاﺑﺮ
ﺑﺎ0,45ﺛﺎﺑﺖ ﻧﮕﻬﺪاﺷﺘﻪ ﺷﺪه و ﻣﻘﺪار ﺳﻴﻤﺎن ﺑﺮاي ﻫﺮ ﮔﺮوه ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺗﻐﻴﻴﺮ داده ﺷﺪه اﺳـﺖ .ﻫﻤﭽﻨـﻴﻦ ﻻزم
ﺑﻪ ذﻛﺮ اﺳﺖ ﻛﻪ در ﺗﻤﺎﻣﻲﻣﺨﻠﻮﻃﻬﺎي ﻣﺬﻛﻮر ﺑﻪ ﻣﻨﻈﻮر ﺗﻬﻴﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ ﺗﺮ از  0,15ﻣﻴﻠﻴﻤﺘﺮ ﻳﻌﻨـﻲ ﻋﺒـﻮري از
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اﻟﻚ  0,15از ﭘﻮدر ﺳﻨﮓ ﻋﺒﻮر داده ﺷﺪه از اﻟﻚ  0,15اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ.
ﻧﺴﺒﺘﻬﺎي ﻣﺨﻠﻮطﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي  B,Cﺑﺎ ﺣـﺪاﻛﺜﺮ اﻧـﺪازه ﺳـﻨﮕﺪاﻧﻪ 9,5و 19ﻣﻴﻠﻴﻤﺘـﺮ در
ﺟﺪول 2ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.در اﻳﻦ ﺗﺤﻘﻴﻖ ﻣﻌﺮف  C9,5-1ﺑﻪ ﻣﻔﻬﻮم ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي ﺳـﻨﮕﺪاﻧﻪﻫـﺎ  Cﺑـﺎ
ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ  9,5ﻣﻴﻠﻴﻤﺘﺮ و ﺧﻂ ﺗﻴﺮه و ﻋﺪد ﺷﻤﺎره ﻣﺨﻠﻮط ﺳـﺎﺧﺘﻪ ﺷـﺪه ﻣـﻲﺑﺎﺷـﺪ .ﺑـﺮاي ﺳـﺎﻳﺮ ﻣﻌـﺮف
ﻣﺨﻠﻮﻃﻬﺎ ﻧﻴﺰ ﺑﻪ ﻫﻤﻴﻦ ﺻﻮرت ﻣﻲﺑﺎﺷﺪ.
ﺟﺪول  :2ﻧﺴﺒﺘﻬﺎي ﻣﺨﻠﻮطﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻣﻨﺤﻨﻲﻫﺎي  B,Cﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه 9,5و 19ﻣﻴﻠﻴﻤﺘﺮ
ﻣﻌﺮف

ﻣﻨﺤﻨﻲ

ﺳﻴﻤﺎن

ﻣﺨﻠﻮط

داﻧﻪ ﺑﻨﺪي

)(kg/m3

ﭘﻮدر
ﺳﻨﮓ
)(kg/m3

ﺳﻨﮕﺪاﻧﻪ

آب

)(kg/m3

)(kg/m3

ﻓﻮق
روانﻛﻨﻨﺪه
)(lit/m3

ﺣﺠﻢ ﺧﻤﻴﺮ
)ﺳﻴﻤﺎن+آب(m3/1m3

1-9,5C

9,5C

350

223,88

1544,24

157,5

1,75

0,268

2-9,5C

9,5C

400

211,63

1460,64

180

1,5

0,307

3-9,5C

9,5C

450

199,39

1372,96

202,5

1

0,345

4-9,5C

9,5C

500

187,13

1289,8

225

0,5

0,383

5-9,5B

9,5B

350

130,6

1630,73

157,5

1,75

0,268

6-9,5B

9,5B

400

123,45

1542,78

180

1,25

0,307

7-9,5B

9,5B

450

116,31

1452,3

202,5

0,75

0,345

8-9,5B

9,5B

500

109,16

1363,08

225

0,5

0,383

9-19C

19C

300

196,77

1664,46

135

2,2

0,23

10-19C

19C

350

186,57

1578,13

157,5

1,7

0,268

11-19C

19C

400

176,36

1491,79

180

1

0,307

12-19C

19C

450

166,15

1405,47

202,5

0,5

0,345

13-19B

19B

311

97,25

1736,77

140

1,5

0,238

14-19B

19B

360

92,26

1647,57

162

1

0,276

15-19B

19B

430

85,12

1519,98

193,5

0,5

0,33

16-19B

19B

480

80,02

1428,85

216

0,2

0,368

 3-2ﺷﺮح آزﻣﺎﻳﺶﻫﺎ
آزﻣﺎﻳﺶ ﺟﺮﻳﺎن اﺳﻼﻣﭗ ،ﻗﻴﻒ ،Vﺣﻠﻘﻪ  ،Jﺟﻌﺒﻪ Lو آزﻣﺎﻳﺶ ﻣﺸﺎﻫﺪه VSIﻣﻄﺎﺑﻖ ﺑﺎ دﺳﺘﻮر اﻟﻌﻤـﻞ [5] PCIاﻧﺠـﺎم
ﺷﺪه اﺳﺖ.
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 -3ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎ و ﺗﻔﺴﻴﺮ
ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي اﻧﺠﺎم ﺷﺪه روي ﻣﺨﻠﻮطﻫﺎ در ﺟﺪول  3ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.
ﺟﺪول  :3ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﻬﺎي ﺑﺘﻦ ﺗﺎزه اﻧﺠﺎم ﺷﺪه روي ﻣﺨﻠﻮﻃﻬﺎ

*

ﻣﻌﺮف

ﻣﻨﺤﻨﻲ

ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن

ﺟﺮﻳﺎن

ﻣﺨﻠﻮط

داﻧﻪ ﺑﻨﺪي

)(m3/1m3

اﺳﻼﻣﭗ)(cm

1-9,5C

9,5C

0,268

69

3,33

2-9,5C

9,5C

0,307

73

3

4

3-9,5C

9,5C

0,345

71

2,41

6

ﻗﻴﻒ)V(sec

ﺣﻠﻘﻪJ

ﺟﻌﺒﻪ

)(mm

L

12

0,75
1

0

0,84

0,5

*VSI

1,5

4-9,5C

9,5C

0,383

67

2,25

9

0,8

1

5-9,5B

9,5B

0,268

66

5

17

0,75

2

6-9,5B

9,5B

0,307

70

4,1

9

0,85

1

7-9,5B

9,5B

0,345

74

3,84

6

0,96

0

8-9,5B

9,5B

0,383

69

3,2

8

0,89

0,5

9-19C

19C

0,23

67

5,9

11

0,81

1

10-19C

19C

0,268

75

3

3

0,89

0

11-19C

19C

0,3

72

2,5

5

0,87

0,5

12-19C

19C

0,345

60

1,8

9

0,8

1,25

13-19B

19B

0,238

58

21,5

27

0,11

2

14-19B

19B

0,276

64

11,88

15

0,6

1,5

15-19B

19B

0,33

70

3

8

0,88

0

16-19B

19B

0,368

68

2

10

0,83

0,5

) :Visual StabilityIndex(VSIدر اﻳﻦ ﺗﺤﻘﻴﻖ زﻣﺎﻧﻲ ﻛﻪ ) (VSIﺑﻴﻦ ﺻﻔﺮ ﺗﺎ ﻳﻚ ﺑﻮده اﺳﺖ ﻣﺨﻠﻮط ﺑﻪ ﻋﻨـﻮان ﻣﺨﻠـﻮط ﺑـﺘﻦ ﺧـﻮد ﺗـﺮاﻛﻢ

ﭘﺬﻳﺮﻓﺘﻪ ﺷﺪه اﺳﺖ.

ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي  B,Cﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ  9,5و 19ﻣﻴﻠﻴﻤﺘﺮ ﻛﻪ در اﻳﻦ ﺗﺤﻘﻴﻖ اﺳﺘﻔﺎده ﺷـﺪه اﺳـﺖ ﻛـﻪ
ﺑﺮﮔﺮﻓﺘـــﻪ از روش ﻣﻠـــﻲ ﻃـــﺮح ﻣﺨﻠـــﻮط ﺑـــﺘﻦ اﻳـــﺮان ﻣـــﻲﺑﺎﺷـــﺪ.در ﺻـــﻮرﺗﻴﻜﻪ در ﻣـــﺪل اﺻـــﻼح ﺷـــﺪه
 [ 1 ] Andreasen&Andersonﻛﻪ در ﻣﻘﺪﻣﻪ ﺗﻮﺿﻴﺢ داده ﺷﺪ  Dmax=19و Dmin=0.075و  q=0.1ﺑﺎﺷـﺪ،
ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺣﺎﺻﻞ ﻣﻨﻄﺒﻖ ﺑﺮ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي  Cﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ ﺧﻮاﻫﺪ ﺑﻮد.اﮔﺮ در اﻳـﻦ ﻣـﺪل
 Dmax=19و Dmin=0.075و  q=0.35ﺑﺎﺷﺪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺣﺎﺻﻞ ﻣﻨﻄﺒـﻖ ﺑـﺮ ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي  Bﺑـﺎ
ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ  19ﻣﻴﻠﻴﻤﺘﺮ ﺧﻮاﻫﺪ ﺑﻮد.اﮔﺮ ﻣﻘﺪار  Dmaxدر ﻫﺮدو ﺣﺎﻟﺖ ﻣﺬﻛﻮر ﺑﻪ  9,5ﻣﻴﻠﻴﻤﺘـﺮ ﺗﻐﻴﻴـﺮ ﭘﻴـﺪا
ﻛﻨﺪ و ﺳﺎﻳﺮ ﻣﻘﺎدﻳﺮ ﻫﻤﺎن ﺑﻤﺎﻧﺪ ،ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﺣﺎﺻﻞ ﺑﻪ ﺗﺮﺗﻴﺐ ﻣﻨﻄﺒﻖ ﺑـﺮ ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي Cو Bﺑـﺎ
ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ  9,5ﻣﻴﻠﻴﻤﺘﺮ ﺧﻮاﻫﺪ ﺑﻮد.
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﻬﺎ ﺑﺮاي ﻫﺮ ﻳﻚ از ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي B,Cﺑـﺎ ﺣـﺪاﻛﺜﺮ اﻧـﺪازه 9,5و 19ﻣﻴﻠﻴﻤﺘـﺮ اﻳـﻦ
اﻣﻜﺎن اﻳﺠﺎد ﺷﺪ ﻛﻪ ﺑﺮاي ﻫﺮ ﻳﻚ از اﻳﻦ ﻣﻨﺤﻨﻲﻫﺎ ﻳﻚ ﺑﺎزه ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن اراﺋـﻪ ﺷـﻮد ﻛـﻪ در ﺻـﻮرت ﻗـﺮار
ﮔﺮﻓﺘﻦ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن در اﻳﻦ ﻣﺤﺪوده ،ﻣﺨﻠﻮط ﺳﺎﺧﺘﻪ ﺷﺪه ،ﻣﺨﻠﻮط ﺧﻮدﺗﺮاﻛﻢ ﺑﺎﺷﺪ.ﻫﻤﭽﻨﻴﻦ در ﻫﺮ ﺑـﺎزه ﻳـﻚ
ﻣﻘﺪار ﺑﻬﻴﻨﻪ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن وﺟﻮد داﺷﺖ ﻛﻪ ﻣﺨﻠﻮط ﺳﺎﺧﺘﻪ ﺷـﺪه ﺑـﺎ آن ﻣﻘـﺪار ﺑﻬﻴﻨـﻪ ،ﺧـﺼﻮﺻﻴﺎت ﺑـﺘﻦ ﺗـﺎزه
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ﻣﻄﻠﻮﺑﺘﺮي ﻧﺴﺒﺖ ﺑﻪ ﺳﺎﻳﺮ ﻣﺨﻠﻮﻃﻬﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻣﻘﺎدﻳﺮ ﺑﺎزه از ﺧﻮد ﻧﺸﺎن داد.ﺑﺎزهﻫﺎي ﻣﺬﻛﻮر ﺑﻪ ﻫﻤـﺮاه ﻣﻘـﺎدﻳﺮ
ﺑﻬﻴﻨﻪ ﺑﺮاي ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﻣﻮرد ﺑﺮرﺳﻲ در ﺟﺪول  4اراﺋﻪ داده ﺷﺪه اﺳﺖ.
ﺟﺪول  :4ﺑﺎزه ﺣﺠﻢ ﺧﻤﻴﺮﺳﻴﻤﺎن ﻻزم ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ﺑﺮاي ﻣﻨﺤﻨﻲ داﻧﻪﺑﻨﺪيﻫﺎي
روش ﻣﻠﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦ اﻳﺮان
ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي
9,5C
9,5B
19C
19B

ﺑﺎزه ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن

ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﻬﻴﻨﻪ

)(m3/1m3

)(m3/1m3

0,28-0,383
0,307-0,39
0,23-0,34
0,3-0,37

0307
0,345
0,268
0,33

ﺑﺎ ﻣﻘﺎﻳﺴﻪ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﻬﺎي اﻧﺠﺎم ﺷﺪه روي ﻣﺨﻠﻮﻃﻬﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ دو ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي  C,Bﺑﺎ ﺣﺪاﻛﺜﺮ اﻧـﺪازه
 19ﻣﻴﻠﻴﻤﺘﺮ ﻣﺸﺨﺺ ﮔﺮدﻳﺪ ﻛﻪ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﻬﻴﻨﻪ ﻻزم ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ﺑﺎ ﻣﻨﺤﻨﻲ Cﺑﺎ ﺣﺪاﻛﺜﺮ
اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ ﻛﻤﺘﺮ از ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﻬﻴﻨﻪ ﻻزم ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗـﺮاﻛﻢ ﺑـﺎ ﻣﻨﺤﻨـﻲ  Bﺑـﺎ ﺣـﺪاﻛﺜﺮ
اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ ﺑﻮده اﺳﺖ.ﺿﻤﻨﺎ ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﺗﺎزه ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﻣﻨﺤﻨﻲ  C19ﻣﻄﻠﻮﺑﺘﺮ از ﻣﺨﻠﻮط ﺳﺎﺧﺘﻪ ﺷـﺪه
ﺑﺎ ﻣﻨﺤﻨﻲ  B19ﺑﻮده اﺳﺖ.در ﻧﺘﻴﺠﻪ ﻛﻠﻴﻪ ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪيﻫـﺎي ﺣﺎﺻـﻞ از ﻣـﺪل Andreasen&Anderson
][1ﻣﺎﺑﻴﻦ ﻣﻨﺤﻨﻲ  B,Cﻣﻨﺎﺳﺐ ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺧﻮدﺗﺮاﻛﻢ ﻣﻲﺑﺎﺷﻨﺪ.در ﺣﻘﻴﻘﺖ ﻣﻨﺨﻨﻲ داﻧﻪ ﺑﻨﺪيﻫـﺎي ﻣﺘﻨـﺎﻇﺮ
ﺑﺎ ﻣﻘﺎدﻳﺮ  qﺑﻴﻦ  0,1ﺗﺎ  0,35ﻣﻨﺎﺳﺐ ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗـﺮاﻛﻢ ﻣـﻲﺑﺎﺷـﺪ .در ﺻـﻮرﺗﻴﻜﻪ Redix&Browser
][3ﻣﻘﺪار q=0.25ﻣﻨﺎﺳﺐ ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ داﻧﺴﺘﻪ اﻧﺪ.از ﻃﺮف دﻳﮕـﺮ ﻫﺮﭼـﻪ ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي
ﺣﺎﺻﻞ از ﻣﺪل [1] Andreasen&Andersonﺑﻪ ﺳﻤﺖ  Cﻣﺘﻤﺎﻳﻞ ﺑﺎﺷﺪ ﻳﻌﻨﻲ  qﺑﻪ ﺳﻤﺖ  0,1ﻣﻴﻞ ﻛﻨـﺪ ﻣﺨﻠـﻮط
ﺳﺎﺧﺘﻪ ﺷﺪه ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﺗﺎزه ﻣﻄﻠﻮﺑﺘﺮي ﺧﻮاﻫﺪ داﺷﺖ.
[5] Larrardﭘﺎراﻣﺘﺮﻫﺎﻳﻲ ﺑﺮاي ﺑﺮرﺳﻲ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﻣﻨﺎﺳﺐ ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط اراﺋﻪ داده اﺳﺖ ﻛـﻪ ﻳﻜـﻲ
از اﻳﻦ ﭘﺎراﻣﺘﺮﻫﺎ ،ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ ﻣﻲﺑﺎﺷﺪ ﻛﻪ از راﺑﻄﻪ زﻳﺮ ﺑﻪ دﺳﺖ ﻣﻲآﻳﺪ:
*Si = 1 –Фi/Фi
)(3
)(4

)S = Si(max

=Фiﺣﺠﻢ واﻗﻌﻲ ذرات ﺟﺎﻣﺪ ﻣﺮﺗﺒﻪi
ﻣﻲﺗﻮاﻧﻨﺪ اﺷﻐﺎل ﻛﻨﻨﺪ iﻣﺎﻛﺰﻳﻤﻢ ﺣﺠﻤﻲﻛﻪ ذرات ﺟﺎﻣﺪ ﻣﺮﺗﺒﻪ *=Фi

= Sﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ
ﺑﺮاي ﻣﺤﺎﺳﺒﻪ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ ﭘﺎراﻣﺘﺮ Фiﻛﻪ در راﺑﻄﻪ ) (3و) (4اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ از ﺗﻘﺴﻴﻢ ﺟﺮم ذرات ﻣﺮﺗﺒـﻪ ،i
ﻛﻪ در ﻣﺮﺣﻠﻪ ﺑﻪ دﺳﺖ آوردن ﻧﺴﺒﺘﻬﺎي ﻣﺨﻠﻮط ﺑﻪ دﺳﺖ آﻣﺪه اﺳﺖ ،ﺑﻪ ﺟﺮم ﺣﺠﻤﻲذرات ﺣﺎﺻﻞ ﺷﺪه اﺳﺖ.ﭘـﺎراﻣﺘﺮ
* Фiﻧﻴﺰ از ﺟﻤﻊ ﻣﻘﺪار Фiﺑﺎ ﺗﺨﻠﺨـﻞ ﻣﻮﺟـﻮد در داﻧـﻪ ﺑﻨـﺪي ﺳـﻨﮕﺪاﻧﻪﻫـﺎ ﻛـﻪ ﺑـﺎ ﻛﻤـﻚ دﺳـﺘﻮراﻟﻌﻤﻞ ASTM
7] C28,ASTM C29و[6ﻣﺤﺎﺳﺒﻪ ﺷﺪه ،ﺑﺪﺳﺖ آﻣﺪه اﺳﺖ.
زﻣﺎﻧﻴﻜﻪ  Si=0ﺑﺎﺷﺪﺑﻪ اﻳﻦ ﻣﻌﻨﺎﺳﺖ ﻛﻪ ذرات ﻣﺮﺗﺒﻪ  iﺑﻪ ﻃﻮر ﻛﺎﻣﻞ ﻣﺘﺮاﻛﻢ ﺷﺪه اﻧﺪ و اﻣﻜﺎن ﺟﺪاﺷﺪﮔﻲ وﺟﻮد ﻧـﺪارد
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وﺣﺎﻟﺖ اﻳﺪه آل ﻣﻲﺑﺎﺷﺪ ﻛﻪ در واﻗﻌﻴﺖ ﻏﻴﺮ ﻣﻤﻜﻦ اﺳﺖ.در ﻧﺘﻴﺠﻪ ﻫﺮ ﭼﻪ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪا ﺷﺪﮔﻲ ﻣﻨﺤﻨﻲ داﻧـﻪ ﺑﻨـﺪي
ﺑﻪ ﺳﻤﺖ ﺻﻔﺮ ﻣﻴﻞ ﻛﻨﺪ ﻣﻄﻠﻮب ﺧﻮاﻫﺪ ﺑﻮد.
ﺑﺎ اﺳﺘﻔﺎده ازاﻳﻦ ﭘﺎراﻣﺘﺮ ﻧﻤﻮداري ﺑﻪ ﻧﺎم ﻧﻤﻮدار ﭘﺮﻛﻨﻨﺪﮔﻲ اراﺋﻪ ﺷﺪه اﺳﺖ ،ﻛﻪ اﻳـﻦ ﻧﻤـﻮدار ﺑـﺮاي ﻣﻨﺤﻨـﻲ  B,Cﺑـﺎ
ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ 9,5و 19ﻣﻴﻠﻴﻤﺘﺮ در ﺷﻜﻞ زﻳﺮ ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.

ﺷﻜﻞ  -2ﻧﻤﻮدار ﭘﺮﻛﻨﻨﺪﮔﻲ ﺑﺮاي ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي  B,Cﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ  9,5و 19ﻣﻴﻠﻴﻤﺘﺮ

ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ ﺑﺮاي ﻣﻨﺤﻨﻲﻫﺎي B,Cﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه 19ﻣﻴﻠﻴﻤﺘﺮ ﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﺷـﻜﻞ  3ﺑـﻪ ﺗﺮﺗﻴـﺐ ﺑﺮاﺑـﺮ ﺑـﺎ
0,771و 0,815ﻣﻲﺑﺎﺷﺪ .ﻫﻤﭽﻨﻴﻦ ﺑـﺮاي ﻣﻨﺤﻨـﻲﻫـﺎي  B,Cﺑـﺎ ﺣـﺪاﻛﺜﺮ اﻧـﺪازه  9,5ﻣﻴﻠﻴﻤﺘـﺮ ﺑـﻪ ﺗﺮﺗﻴـﺐ ﺑﺮاﺑـﺮ ﺑـﺎ
0,675و0,779ﻣﻲﺑﺎﺷﺪ.
ﻫﻤﺎﻧﻄﻮر ﻛﻪ ﺑﻴﺎن ﺷﺪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎي ﺑﻴﻦ ﻣﻨﺤﻨﻲﻫﺎي  B,Cﺑﺮاي ﻫـﺮ دو ﺣـﺪاﻛﺜﺮ اﻧـﺪازه 9,5و 19ﻣﻴﻠﻴﻤﺘـﺮ
ﻣﻨﺎﺳﺐ ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ ﺑﻮدﻧﺪ و ﻫﺮ ﭼﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻮرد اﺳﺘﻔﺎده ﺑﻪ ﻣﻨﺤﻨﻲ Cﻧﺰدﻳﻜﺘـﺮ
ﺷﻮد ﺧﻮاص ﺑﺘﻦ ﺗﺎزه ﻣﺨﻠﻮط ﻣﻄﻠﻮﺑﺘﺮ ﺑﻮده اﺳﺖ.ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻦ ﻣﻮﺿﻮع و ﺷﻜﻞ  3ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪيﻫـﺎﻳﻲ ﻛـﻪ
ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ آﻧﻬﺎ ﺑﻴﻦ  0,771ﺗﺎ 0,815ﺑﺮاي ﺣﺪاﻛﺜﺮ اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ و 0,675ﺗﺎ  0,779ﺑﺮاي ﺣﺪاﻛﺜﺮ اﻧـﺪازه
 9,5ﻣﻴﻠﻴﻤﺘﺮ ﺑﺎﺷﺪ ﻣﻨﺎﺳﺐ ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ﺧﻮاﻫﺪ ﺑﻮد.ﻫـﺮ ﭼـﻪ ﭘﺘﺎﻧـﺴﻴﻞ ﺟﺪاﺷـﺪﮔﻲ ﻣﻨﺤﻨـﻲ ﻣـﻮرد
اﺳﺘﻔﺎده ﺑﻪ ﺣﺪ ﭘﺎﻳﻴﻦ ﺑﺎزهﻫﺎي ذﻛﺮ ﺷﺪه ﻣﺘﻤﺎﻳﻞ ﺑﺎﺷﺪ ﺧﻮاص ﺑﺘﻦ ﺗﺎزه رو ﺑﻪ ﺑﻬﺒﻮدي ﺧﻮاﻫﺪ ﺑﻮد.
اﻟﺒﺘﻪ ﭘﺎراﻣﺘﺮ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ ﺑﻪ ﺗﻨﻬﺎﻳﻲ ﻛﺎﻓﻲ ﺑﺮاي ﺗﻌﻴﻴﻦ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻨﺎﺳﺐ ﻧﻤﻲﺑﺎﺷﺪ ،ﭼﺮا ﻛـﻪ ﻣﻨﺤﻨـﻲ
داﻧﻪ ﺑﻨﺪي ﺑﺎﻧﻤﻮدار ﭘﺮﻛﻨﻨﺪﮔﻲ ﻣﻲﺗﻮاﻧﺪ وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﺪ ﻛﻪ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ آن 771.ﺑﺎﺷﺪ وﻟـﻲ ﻣﻨﺎﺳـﺐ ﺑـﺮاي
ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﻧﺒﺎﺷﺪ .ﺑﻪ اﻳﻦ ﻣﻨﻈﻮر در ﻧﻤﻮدار ﭘﺮﻛﻨﻨﺪﮔﻲ ﻓﺎﻛﺘﻮر دﻳﮕﺮي ﻧﻴﺰ ﻋﻼوه ﺑﺮ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ ﻣـﻲﺑﺎﻳـﺴﺖ
ﺗﺤﺖ ﻛﻨﺘﺮل ﺑﺎﺷﺪ.اﻳﻦ ﻓﺎﻛﺘﻮر ﺗﻔﺎﺿﻞ ) Si(maxو(  Si(minدر ﻳﻚ ﻧﻤﻮدار ﭘﺮﻛﻨﻨﺪﮔﻲ ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﻫـﺮ ﭼـﻪ ﻣﻘـﺪار
آن ﺑﻪ ﺻﻔﺮ ﻧﺰدﻳﻜﺘﺮ ﺑﺎﺷﺪ ﻧﺸﺎن دﻫﻨﺪه ﻣﻄﻠﻮب ﺗﺮ ﺑﻮدن ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻲﺑﺎﺷﺪ.ﻣﻘﺪار اﻳﻦ ﺗﻔﺎﺿﻞ ﺑﺮاي ﻣﻨﺤﻨـﻲ
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داﻧﻪ ﺑﻨﺪي B,Cﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه  19ﻣﻴﻠﻴﻤﺘﺮ ﺑﻪ ﺗﺮﺗﻴﺐ ﺑﺮاﺑﺮ ﺑﺎ  0,197و 0,291ﻣﻲﺑﺎﺷﺪ وﺑﺮاي ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي
 B,Cﺑﺎﺣﺪاﻛﺜﺮ اﻧﺪازه  9,5ﻣﻴﻠﻴﻤﺘﺮﺑﻪ ﺗﺮﺗﻴﺐ ﺑﺮاﺑﺮ ﺑﺎ  0,116و 0,292ﻣﻲﺑﺎﺷﺪ.در ﻧﺘﻴﺠـﻪ ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي ﻣـﻮرد
اﺳﺘﻔﺎده ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺑﺘﻦ ﺧﻮد ﺗـﺮاﻛﻢ ﻋـﻼوه ﺑـﺮ دارا ﺑـﻮدن ﭘﺘﺎﻧـﺴﻴﻞ ﺟﺪاﺷـﮕﻲ در ﺑـﺎزهﻫـﺎي ذﻛـﺮ ﺷـﺪه
ﻣﻲﺑﺎﻳﺴﺖ،ﻣﻘﺪار ﺗﻔﺎﺿﻞ ) Si(maxو(  Si(minدر ﺑﺎزهﻫﺎي ذﻛﺮ ﺷﺪه ﻗﺮارﮔﻴﺮد.
ﺑﺎ اﺳﺘﻔﺎده از ﭘﺎراﻣﺘﺮ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪا ﺷﺪﮔﻲ و ﻧﻤﻮدار ﭘﺮﻛﻨﻨﺪﮔﻲ ،اﻳﻦ اﻣﻜﺎن اﻳﺠﺎد ﻣـﻲﺷـﻮد ﻛـﻪ ،در ﺻـﻮرت ﻧﺎﻣﻨﺎﺳـﺐ
ﺑﻮدن داﻧﻪ ﺑﻨﺪي ﺷﻦ و ﻣﺎﺳﻪ ،ﺑﺎ ﺗﻬﻴﻪ اﻳﻦ ﻧﻤﻮدار ﺑﺮاي ﺷﻦ وﻣﺎﺳﻪ ﻣﻮﺟﻮد ،داﻧﻪ ﺑﻨﺪي را اﺻﻼح ﻧﻤﻮد.
 -4ﻧﺘﻴﺠﻪ ﮔﻴﺮي
• ﻣﻨﺤﻨﻲ داﻧﻪﺑﻨﺪيﻫﺎي ﻣﺘﻨﺎﻇﺮ ﺑﺎ ﻣﻘﺎدﻳﺮ  qﺑﻴﻦ  0,1ﺗﺎ  0,35ﻣﻨﺎﺳﺐ ﺑﺮاي ﺗﻬﻴﻪ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ﺑﻮدهاﻧﺪ.
• ﻫﺮﭼﻪ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺣﺎﺻﻞ از ﻣﺪل [1] Andreasen&Andersonﺑﻪ ﺳﻤﺖ  Cﻣﺘﻤﺎﻳﻞ ﺑﻮده ﻳﻌﻨﻲ  qﺑﻪ
ﺳﻤﺖ  0,1ﻣﻴﻞ ﻛﺮده ،ﻣﺨﻠﻮط ﺳﺎﺧﺘﻪ ﺷﺪه ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﺗﺎزه ﻣﻄﻠﻮﺑﺘﺮي داﺷﺘﻪ اﺳﺖ.
• در ﻫﺮﮔﺮوه ،ﻣﺨﻠﻮﻃﻬﺎ ﺑﺮ اﺳﺎس ﺣﺪ اﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ و ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺑﻪ ﻛـﺎر ﺑـﺮده ﺷـﺪه ،ﻗـﺮار ﮔﺮﻓﺘـﻪ
ﺑﻮدﻧﺪ.ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎ ،ﺑﺮاي ﻫﺮ ﮔﺮوه ،ﻳﻚ ﺑﺎزه ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻛﻪ اﻟﺰاﻣـﺎت رﻓﺘـﺎر ﺑـﺘﻦ ﺗـﺎزه را
ﺗﺎﻣﻴﻦ ﻣﻲﻧﻤﻮد ،ﻣﺸﺨﺺ ﮔﺮدﻳﺪ .ﻫﭽﻨﻴﻦ ﻣﻘﺪار ﺑﻬﻴﻨﻪ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻛﻪ ﺑﻬﺘﺮﻳﻦ ﺧﻮاص ﺑﺘﻦ ﺗﺎزه را در ﻫـﺮ
ﻳﻚ از ﺑﺎزهﻫﺎ اﻳﺠﺎد ﻧﻤﻮده اﺳﺖ ،ﺑﺮاي ﻣﺨﻠﻮﻃﻬـﺎي ﮔﺮوﻫﻬـﺎي C9,5وB9,5وC19و B19ﺑـﻪ ﺗﺮﺗﻴـﺐ ﺑﺮاﺑـﺮ ﺑـﺎ
0,307و0,345و0,268و0,33ﻣﺘﺮ ﻣﻜﻌﺐ ﺑﻮده اﺳﺖ.
• ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎ ،ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﺳﻨﮕﺪاﻧﻪ  C19از ﺑﻴﻦ ﺳﺎﻳﺮ ﻣﻨﺤﻨـﻲﻫـﺎي داﻧـﻪ ﺑﻨـﺪي ﺳـﻨﮕﺪاﻧﻪ
اﺳﺘﻔﺎده ﺷﺪه در اﻳﻦ ﺗﺤﻘﻴﻖ ،ﻛﻤﺘﺮﻳﻦ ﺣﺠﻢ ﺧﻤﻴﺮ ﺳﻴﻤﺎن را ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﻧﻴـﺎز داﺷـﺘﻪ
اﺳﺖ.
• ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪيﻫﺎﻳﻲ ﻛﻪ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷـﺪﮔﻲ آﻧﻬـﺎ ﺑـﻴﻦ 0,771ﺗـﺎ 0,815ﺑـﺮاي ﺣـﺪاﻛﺜﺮ اﻧـﺪازه  19ﻣﻴﻠﻴﻤﺘـﺮ
و 0,675ﺗﺎ  0,779ﺑﺮاي ﺣﺪاﻛﺜﺮ اﻧﺪازه  9,5ﻣﻴﻠﻴﻤﺘﺮ ﺑﻮده اﺳﺖ ،ﻣﻨﺎﺳﺐ ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺧﻮد ﺗﺮاﻛﻢ ﺑﻮدهاﻧـﺪ.
ﻫﺮ ﭼﻪ ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷﺪﮔﻲ ﻣﻨﺤﻨﻲ ﻣﻮرد اﺳﺘﻔﺎده ،ﺑﻪ ﺣﺪ ﭘﺎﻳﻴﻦ ﺑﺎزهﻫﺎي ذﻛﺮ ﺷﺪه ،ﻣﺘﻤﺎﻳﻞ ﺑﻮده ،ﺧﻮاص ﺑﺘﻦ ﺗﺎزه
رو ﺑﻪ ﺑﻬﺒﻮدي ﮔﺬاﺷﺘﻪ اﺳﺖ.
• ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻮرد اﺳﺘﻔﺎده ﺑﺮاي ﺳﺎﺧﺖ ﻣﺨﻠﻮط ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ ﻋﻼوه ﺑﺮ دارا ﺑﻮدن ﭘﺘﺎﻧﺴﻴﻞ ﺟﺪاﺷـﮕﻲ در
ﺑﺎزهﻫﺎي ذﻛﺮ ﺷﺪه ،داراي ﻣﻘﺪار ﺗﻔﺎﺿﻞ ) Si(maxو( Si(minدر ﺑﺎزه  0,197ﺗﺎ 0,291و  0,116ﺗﺎ0,292ﺑـﺮاي
ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ ﺑﻪ ﺗﺮﺗﻴﺐ  19و 9,5ﻣﻴﻠﻴﻤﺘﺮ ﺑﻮده اﺳﺖ.
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ﻣﺮور ﻃﺮحﻫﺎي اﺧﺘﻼط و ﺧﻮاص ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ
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ﺳﻌﻴﺪ ﺑﺨﺘﻴﺎري ،1ﻋﻠﻲ اﻟﻪ وردي ،2ﻃﻴﺒﻪ ﭘﺮﻫﻴﺰﻛﺎر ،3ﻣﺎزﻳﺎر رﻳﻴﺲﻗﺎﺳﻤﻲ
 .1داﻧﺸﺠﻮي دﻛﺘﺮاي ﻣﻬﻨﺪﺳﻲ ﺷﻴﻤﻲ ،داﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان و ﻋﻀﻮ ﻫﻴﺄت ﻋﻠﻤﻲﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ ،ﺗﻬﺮان ،اﻳﺮان
 .2اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﺷﻴﻤﻲداﻧﺸﮕﺎه ﻋﻠﻢ و ﺻﻨﻌﺖ اﻳﺮان ،ﺗﻬﺮان ،اﻳﺮان
 .3اﺳﺘﺎدﻳﺎر ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ
 .4ﻛﺎرﺷﻨﺎس ارﺷﺪ ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن و ﻣﺴﻜﻦ

ﭼﻜﻴﺪه
در اﻳﻦ ﻣﻘﺎﻟﻪ ﻣﺮور ﻧﺴﺒﺘﺎً ﺟﺎﻣﻌﻲ ﺑﺮ روي ﺗﺮﻛﻴﺐ و ﺧﻮاص ﻣﻬﻢ ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ اراﺋﻪ ﺷﺪه اﺳﺖ .ﺑﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﺑـﺮاي
ﻏﻠﺒﻪ ﺑﺮ ﻣﺸﻜﻼت ﻋﻤﻠﻴﺎت ﻟﺮزاﻧﺪن ﺗﻮﺳﻌﻪ داده ﺷﺪ و ﺑﻪ ﻋﻠﺖ ﺧﻮاص ﻣﻨﺎﺳﺐ آن ،ﺑﻪ ﺳﺮﻋﺖ ﮔﺴﺘﺮش ﻳﺎﻓﺖ .ﺧﻤﻴﺮ و ﻣﻼت
ﻣﻮرد اﺳﺘﻔﺎده در ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺎﻳﺪ داراي ﻟﺰﺟﺖ و ﻧﻴﺰ ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ زﻳﺎد ﺑﺎﺷﺪ و ﺑﺎ ﺑﺮﻗﺮاري ﺗﻌﺎدل ﺑﻴﻦ اﻳﻦ دو ،ﺿﻤﻦ
ﺗﺄﻣﻴﻦ ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ و رواﻧﻲ زﻳﺎد ،از ﺟﺪاﺷﺪﮔﻲ اﺟﺰا ﺟﻠﻮﮔﻴﺮي ﺷﻮد .ﺑﻨﺎﺑﺮاﻳﻦ اﺳـﺘﻔﺎده از ﻣـﻮاد اﻓﺰودﻧـﻲ ﺷـﻴﻤﻴﺎﻳﻲ و
ﭘﻮدري ﻣﺨﺘﻠﻒ ﻧﻴﺎز اﺳﺖ .ﺗﻌﻴﻦ ﻣﻘﺎدﻳﺮ و ﻧﺴﺒﺖﻫﺎي ﻣﻨﺎﺳﺐ ﻣﻮاد ﻣﺴﺘﻠﺰم اﻧﺠـﺎم اﺧـﺘﻼطﻫـﺎي آزﻣﺎﻳـﺸﻲ و آزﻣـﻮنﻫـﺎي
ﺧﻮدﺗﺮاﻛﻤﻲﻧﻈﻴﺮ ﺟﺮﻳﺎن  ،Uﺟﺮﻳﺎن اﺳﻼﻣﭗ و ﻗﻴﻒ ﻣﻲﺑﺎﺷﺪ .ﻣﺤﺪود ﻛﺮدن درﺻﺪ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻪ ﻫﻤﺮاه اﺳﺘﻔﺎده از ﻣﻘـﺎدﻳﺮ
زﻳﺎد ﭘﻮدرﻫﺎي ﻣﻌﺪﻧﻲ و ﻏﻠﻈﺖ ﻣﻨﺎﺳﺐ ﻓﻮقروانﻛﻨﻨﺪهﻫﺎ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ اﻳﻦ ﺧﻮاص ﺿﺮوري اﺳﺖ .ﺣﺠﻢ زﻳﺎد ﭘﻮدرﻫﺎي
ﻣﻌﺪﻧﻲ ﻛﻪ در ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ اﺳﺘﻔﺎده ﻣﻲﺷﻮد ﻣﻲﺗﻮاﻧﺪ اﺛﺮﻫﺎي ﻣﺘﻌﺪدي روي ﺧﻮاص آن داﺷﺘﻪ ﺑﺎﺷﺪ .ﭘﻮدر ﺳﻨﮓ آﻫﻚ
ﻣﻲﺗﻮاﻧﺪ ﺑﺎﻋﺚ ﺑﺎﻻ رﻓﺘﻦ ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن و ﻛﺎﻫﺶ ﻗﺎﺑﻞ ﻣﻼﺣﻈﻪ دوام ﺑﺘﻦ در ﺑﺮاﺑﺮ ﺳﻮﻟﻔﺎت ﺷﻮد ﻛﻪ ﺑﻪ ﻋﻠﺖ ﺗـﺸﻜﻴﻞ
ﺗﺮﻛﻴﺒﺎﺗﻲ ﻧﻈﻴﺮ ﮔﭻ ،اﺗﺮﻧﺠﻴﺖ و ﺗﺎﻣﺎﺳﻴﺖ اﺳﺖ .ﻫﻤﭽﻨﻴﻦ اﻳﻦ ﭘﻮدرﻫﺎ ﻣﻲﺗﻮاﻧﻨﺪ ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﻣﻘﺎوﻣﺖ ﺑﺘﻦﻫـﺎي ﺧـﻮدﺗﺮاﻛﻢ
در ﺑﺮاﺑﺮ آﺗﺶ ﻧﺴﺒﺖ ﺑﻪ ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ ﺷﻮد ،ﻟﺬا اﺳﺘﻔﺎده از ﻧﺘﺎﻳﺞ آزﻣﻮن و ﺗﺠﺮﺑﻴﺎت ﻣﻮﺟﻮد روي ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ را ﺑﺮاي اﻳﻦ
ﻧﻮع ﺑﺘﻦ ﻧﺎﻣﻤﻜﻦ ﻣﻲﺳﺎزد.
ﻛﻠﻴﺪواژهﻫﺎ :ﺑﺘﻦ ،ﺧﻮدﺗﺮاﻛﻢ ،ﻃﺮح اﺧﺘﻼط ،ﭘﻮدر
 -1ﻣﻘﺪﻣﻪ
ﻳﻜﻲ از ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻬﻢ ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺑﺘﻦ ﺑﺎ دوام ﻣﻨﺎﺳﺐ ،ﻣﺘﺮاﻛﻢ ﻛﺮدن ﺑﺘﻦ اﺳﺖ .ﺑﺮاي اﻳﻦ ﻣﻨﻈﻮر اﻏﻠـﺐ ﻧﻴـﺎز
اﺳﺖ ﺗﺎ از ﻋﻤﻠﻴﺎت ﻟﺮزاﻧﺪن ﻳﺎ وﻳﺒﺮه اﺳﺘﻔﺎده ﺷﻮد ،ﺗﺎ ﺑﺎ ﻛﺎﻫﺶ ﺗﺨﻠﺨﻞ و ﻫﻮاي درون ﺑﺘﻦ ،ﻣﻘﺎوﻣﺖ ﻻزم ﺑـﻪ دﺳـﺖ
آﻣﺪه ،دوام اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ و از ﺷﻜﻞﮔﻴﺮي ﺑﺘﻦ ﻣﻌﻴﻮب ﺟﻠﻮﮔﻴﺮي ﺷﻮد .ﻋﻤﻠﻴﺎت ﻟﺮزاﻧﺪن از ﻣﺸﻜﻼت اﺳﺎﺳـﻲ در اﻳـﻦ
ﺻﻨﻌﺖ ﺑﻪ ﺷﻤﺎر ﻣﻲرود .ﻣﺸﻜﻼت ﻣﺨﺘﻠﻒ ﻣﺎﻧﻨﺪ ﻛﻤﺒﻮد ﻧﺴﺒﻲ ﻛﺎرﮔﺮان ﻣﺎﻫﺮ ،ﺳﻬﻞاﻧﮕﺎري ،ﻣﺰاﺣﻤﺖﻫـﺎي ﺟـﺴﻤﻲو
روﺣﻲ ﻧﺎﺷﻲ از ﻟﺮزاﻧﺪن و ﻳﺎ دﺷﻮاري دﺳﺘﺮﺳﻲ ﻣﻨﺎﺳﺐ در ﻗﺎﻟﺐﻫﺎ و ﻣﻮاﺿﻌﻲ ﻛﻪ داراي ﺗـﺮاﻛﻢ زﻳـﺎدي از ﻣﻴﻠﮕﺮدﻫـﺎ
ﻫﺴﺘﻨﺪ ،ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﻋﻤﻞ ﻟﺮزاﻧﺪن ﺑﻪ ﻃﻮر ﻛﺎﻣﻞ و ﺻﺤﻴﺢ اﻧﺠﺎم ﻧﮕﺮﻓﺘﻪ و در ﻧﻬﺎﻳﺖ ﻣﺸﺨﺼﺎت ﻣﻄﻠﻮﺑﻲ از ﺑﺘﻦ
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ﺣﺎﺻﻞ ﻧﺸﻮد .ﺑﻨﺎﺑﺮاﻳﻦ ﺳﺎﺧﺖ ﺑﺘﻨﻲ ﺑﺪون ﻧﻴﺎز ﺑﻪ ﻟﺮزاﻧﺪن ،ﻫﺪف ﻣﻬﻤﻲﺑﺮاي ﻣﺘﺨﺼﺼﻴﻦ ﺑﺘﻦ ﺑﻮده اﺳﺖ ﻛﻪ ﺑﺘﻮاﻧﻨﺪ ﺑﺎ
اﺳﺘﻔﺎده از ﻣﻮاد اﻓﺰودﻧﻲ و ﺗﻐﻴﻴﺮ در ﻧﺴﺒﺖ اﺧﺘﻼط اﺟﺰا ،ﺑﻪ اﻳﻦ ﻫﺪف دﺳﺖ ﻳﺎﺑﻨﺪ و ﻧﻘﺺﻫﺎي ﺑـﺘﻦ در اﺛـﺮ ﻋﻤﻠﻴـﺎت
اﺟﺮاﻳﻲ ﺗﺮاﻛﻢ را ﺑﺮﻃﺮف ﺳﺎزﻧﺪ.
اﺑﺪاع ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﻳﺎ  SCCﻧﺘﻴﺠﻪ اﻳﻦ ﺗﻼشﻫﺎ ﺑﻮده اﺳﺖ .اﺳﺘﻔﺎده از اﻳﻦ ﺑﺘﻦ ﻧﻪ ﺗﻨﻬـﺎ ﺑـﻪ ﺣـﻞ ﻣـﺸﻜﻼت ﻋـﺪم
ﻛﺎراﻳﻲ و ﻳﺎ ﺿﻌﻒ اﺟﺮاﺋﻲ ﻛﺎرﮔﺮان ﻛﻤﻚ ﻣﻲﻧﻤﺎﻳﺪ ،ﺑﻠﻜﻪ ﻣﻮﺟﺐ ﺻﺮﻓﻪﺟﻮﻳﻲﻫﺎي ﭼـﺸﻤﮕﻴﺮي از ﻧﻈـﺮ ﻣـﺪت زﻣـﺎن
اﺟﺮا و ﺑﻪ ﺗﺒﻊ آن در ﻫﺰﻳﻨﻪﻫـﺎ ﻣـﻲﺗﻮاﻧـﺪ ﺑـﺸﻮد ] 1و  .[1ﺑـﺮاي ﺳـﺎﺧﺖ ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ،ﻣـﻲﺗـﻮان ﺑـﺎ اﺳـﺘﻔﺎده از
ﻓﻮقروانﻛﻨﻨﺪهﻫﺎي ﻧﺴﻞ ﺟﺪﻳﺪ ﺿﻤﻦ ﺑﻪ دﺳﺖ آوردن رواﻧﻲ زﻳﺎد ،از ﺑﺮوز ﺟﺪاﺷﺪﮔﻲ ﻧﻴﺰ ﺟﻠﻮﮔﻴﺮي ﻧﻤﻮد .ﭘﻴﺶ از آن
ﻧﻴﺰ اﻓﺰاﻳﺶ رواﻧﻲ ﺑﺘﻦ از ﻃﺮﻳﻖ ﻣﺼﺮف ﻣﻮاد اﻓﺰودﻧﻲ روانﻛﻨﻨﺪه ﻳﺎ ﻓﻮقروانﻛﻨﻨـﺪه اﻣﻜـﺎنﭘـﺬﻳﺮ ﺑـﻮده اﺳـﺖ ،وﻟـﻲ
ﭼﻨﺎﻧﭽﻪ از اﻳﻦ ﻃﺮﻳﻖ رواﻧﻲ ﺑﺘﻦ ﺑﻴﺶ از ﺣﺪ ﻣﻌﻴﻦ اﻓﺰاﻳﺶ ﻳﺎﺑﺪ ،ﺟﺪاﺷﺪﮔﻲ در ﺑﺘﻦ اﺗﻔﺎق اﻓﺘـﺎده و ﺑـﻪ ﻛﻴﻔﻴـﺖ ﺑـﺘﻦ
ﺻﺪﻣﻪ ﻣﻲزﻧﺪ .ﺑﻨﺎﺑﺮاﻳﻦ ﺑﺎﻳﺪ ﺿﻤﻦ اﺳﺘﻔﺎده از اﻧﻮاع ﻣﻨﺎﺳﺐ ﻓﻮقروانﻛﻨﻨﺪهﻫﺎ ،ﻟﺰﺟﺖ ﻣﺨﻠﻮط را در ﺣﺪ ﻣﻨﺎﺳﺒﻲ ﺣﻔـﻆ
ﻛﺮد ﺗﺎ از ﺟﺪاﺷﺪﮔﻲ ﻣﻼت از ﺳﻨﮕﺪاﻧﻪ ﺟﻠﻮﮔﻴﺮي ﺷﻮد .ﺑﺮاي اﻳﻦ ﻣﻨﻈﻮر از ﻣﻘﺎدﻳﺮ ﻣﻨﺎﺳـﺐ ﭘﻮدرﻫـﺎ و ﭘﺮﻛﻨﻨـﺪهﻫـﺎي
ﻣﻌﺪﻧﻲ و در ﺻﻮرت ﻟﺰوم از ﻣﻮاد اﺻﻼحﻛﻨﻨﺪه ﻟﺰﺟﺖ ) (VMAاﺳﺘﻔﺎده ﻣﻲﺷﻮد.
در اﻳﻦ ﻣﻘﺎﻟﻪ ﻣﺮور ﻧﺴﺒﺘﺎً ﺟﺎﻣﻌﻲ ﺑﺮ روي ﻃﺮحﻫﺎي اﺧﺘﻼط و ﺧﻮاص ﻣﻬﻢ ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ،ﺑـﺎ اﺳـﺘﻔﺎده از ﺗﻌـﺪاد
زﻳﺎدي ﻣﻘﺎﻻت ﭘﮋوﻫﺸﻲ و ﺳﺎﻳﺮ ﻣﺪارك ﻓﻨﻲ ﻣﻌﺘﺒﺮ ﺻﻮرت ﮔﺮﻓﺘﻪ اﺳﺖ .ﺗﻌﺮﻳﻒ ،ﺗﺎرﻳﺨﭽﻪ و دﻻﻳﻞ ﮔـﺴﺘﺮش ﻧـﺴﺒﺘﺎً
ﺳﺮﻳﻊ اﻳﻦ ﻧﻮع ﺑﺘﻦ اراﺋﻪ ﺷﺪه اﺳﺖ .ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ،ﻣﻔﻬﻮم ﻣﻬﻤﻲدر رﺳﻴﺪن ﺑﻪ ﺧﻮاص ﺧﻮدﺗﺮاﻛﻤﻲاﺳﺖ ،ﻛـﻪ در اﻳـﻦ
ﺧﺼﻮص و ﺳﻨﺠﻪﻫﺎي ﻣﺆﺛﺮ ﺑﺮ روي آن ﺑﺤﺚ ﺷﺪه اﺳﺖ .روشﻫﺎي ﻃﺮح اﺧﺘﻼط و ﺧﻮاص ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،از ﺟﻤﻠﻪ
ﻣﻘﺎوم ﻓﺸﺎري ،دوام و ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ آﺗﺶ ﺑﺎ اﺳﺘﻔﺎده از ادﺑﻴﺎت ﻋﻠﻤـﻲﻣﻮﺿـﻮع ﻣـﻮرد ﺑﺤـﺚ ﻗـﺮار ﮔﺮﻓﺘـﻪ اﺳـﺖ.
ﺧﺼﻮﺻﺎً اﺛﺮ ﻛﻠﻴﺪي ﭘﻮدرﻫﺎ ،ﻛﻪ ﺣﺠﻢ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ از ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ را ﺗﺸﻜﻴﻞ ﻣﻲدﻫﻨﺪ ،ﺑﺮ روي ﺑﺮﺧﻲ ﺧﻮاص ﺑﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ ﺑﺤﺚ ﺷﺪه اﺳﺖ.
 -2ﺗﻌﺮﻳﻒ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ و دﻻﻳﻞ ﮔﺴﺘﺮش آن
ﻃﺒﻖ ﺗﻌﺮﻳﻒ ﺑﺎرﺗﻮس ) ،[2] (Bartosﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺘﻨﻲ اﺳﺖ ﻛﻪ ﺗﺤﺖ وزن ﺧﻮد ﺟﺎري ﺷﺪه و ﺑﺪون ﻧﻴـﺎز ﺑـﻪ ﻫـﺮ
ﻧﻮع ﻟﺮزاﻧﺪن ،ﺑﻪ ﻃﻮر ﻛﺎﻣﻞ )ﺣﺘﻲ ﺑﺎ وﺟﻮد ﻣﻴﻠﮕﺮدﻫﺎي ﻣﺘﺮاﻛﻢ( ،ﻗﺎﻟﺐﻫﺎ را ﭘﺮﻛﺮده و ﻫﻤﮕﻨـﻲ ﺧـﻮد را ﺣﻔـﻆ ﻧﻤﺎﻳـﺪ.
ﻃﺒﻖ ﺗﻌﺮﻳﻒ اوزاوا ) [3] (Ozawaﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ ﺗﺎزه ﺑﺎﻳﺪ ﻫﺮ ﺳﻪ ﺧﺎﺻﻴﺖ زﻳﺮ را داﺷﺘﻪ ﺑﺎﺷﺪ:
اﻟﻒ ـ ﺗﻮاﻧﺎﻳﻲ ﭘﺮﻛﻨﻨﺪﮔﻲ :ﺟﺎري ﺷﺪن ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ درﺗﻤﺎم ﻓﻀﺎﻫﺎي ﻗﺎﻟﺐ ﺗﺤﺖ وزن ﺧﻮد.
ب ـ ﺗﻮاﻧﺎﻳﻲ ﻋﺒﻮر :اﻣﻜﺎن ﻋﺒﻮر از ﻓﻮاﺻﻞ ﺗﻨﮓ ﺑﻴﻦ ﻣﻴﻠﮕﺮدﻫﺎ و ﻗﺎﻟﺐ ﺗﺤﺖ وزن ﺧﻮد.
جـ ﻣﻘﺎوم در ﻣﻘﺎﺑﻞ ﺟﺪاﺷﺪﮔﻲ :ﺷﻜﻞ و ﺗﺮﻛﻴﺐ ﻳﻜﻨﻮاﺧﺖ ﺧﻮد را در ﺟﺮﻳﺎن ﺣﻤﻞ و ﺑﺘﻦرﻳﺰي ﺣﻔﻆ ﻧﻤﺎﻳﺪ.
ﻣﺰاﻳﺎي ﭼﺸﻤﮕﻴﺮ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﻣﻮﺟﺐ ﮔﺴﺘﺮش ﺳﺮﻳﻊ آن در دﻧﻴﺎ ﺷﺪه اﺳﺖ .از ﻣﺰاﻳﺎي ﻣﻬـﻢ آن ﻣـﻲﺗـﻮان ﺣـﺬف
ﻋﻤﻠﻴﺎت ﻟﺮزاﻧﺪن ،ﺳﻬﻮﻟﺖ ﺑﺘﻦرﻳﺰي ،اﻓﺰاﻳﺶ ﺳﺮﻋﺖ اﺟﺮا ،اﻃﻤﻴﻨﺎن از ﺗﺮاﻛﻢ ﻣﻨﺎﺳﺐ ،ﺑﻪ ﺧﺼﻮص در ﻣﻘﺎﻃﻊ ﺗﻨـﮓ و
ﻳﺎ داراي ﻣﻴﻠﮕﺮدﻫﺎي ﻓﺸﺮده ،ﻣﻘﺎوﻣﺖ ﺧﻮب در ﺑﺮاﺑﺮ ﺟﺪاﺷﺪﮔﻲ ﺳﻨﮕﺪاﻧﻪ ،اﻣﻜﺎن اﻳﺠﺎد ﺳﻄﻮح ﺗﻤﺎم ﺷﺪه ﺻﺎف و زﻳﺒﺎ
و در ﻧﺘﻴﺠﻪ ﺗﻬﻴﻪ ﻃﺮحﻫﺎي ﻣﺘﻨﻮع ﻣﻌﻤﺎري در ﻧﻤﺎ و ﻧﻴﺰ ﻛﺎﻫﺶ آﻟﻮدﮔﻲ ﺻﻮﺗﻲ در ﻣﺤﻴﻂ ﻛﺎر و ﻣﺤﻴﻂﻫﺎي ﺷﻬﺮي را
ﻧﺎم ﺑﺮد.
ﺑﻪ ﻋﻼوه ﺣﺪود  %7از دي اﻛﺴﻴﺪﻛﺮﺑﻦ ﺗﻮﻟﻴﺪي ﺗﻮﺳﻂ ﺻﻨﺎﻳﻊ ،ﻣﺮﺑﻮط ﺑﻪ ﻛﺎرﺧﺎﻧﻪﻫـﺎي ﺳـﻴﻤﺎن اﺳـﺖ ] .[4ﺑﻨـﺎﺑﺮاﻳﻦ
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اﺳﺘﻔﺎده از ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ و ﺧﻮدﺗﺮاﻛﻢ )ﺑﻪ ﺷﺮﻃﻲ ﻛﻪ ﻋﻴﺎر ﺳﻴﻤﺎن در آن ﻛﺎﻫﺶ ﻳﺎﺑﺪ( ﻳﻜﻲ از راهﻫﺎي ﻣـﺆﺛﺮ ﺑـﺮاي
ﻛﺎﻫﺶ دي اﻛﺴﻴﺪﻛﺮﺑﻦ ،ﻛﺎﻫﺶ ﻣﺸﻜﻼت ﮔﺮم ﺷﺪن زﻣﻴﻦ و ﺣﻔﻆ ﻣﺤﻴﻂ زﻳﺴﺖ اﺳﺖ ،زﻳﺮا در اﻳﻦ ﺑﺘﻦﻫﺎ ﺳـﻴﻤﺎن
ﺑﻪ ﻃﻮر ﻣﺆﺛﺮﺗﺮي اﺳﺘﻔﺎده ﺷﺪه و ﻧﻴﺰ ﺟﺎﻳﮕﺰﻳﻨﻲ درﺻﺪي از ﺳﻴﻤﺎن ﺑﻪ وﺳﻴﻠﻪ ﭘﺮﻛﻨﻨﺪهﻫﺎ ﺻﻮرت ﻣﻲﮔﻴﺮد.
 -3ﺗﺎرﻳﺨﭽﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ
ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﻧﺨﺴﺖ در ﺳﺎل  1986ﺗﻮﺳﻂ اوﻛﺎﻣﻮرا ) (Okamuraدر ژاﭘﻦ ﭘﻴﺸﻨﻬﺎد ﺷﺪ ] 5و  .[6در ﭘـﻲ آن ﻣﻄﺎﻟﻌـﺎت
و آزﻣﺎﻳﺶﻫﺎي اﺳﺎﺳﻲ در داﻧﺸﮕﺎه ﺗﻮﻛﻴﻮ ﺗﻮﺳﻂ اوزاوا و ﻣﻴﻜﺎوا ) (Meakawaﺑﺮاي ﺗﻮﺳﻌﻪ اﻳﻦ ﺑﺘﻦ ﺻﻮرت ﮔﺮﻓـﺖ ]-5
 .[7اوﻟﻴﻦ ﻧﻤﻮﻧﻪﻫﺎي اﻳﻦ ﻧﻮع ﺑﺘﻦ در ﺳﺎل  1988ﺑﺎ اﺳﺘﻔﺎده از ﻣﻮاد و ﻣﺼﺎﻟﺢ ﻣﻮﺟﻮد در ﺑﺎزار ﺳﺎﺧﺘﻪ ﺷﺪ و ﻧﺘﺎﻳﺞ ﻣﻨﺎﺳـﺒﻲ
از ﻧﻈﺮ ﺟﻤﻊﺷﺪﮔﻲ ﻧﺎﺷﻲ از ﺧﺸﻚ ﺷﺪن و ﺳﺨﺖ ﺷﺪن ،ﮔﺮﻣﺎي ﻫﻴﺪراﺳﻴﻮن ،ﺳﺨﺘﻲ و ﺳﺎﻳﺮ ﺧﻮاص ﺑﻪ دﺳﺖ آﻣـﺪ و در
ﻣﻘﺎﻟﻪاي ﻣﻨﺘﺸﺮ ﺷﺪ ] .[3در اﺑﺘﺪا اﻳﻦ ﺑﺘﻦ ،ﺑـﺘﻦ ﺗﻮاﻧﻤﻨـﺪ ) (HPCﻧـﺎمﮔـﺬاري ﺷـﺪ ،اﻣـﺎ ﻫﻤﺰﻣـﺎن ،آﻳﺘـﺴﻴﻦ ) (Aitcinو
ﻫﻤﻜﺎراﻧﺶ ] 8و  ،[9ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ را ﺑﻪ ﻋﻨﻮان ﺑﺘﻨﻲ ﻣﻌﺮﻓﻲ ﻛﺮدﻧﺪ ﻛﻪ داراي ﻣﻘﺎوﻣﺖ و دوام ﺑـﺎﻻ در اﺛـﺮ ﻧـﺴﺒﺖ آب ﺑـﻪ
ﺳﻴﻤﺎن ﭘﺎﻳﻴﻦ ﺑﺎﺷﺪ .ﺑﻨﺎﺑﺮاﻳﻦ ﻧﺎم اﻳﻦ ﻧﻮع ﺑﺘﻦ ﺗﻮﺳﻂ اوﻛﺎﻣﻮرا و ﻫﻤﻜﺎراﻧﺶ ﺗﻐﻴﻴﺮ ﻳﺎﻓﺖ و ﺗﺤﺖ ﻋﻨـﻮان "ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ
ﺗﻮاﻧﻤﻨﺪ" ﻳﺎ ﺑﻪ ﻃﻮر ﺧﻼﺻﻪ "ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ" ﺧﻮاﻧﺪه ﺷﺪ ] 10 ،5و  .[11ﺗﻔﺎوت ﺑﺘﻦﻫﺎي ﺧـﻮدﺗﺮاﻛﻢ و ﺗﻮاﻧﻤﻨـﺪ در اﻳـﻦ
اﺳﺖ ﻛﻪ در ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ ،ﺟﺮﻳﺎنﭘﺬﻳﺮي ﺗﻨﻬﺎ ﺗﺎ ﺣﺪودي ﺑﻬﺒﻮد ﻳﺎﻓﺘﻪ اﺳﺖ ،اﻣﺎ ﻧﻤـﻲﺗﻮاﻧـﺪ ﺗﺤـﺖ وزن ﺧـﻮد ،ﻗﺎﻟـﺐ و ﻳـﺎ
ﻓﻮاﺻﻞ ﺑﻴﻦ ﻣﻴﻠﮕﺮدﻫﺎ را ﭘﺮ ﻛﻨﺪ ،ﺑﻪ ﻋﺒﺎرت دﻳﮕﺮ ﻛﻤﺎﻛﺎن ﺑﻪ ﻋﻤﻠﻴﺎت ﻟﺮزش ﻧﻴﺎز دارد.
ﻣﻘﺎﻻت اوزاوا و اوﻛﺎﻣﻮرا در ﻛﻨﻔﺮاﻧﺲﻫﺎي ﻣﺨﺘﻠﻒ ﺑﻴﻦاﻟﻤﻠﻠﻲ ،ﺗﻮﺟﻪ ﺑﻪ ﺑﺘﻦ ﺧﻮد ﺗﺮاﻛﻢ را اﻓﺰاﻳﺶ داد ] 12 ،5و .[13
در  1996ﭘﺮوژهاي ﺑﺎ ﻋﻨﻮان "ﺗﻮﻟﻴﺪ و ﻣﺤﻴﻂ ﻛﺎري ﺑﻬﺒﻮد ﻳﺎﻓﺘﻪ ﺑﺎ اﺳﺘﻔﺎده از ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ" ﺗﻮﺳـﻂ ﻛﻨـﺴﺮﺳﻴﻮﻣﻲاز
ﻛﺸﻮرﻫﺎي اروﭘﺎﻳﻲ آﻏﺎز و ﺑﺎﻋﺚ ﮔﺴﺘﺮش ﺳﺮﻳﻊﺗﺮ ﻛﺎرﺑﺮد  SCCدر ﭘﺮوژهﻫﺎي ﺳﺎﺧﺘﻤﺎﻧﻲ و ﻋﻨﺎﺻﺮ ﺑﺘﻨﻲ ﭘﻴﺶﺳـﺎﺧﺘﻪ
ﺷـﺪ .در  2005راﻫﻨﻤـﺎي اروﭘـﺎﻳﻲ ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﺗﻮﺳــﻂ "ﻓﺪراﺳـﻴﻮن اروﭘـﺎﻳﻲ ﻣﺘﺨﺼـﺼﻴﻦ ﺷـﻴﻤﻲﺳــﺎﺧﺘﻤﺎن و
ﺳﻴﺴﺘﻢﻫﺎي ﺑﺘﻨﻲ" ) [14] (EFNARCﻣﻨﺘﺸﺮ ﺷﺪ .ﺻﻨﻌﺖ ﺑـﺘﻦ ﭘـﻴﺶﺳـﺎﺧﺘﻪ در اﻣﺮﻳﻜـﺎ ﻧﻴـﺰ از ﺳـﺎل  2000ﺑـﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ را ﺑﺮاي ﺳﺎﺧﺖ ﻋﻨﺎﺻﺮ ﺳﺎزهاي و ﻏﻴﺮﺳﺎزهاي و ﭘﺎﻧﻞﻫﺎي ﻣﻌﻤﺎري ﻣـﻮرد اﺳـﺘﻔﺎده ﻗـﺮار داد .ﻛـﺎرﺑﺮد ﺑـﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ در ﺳﺎﺧﺖ ﻗﻄﻌﺎت ﭘﻴﺶﺳﺎﺧﺘﻪ ﭘﻴﺶﺗﻨﻴﺪه از ﺣﺪود  1درﺻﺪ در ﺳﺎل  2000ﺑﻪ ﺗﻘﺮﻳﺒـﺎً  15درﺻـﺪ در ﺳـﺎل
 2005اﻓﺰاﻳﺶ ﻳﺎﻓﺖ .اﺳﺘﻔﺎده از آن در ﺻﻨﺎﻳﻊ ﺑﺘﻦ آﻣﺎدة اﻣﺮﻳﻜﺎ ﻧﻴﺰ ﺑﺎ ﺷﺘﺎب ﻛﻤﺘﺮي در ﺣﺎل اﻓﺰاﻳﺶ اﺳﺖ ].[15
ﺳﺎزهﻫﺎي ﻣﺨﺘﻠﻔﻲ ﺑﺎ اﺳﺘﻔﺎده از ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در دﻧﻴﺎ اﺟﺮا ﺷﺪهاﻧﺪ ﻛﻪ از ﺟﻤﻠﻪ ﭘﻞ ﻣﻌﻠﻖ آﻛﺎﺷﻲـﻛـﺎﻳﻜﻮ (Akashi-
 (Kaikoدر ژاﭘﻦ ،دﻳﻮارهﻫﺎي ﻣﺨﺎزن ﻋﻈﻴﻢ  LNGﺷﺮﻛﺖ ﮔﺎز اوزاﻛـﺎ ) (Ozakaدر ژاﭘـﻦ ،ﺑـﺎزار ﺑـﺰرگ ﻣﻴﺪﺳـﺎﻣﺮ
) (Midsummer Placeدر ﻟﻨﺪن و ﭘﺮوژهﻫﺎي ﻣﺘﻌﺪد دﻳﮕﺮ در دﻧﻴﺎ را ﻣﻲﺗﻮان ﻧﺎم ﺑﺮد ] 1و .[16
در اﻳﺮان ﻧﻴﺰ اﺳﺘﻔﺎده از ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ از ﭼﻨﺪ ﺳﺎل ﻗﺒﻞ آﻏﺎز ﺷﺪه و از ﻣﺰاﻳﺎي آن ﺑﻬﺮه ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ .ﺑﺮاي ﻣﺜـﺎل
ﻣﻲﺗﻮان از ﻛﺎرﺑﺮد آن در ﻻﻳﻪ ﺳﻄﺤﻲ ﺗﻮﻧﻞ رﺳﺎﻟﺖ ﺗﻬﺮان ،ﺑﺮﺧﻲ ﻗﺴﻤﺖﻫﺎي ﻧﻤﺎ و ﻛﺘﻴﺒـﻪ ﻧﻮﻳـﺴﻲ ﻗـﺮآن در ﻃـﺮح
ﺗﻮﺳﻌﻪ ﺣﺮم ﺣﻀﺮت ﻣﻌﺼﻮﻣﻪ در ﻗﻢ و ﺳﺎﺧﺖ ﻗﻄﻌﺎت ﺑﺘﻨﻲ ﺧﺎص ﺑﺮاي ﻋﺒﻮر ﻣﺎﺷﻴﻦﻫـﺎي ﺣﻔـﺎري ﺗﻮﻧـﻞ در ﭘـﺮوژه
ﻣﺘﺮوي ﺷﻴﺮاز را ﻧﺎم ﺑﺮد ] 17و .[18
 -4ﺧﻮدﺗﺮاﻛﻤﻲو ﻣﻔﻬﻮم ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ
ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﻣﻔﻬﻮﻣﻲﻛﻠﻴﺪي ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ و ﺧﻮدﺗﺮاﻛﻢ اﺳﺖ .ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﺑﻪ ﻣﻌﻨﺎي »ﻧـﺴﺒﺖ
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ﺣﺠﻢ ﻣﻮاد ﺟﺎﻣﺪ ﺑﻪ ﺣﺠﻢ ﺗﻮدهاي ذرات ﺟﺎﻣﺪ« اﺳﺖ و آن را ﻣﻲﺗﻮان در دو ﻗﺴﻤﺖ ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪ و ﺳﻴﻤﺎن ﺑﺤـﺚ
ﻧﻤﻮد ] .[19ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪ ﻣﺴﺘﻘﻴﻤﺎً ﺑﺎ اﻧﺪازهﮔﻴﺮي ﭼﮕﺎﻟﻲ اﻧﺒﻮﻫﻲ ﺳﻨﮕﺪاﻧﻪ ﻗﺎﺑﻞ اﻧﺪازهﮔﻴﺮي اﺳﺖ و ﻧﺸﺎن ﻣـﻲدﻫـﺪ
ﻛﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻪ ﭼﻪ ﻣﻴﺰان ﺑﻪ ﻳﻜﺪﻳﮕﺮ ﻓﺸﺮده ﺷﺪهاﻧﺪ .ﺑﻪ اﻳﻦ وﺳﻴﻠﻪ ﺣﺠﻢ ﺣﻔﺮات ﺑـﻴﻦ ﺳـﻨﮕﺪاﻧﻪﻫـﺎ ﻛـﻪ ﺑﺎﻳـﺪ ﺑـﻪ
وﺳﻴﻠﻪ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﭘﺮ ﺷﻮد ،از ﻛﻢ ﻛﺮدن ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ از ﻋﺪد ﻳﻚ ﺑﻪ دﺳﺖ ﻣـﻲآﻳـﺪ .روشﻫـﺎي اﻧـﺪازهﮔﻴـﺮي در
اﺳﺘﺎﻧﺪارد  [20] BS 812-2آﻣﺪه اﺳﺖ .ﭼﻨﺎﻧﭽﻪ داﻧﻪﻫﺎي ﺑﺎ اﻧﺪازهﻫﺎي ﻣﺨﺘﻠﻒ و ﺑﺎ ﻧﺴﺒﺖ ﻣﻨﺎﺳﺐ در ﻣﺨﻠﻮط وﺟـﻮد
داﺷﺘﻪ ﺑﺎﺷﺪ ،داﻧﻪﻫﺎي ﻛﻮﭼﻚ ﻓﻮاﺻﻞ ﺑﻴﻦ داﻧﻪﻫﺎي ﺑﺰرگ را ﺑﻪ ﺧﻮﺑﻲ ﭘﺮ ﻛﺮده ،ﻓﻀﺎي ﺧﺎﻟﻲ ﻛﻤﺘﺮي ﺑﺮاي ﭘﺮ ﺷـﺪن
ﺗﻮﺳﻂ ﻣﻮاد رﻳﺰﺗﺮ ﺑﺎﻗﻲ ﻣﻲﻣﺎﻧﺪ ،ﺑﻨﺎﺑﺮاﻳﻦ ﺑﻪ ﻣﻘﺪار ﻛﻤﺘﺮي ﺳﻴﻤﺎن ﻧﻴﺎز ﺧﻮاﻫﺪ ﺑﻮد .ﺑﻪ ﻋـﻼوه ،ﺑـﺎ ﻓـﺮض ﻳـﻚ ﻣﻘـﺪار
ﺛﺎﺑﺖ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ،ﺧﻤﻴﺮي ﻛﻪ اﺿﺎﻓﻪ ﺑﺮ ﻣﻘﺪار ﻻزم ﺑﺮاي ﭘﺮ ﻛﺮدن ﻓﻀﺎي ﺧﺎﻟﻲ وﺟﻮد دارد ،ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ داﻧﻪﻫﺎ
ﺑﻪ ﻧﺤﻮ ﺑﻬﺘﺮي ﺑﺎ ﺧﻤﻴﺮ ﭘﻮﺷﺎﻧﺪه ﺷﺪه ،ﺗﻮزﻳﻊ و ﺟﺮﻳﺎن ﺑﻬﺘﺮي ﺑﻪ دﺳﺖ آﻳﺪ .ﺑﻨـﺎﺑﺮاﻳﻦ داﻧـﻪﺑﻨـﺪي ﺳـﻨﮕﺪاﻧﻪ ﺗـﺄﺛﻴﺮ ﺑـﻪ
ﺳﺰاﻳﻲ در ﺗﻘﺎﺿﺎي ﺧﻤﻴﺮ و ﻛﺎراﻳﻲ ﻣﺨﻠﻮط دارد .ﻛﺎﻫﺶ ﺗﻘﺎﺿﺎي ﺧﻤﻴﺮ ،ﻋـﻼوه ﺑـﺮ ﺑﻬﺒـﻮد ﻛـﺎراﻳﻲ ،ﺑﺎﻋـﺚ ﭘﺎﻳـﺪاري
اﺑﻌﺎدي ﺑﻬﺘﺮ ﺑﺘﻦ ﻣﻲﺷﻮد .ﭼﻨﺎﻧﭽﻪ ﺗﻤﺎم اﺑﻌﺎد ﺳﻨﮕﺪاﻧﻪ از درﺷﺖ ﺗﺎ ﺧﻴﻠﻲ رﻳﺰ ﺑﻪ ﻃﻮر ﭘﻴﻮﺳﺘﻪ وﺟـﻮد داﺷـﺘﻪ ﺑﺎﺷـﺪ ،در
ﻋﻤﻞ دﻻﻳﻠﻲ ﻧﻈﻴﺮ ﻋﺪم وﺟﻮد ﺗﻤﺎم اﻧﺪازهﻫﺎي ﺳﻨﮕﺪاﻧﻪ از درﺷﺖ ﺗﺎ ﺑﺴﻴﺎر رﻳﺰ در ﻣﺨﻠﻮط ،ﺷـﻜﻞ ﻫﻨﺪﺳـﻲ داﻧـﻪﻫـﺎ،
زﺑﺮي داﻧﻪﻫﺎ ،اﺻﻄﻜﺎك و ﻣﺰاﺣﻤﺖﻫﺎي ﻓﻀﺎﻳﻲ ﻧﺎﺷﻲ از اﺛﺮ ﺟﺪارهﻫﺎ ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﭼﮕﺎﻟﻲ ﺗـﺮاﻛﻢ ﻛـﺎﻫﺶ ﻳﺎﺑـﺪ.
اﺳﺘﺮوون ) [21] (Stroevenﻳﻚ ﻣﺪل ﻛﺎﻣﭙﻴﻮﺗﺮي ﺑﺮاي ﺗﻌﻴﻴﻦ اﺛﺮ ﺗﺮاﻛﻢ ﺗﺼﺎدﻓﻲ ﺳﻨﮕﺪاﻧﻪﻫﺎ اراﺋﻪ ﻛﺮده اﺳﺖ.
ﻣﻔﻬﻮم ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ را ﻣﻲﺗﻮان ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻧﻴﺰ ﺑﺴﻂ داد .ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪﻫـﺎ ﺗﻘﺎﺿـﺎي ﺳـﻴﻤﺎن را
ﻣﺸﺨﺺ ﻣﻲﺳﺎزد ،ﺗﺮاﻛﻢ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻧﻴﺰ ﺗﻘﺎﺿﺎي آب را ﺗﻌﻴﻴﻦ ﻣﻲﻛﻨﺪ .ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﮔﻮﻧـﺎﮔﻮن داراي اﻧـﺪازهﻫـﺎي
ﻣﺨﺘﻠﻒ ﻫﺴﺘﻨﺪ ،ﺑﻨﺎﺑﺮاﻳﻦ ﭘﻮدرﻫﺎي رﻳﺰﺗﺮ ﻣﻲﺗﻮاﻧﻨﺪ ﻓﻀﺎﻫﺎي ﺧﺎﻟﻲ ﺑﻴﻦ ذرات درﺷﺖﺗـﺮ را ﭘـﺮ ﻛـﺮده ،ﺗﻘﺎﺿـﺎي آب را
ﻛﺎﻫﺶ دﻫﻨﺪ .ﻓﻨﮓ ) (Fengو ﻫﻤﻜﺎران ] [22ﻧﺸﺎن دادﻧﺪ ﻛﻪ ﻣﺨﻠﻮط ﻛﺮدن ﺳﺮﺑﺎره ﺑﺎ ﺳﻴﻤﺎن ،ﺟﺮﻳﺎنﭘﺬﻳﺮي ﺧﻤﻴـﺮ
را ﺑﻬﺒﻮد ﻣﻲﺑﺨﺸﺪ .واﻧﮓ و ﻛﻮان ] [19ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﺳﻴﻤﺎنﻫﺎي ﻣﺨﻠـﻮط را اﻧـﺪازهﮔﻴـﺮي و ﻣـﺸﺎﻫﺪه ﻧﻤﻮدﻧـﺪ ﻛـﻪ
اﻓﺰودن ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ ﺑﻪ ﻃﻮر ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﺳﻴﺴﺘﻢ را اﻓﺰاﻳﺶ ﻣﻲدﻫﺪ .آﻧﻬﺎ ﻧﺸﺎن دادﻧـﺪ ﻛـﻪ در ﻳـﻚ
ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن  ،0/2اﻓﺰاﻳﺶ ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ ﺑﺎﻋﺚ ﺑﻬﺒﻮد ﭼﺸﻤﮕﻴﺮ ﻗﺎﺑﻠﻴﺖ رواﻧﻲ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﻣﻲﺷـﻮد .ﻛـﻮان
) [23] (Kwanدر ﺣﻴﻦ ﺗﻮﺳﻌﻪ ﺑﺘﻦ ﺑﺎ ﻣﻘﺎوﻣﺖ ﺑﺎﻻي ﺧﻮدﺗﺮاﻛﻢ ) (HS-SCCدرﻳﺎﻓﺖ ﻛﻪ در ﻧﺴﺒﺖ آب ﺑـﻪ ﺳـﻴﻤﺎن
 ،0/28ﺑﺎ اﺳﺘﻔﺎده از ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ ﺑﺎ اﻧﺪازه ﻣﺘﻮﺳﻂ  0/1ﻣﻴﻜﺮون ،ﻛﺎراﻳﻲ ﺑﺘﻦ ﺑﻪ ﻧﺤﻮ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﺑﻬﺒـﻮد ﻣـﻲﻳﺎﺑـﺪ.
وي اﻳﻦ ﺑﻬﺒﻮد ﻛﺎراﻳﻲ را ﺑﻪ ﺑﺴﻴﺎر رﻳﺰ ﺑﻮدن ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ ﻧﺴﺒﺖ داد ﻛﻪ ﺑﺎ ﭘﺮ ﻛﺮدن ﻓﻀﺎﻫﺎي ﺧﺎﻟﻲ ﺑـﻴﻦ داﻧـﻪﻫـﺎي
ﺳﻴﻤﺎن ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ آب اﺿﺎﻓﻲ ﺑﻴﺸﺘﺮي ﺑﺮاي روان ﻛﺮدن ﺧﻤﻴﺮ ﻣﻮﺟﻮد ﺑﺎﺷﺪ .اوﺑﻼ ) [24] (Oblaﻧﺸﺎن داد ﻛـﻪ
ﻣﺨﻠﻮط ﻛﺮدن ﺳﻴﻤﺎن ﺑﺎ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﺴﻴﺎر رﻳﺰ ،ﺑﺎ اﻧﺪازه ﻣﺘﻮﺳﻂ  3ﻣﻴﻜﺮون ،ﺗﻘﺎﺿﺎي آب را ﻛﺎﻫﺶ ﻣﻲدﻫﺪ.
اﻓﺰاﻳﺶ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﺑﻪ دﻟﻴﻞ ﻛﺎﻫﺶ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن و ﻛﻤﺘﺮ ﺷﺪن ﺗﻘﺎﺿﺎي آب ،ﻧﻔﻮذﭘﺬﻳﺮي و آب اﻧـﺪاﺧﺘﮕﻲ
را ﻛﺎﻫﺶ ﻣﻲدﻫﺪ .ﻫﻤﭽﻨﻴﻦ در اﺛﺮ ﻛﻢ ﺷﺪن ﻓﻀﺎﻫﺎي ﺗﺨﻠﺨﻠﻲ ﻛﻪ ﺑﻪ ﻋﻠﺖ اﺛﺮ دﻳـﻮاره ،در ﻣﺠـﺎورت ﺳـﻨﮕﺪاﻧﻪﻫـﺎ
اﻳﺠﺎد ﻣﻲﺷﻮد ،ﺗﺨﻠﺨﻞ ﻣﻨﻄﻘـﻪ اﻧﺘﻘـﺎﻟﻲ ﻧﻴـﺰ ﻛـﺎﻫﺶ ﻣـﻲﻳﺎﺑـﺪ ] 19و  .[25ﺑﻨـﺎﺑﺮاﻳﻦ ﻛﻴﻔﻴـﺖ ﻣﻨﻄﻘـﻪ اﻧﺘﻘـﺎﻟﻲ ،ﻛـﻪ
ﺿﻌﻴﻒﺗﺮﻳﻦ اﺗﺼﺎل در ﺑﺘﻦ ﻣﺤﺴﻮب ﻣﻲﺷﻮد ،ﺑﻬﺒﻮد ﻣﻲﻳﺎﺑﺪ ] .[26در ﺑﺘﻦﻫﺎي ﺑﺎ ﻣﻘﺎوﻣﺖ ﺑﺎﻻ ﻛﻪ ﭼﮕﺎﻟﻲ ﺗـﺮاﻛﻢ ﺑـﻪ
وﺳﻴﻠﻪ ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ در آﻧﻬﺎ اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ ﺑﻮد ،ﺑﻪ ﻃﻮر واﺿﺢ ﻣﺸﺎﻫﺪه ﺷﺪه ﻛﻪ ﺳﻄﺢ ﺷﻜﺴﺖ از ﻣﻴﺎن ﺳﻨﮕﺪاﻧﻪﻫﺎ )و
ﻧﻪ از ﻣﻨﻄﻘﻪ ﮔﺬار( ﻋﺒﻮر ﻧﻤﻮده اﺳﺖ ،ﻛﻪ ﻧﻈﺮﻳﻪ ﺑﺎﻻ را ﺗﺎﺋﻴﺪ ﻣﻲﻧﻤﺎﻳـﺪ ] .[27ﻟـﻴﻤﻦ ) [28] (Leemanاﺛـﺮ ﺗـﺮاﻛﻢ در
ﻛﻴﻔﻴﺖ و ﻧﻔﻮذﭘﺬﻳﺮي ﻣﻨﻄﻘﻪ اﻧﺘﻘـﺎﻟﻲ ﺑـﺘﻦ ،ﺑـﺮاي ﻃـﺮحﻫـﺎي اﺧـﺘﻼط ﻣﻌﻤـﻮﻟﻲ و ﺧـﻮدﺗﺮاﻛﻢ را ﺑـﺎ ﺑﻬـﺮهﮔﻴـﺮي از
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ﻣﻴﻜﺮوﺳﻜﻮپﻫﺎي ﻧﻮري و اﻟﻜﺘﺮوﻧﻲ ﺑﺮرﺳﻲ ﻛﺮد .ﻣﺸﺎﻫﺪه ﺷﺪ ﻛﻪ ﺗﺮاﻛﻢ اﺛﺮ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﺑﺮ روي ﺗﺨﻠﺨﻞ و ﭘﻬﻨـﺎي
ﻣﻨﻄﻘﻪ اﻧﺘﻘﺎﻟﻲ دارد .ﺑﻨﺎﺑﺮاﻳﻦ ﺗﺨﻠﺨﻞ ﻣﻨﻄﻘﻪ اﻧﺘﻘﺎﻟﻲ در ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﻟﺮزاﻧﺪه ﺷﺪه ،ﻋﻤﻮﻣـﺎً ﺑﻴـﺸﺘﺮ از ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ
اﺳﺖ ﻛﻪ ﻣﻨﺠﺮ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻛﻤﺘﺮ و ﻧﻔﻮذ ﺑﻴﺸﺘﺮ اﻛﺴﻴﮋن ﻣﻲﺷﻮد .در ﻋﻴﻦ ﺣﺎل ،ﻣﻘﺪار ﻛﻤﺘﺮ ﺧﻤﻴـﺮ ﺳـﻴﻤﺎن و
اﻧﺪازهﻫﺎي ﺑﺰرﮔﺘﺮ ﺳﻨﮕﺪاﻧﻪﻫﺎ در ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ،اﻳﻦ اﺛﺮات را ﻛﺎﻫﺶ ﻣﻲدﻫﺪ .اﺛﺮات ﺗﻮأم ﭘﺎراﻣﺘﺮﻫـﺎي ﻣﺨﺘﻠـﻒ ،ﻧﻈﻴـﺮ
ﻧﻴﺮوي ﺛﻘﻞ ،ﻛﺎراﻳﻲ و ﻧﺎﻫﻤﮕﻨﻲ ﻣﻨﻄﻘﻪ اﻧﺘﻘﺎﻟﻲ ،ﺑﺮرﺳﻲ ﻣﻴﻜﺮوﺳﻜﻮﭘﻲ ﻣﻮﺿﻮع ﺑـﻪ ﺻـﻮرت ﻳـﻚ روش ﺗﻜﺮارﭘـﺬﻳﺮ را
دﺷﻮار و ﭘﻴﭽﻴﺪه ﻣﻲﺳﺎزد ].[28
در ﻣﻮرد اﻧﺪازه ﮔﻴﺮي ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﺳﻴﻤﺎن در ﻣﺮاﺟﻊ ﻣﺨﺘﻠﻒ ﺑﺤﺚ ﺷﺪه اﺳﺖ ] .[30-27 ،19ﺑﺮاي ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ
و ﺧﻮدﺗﺮاﻛﻢ ﺗﻮﺻﻴﻪ ﺷﺪه اﺳﺖ ﻛﻪ ﭼﮕﺎﻟﻲ ﺧﻤﻴﺮ ﺑﺎ اﻓﺰودن ﻓﻮق روانﻛﻨﻨﺪه ،اﻧﺪازه ﮔﻴﺮي ﺷﻮد ].[19
اﻓﺰاﻳﺶ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ،ﻋﻼوه ﺑﺮ ﻣﻘﺎوﻣﺖ ،ﺑﺎﻋﺚ ﺑﻬﺒﻮد ﻛﺎراﻳﻲ ﺑﺘﻦ ﻧﻴﺰ ﻣﻲﺷﻮد ،زﻳـﺮا در ﻳـﻚ ﻧـﺴﺒﺖ ﺛﺎﺑـﺖ آب ﺑـﻪ
ﺳﻴﻤﺎن ،ﻗﺎﺑﻠﻴﺖ ﺟﺮﻳﺎن ﻳﺎﻓﺘﻦ ﺧﻤﻴﺮ ﺑﻬﺘﺮ ﻣﻲﺷﻮد .ﻫﻤﭽﻨﻴﻦ ﭼﺴﺒﻨﺪﮔﻲ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﻬﺒﻮد ﻳﺎﻓﺘﻪ ،در ﻧﺘﻴﺠـﻪ ﻣﻘﺎوﻣـﺖ
ﺑﺘﻦ در ﺑﺮاﺑﺮ ﺟﺪاﺷﺪﮔﻲ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ .اﻳﻦ ﻣﺸﺨﺼﺎت ،ﺑﻪ دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﺎﺻﻴﺖ ﺧﻮدﺗﺮاﻛﻤﻲﻛﻤﻚ زﻳﺎدي ﻣﻲﻧﻤﺎﻳـﺪ.
آزﻣﺎﻳﺶﻫﺎي واﻧﮓ ] [19ﺑﻬﺒﻮد اﺳﺎﺳﻲ ﻗﺎﺑﻠﻴﺖ ﺟﺮﻳﺎن ﻳﺎﻓﺘﻦ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﺎ اﻓﺰاﻳﺶ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ را ،ﺑﺨـﺼﻮص در
ﻧﺴﺒﺖﻫﺎي ﭘﺎﻳﻴﻦ آب ﺑﻪ ﺳﻴﻤﺎن ،ﻧﺸﺎن داد .ﺷﻜﻞ ﻣﻘﺪار ﺟﺮﻳﺎن اﺳﻼﻣﭗ را ﺑﺮاي ﻧﺴﺒﺖﻫﺎي ﻣﺨﺘﻠـﻒ ﻣﺨﻠـﻮط و آب
ﺑﻪ ﺳﻴﻤﺎن در آزﻣﺎﻳﺶﻫﺎي وي ﻧﺸﺎن ﻣﻲدﻫﺪ .ﻧﺴﺒﺖﻫﺎ در اﻳﻦ ﺷﻜﻞ ﺣﺠﻤﻲﻫﺴﺘﻨﺪ .ﻗﻄﺮ ﺑﺎﻻﻳﻲ و ﭘـﺎﻳﻴﻨﻲ ﻣﺨـﺮوط
اﺳﻼﻣﭗ ﺑﻪ ﺗﺮﺗﻴﺐ  60و  100ﻣﻴﻠﻲﻣﺘﺮ و ارﺗﻔﺎع آن  70ﻣﻴﻠﻲﻣﺘﺮ ﺑﻮده اﺳﺖ .وي ﺑﺮاي ﺑﻬﻴﻨﻪ ﻛﺮدن ﭼﮕـﺎﻟﻲ ﺗـﺮاﻛﻢ و
اﺛﺮ آن در ﺑﺘﻦ ،ﻳﻚ ﻃﺮح اﺧﺘﻼط ﺳﻪ ﻣﺮﺣﻠﻪاي ﺷﺎﻣﻞ ﻣﺨﻠﻮطﻫﺎي ﺧﻤﻴﺮ ﺳﻴﻤﺎن ،ﻣﻼت و ﺑﺘﻦ را ﭘﻴﺸﻨﻬﺎد ﻣـﻲﻛﻨـﺪ.
در ﻣﺮﺣﻠﻪ اول ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ،ﺗﻘﺎﺿـﺎي آب را ﺗﻌﻴـﻴﻦ ﻣـﻲﻛﻨـﺪ و آب اﺿـﺎﻓﻲ ﻋﺎﻣـﻞ اﺛﺮﮔـﺬار ﺑـﺮ روي
رﺋﻮﻟﻮژي و ﭼﺴﺒﻨﺪﮔﻲ ﺧﻤﻴﺮ ﺳﻴﻤﺎن )ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ،آب و ﻓﻮقروانﻛﻨﻨﺪه( اﺳﺖ .در ﻣﺮﺣﻠﻪ دوم ﻣﻼت در ﻧﻈﺮ ﮔﺮﻓﺘـﻪ
ﻣﻲﺷﻮد ﻛﻪ ﺷﺎﻣﻞ ﺧﻤﻴﺮ ﺳﻴﻤﺎن و ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰﺗﺮ از  1/2 mmاﺳﺖ .ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ داﻧـﻪﻫـﺎي ﻛـﻮﭼﻜﺘﺮ از mm
 1/2ﺗﻘﺎﺿﺎي ﺧﻤﻴﺮ را ﻣﺸﺨﺺ ﻛﺮده و ﺧﻤﻴﺮ اﺿﺎﻓﻲ ﻋﺎﻣﻞ ﺗﻌﻴﻴﻦﻛﻨﻨﺪة ﺟﺮﻳﺎنﭘﺬﻳﺮي ﻣﻼت اﺳـﺖ .در ﻣﺮﺣﻠـﻪ ﺳـﻮم
ﺑﺘﻦ ،ﺑﻪ ﻣﻌﻨﺎي ﻣﻼت ﺑﻪ اﺿﺎﻓﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖﺗﺮ از  1/2ﻣﻴﻠﻲﻣﺘﺮ ،در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣـﻲﺷـﻮد ﻛـﻪ در آن ﭼﮕـﺎﻟﻲ
ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎي ﺑﺰرﮔﺘﺮ از  1/2 mmﺗﻘﺎﺿﺎي ﻣﻼت را ﻣﺸﺨﺺ ﻣﻲﻛﻨـﺪ و ﻣـﻼت اﺿـﺎﻓﻲ ﻋﺎﻣـﻞ ﺗﻌﻴـﻴﻦﻛﻨﻨـﺪة
ﻛﺎراﻳﻲ ﻣﺨﻠﻮط اﺳﺖ .واﻧﮓ ﮔﺰارش ﻣﻲﻛﻨﺪ ﻛﻪ ﺣﺘﻲ در آن ﻧﻤﻮﻧﻪﻫﺎي ﺑﺘﻦ ﻛﻪ ﺟﺪاﺷﺪﮔﻲ ﻣـﺸﺎﻫﺪه ﺷـﺪ ،داﻧـﻪﻫـﺎي
رﻳﺰﺗﺮ از  1/2ﻣﻴﻠﻲﻣﺘﺮ ،ﻫﻤﺮاه ﺑﺎ ﺧﻤﻴﺮ ﺑﺎﻗﻲ ﻣﺎﻧﺪﻧﺪ.

ﺷﻜﻞ  -1ﻣﻘﺪار ﺟﺮﻳﺎن ﺧﻤﻴﺮ ﺳﻴﻤﺎن در ﻧﺴﺒﺖﻫﺎي ﻣﺨﺘﻠﻒ ﻣﻮاد و آب ﺑﻪ ﺳﻴﻤﺎن ][19
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 -5ﻃﺮح اﺧﺘﻼطﻫﺎي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ
 1-5اﺻﻮل و روشﻫﺎي ارزﻳﺎﺑﻲ
اﺻﻮﻻً ﺑﺘﻦ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﻌﺪد اﺟﺰاي آن ﻛﻪ داراي ﭼﮕﺎﻟﻲﻫﺎي ﻣﺨﺘﻠﻒ ﻫﺴﺘﻨﺪ ،ﻣﺴﺘﻌﺪ ﺑﻪ ﺟﺪاﺷﺪﮔﻲ اﺳﺖ .اﻳـﻦ ﺧﻄـﺮ
ﻫﻤﻮاره ﺑﺎ اﻓﺰاﻳﺶ ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ ﺑﻴﺸﺘﺮ ﻣﻲﺷﻮد .ﺑﻪ ﻫﻤﻴﻦ ﻋﻠﺖ ،در ﺗﻜﻨﻮﻟﻮژي ﺑـﺘﻦ ﺑـﻪ ﻃـﻮر راﻳـﺞ اﺳـﺘﻔﺎده از
ﺑﺎﻻﺗﺮﻳﻦ ﻟﺰﺟﺘﻲ ﻛﻪ ﻗﺎﺑﻞ ﻛﺎر ﻛﺮدن ﺑﺎﺷﺪ ،ﺗﻮﺻﻴﻪ ﻣﻲﺷﻮد .در اﻳﻦ ﺻﻮرت ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴـﺮ ﺷـﻜﻞ ﻛـﺎﻫﺶ ﻳﺎﻓﺘـﻪ و ﺑـﻪ
ﻋﻤﻠﻴﺎت ﻟﺮزاﻧﺪن ﻧﻴﺎز اﺳﺖ .اﻣﺎ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﺎﺻﻴﺖ ﺧﻮدﺗﺮاﻛﻤﻲﻻزم اﺳﺖ ﺗﺎ ﺧﻤﻴﺮ ﻳﺎ ﻣﻼت داراي ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ
ﺷﻜﻞ زﻳﺎد ﺑﻮده ،ﺑﻪ ﻋﻼوه در ﻫﻨﮕﺎم ﺟﺮﻳﺎن ﺑﺘﻦ از ﻳﻚ ﻣﺤﻔﻈﻪ ﺑﺴﺘﻪ ﻳﺎ ﺑﻴﻦ ﻣﻴﻠﮕﺮدﻫﺎي ﺗﻘﻮﻳﺖ ،ﻣﻘﺎوﻣﺖ ﻣﻨﺎﺳﺐ در
ﺑﺮاﺑﺮ ﺟﺪا ﺷﺪﮔﻲ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ و ﻣﻼت وﺟﻮد داﺷﺘﻪ ﺑﺎﺷﺪ .ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ ﺑﻪ اﻳﻦ ﻣﻔﻬﻮم اﺳﺖ ﻛﻪ اﻧـﺮژي
در داﺧﻞ ﺑﺘﻦ ﻳﺎ ﺑﻪ ﻋﻠﺖ اﺻﻄﻜﺎك در ﻣﺮزﻫﺎ ،ﻛﻤﺘﺮ ﻣﺼﺮف ﺷﻮد .در ﻣﻘﺎﺑﻞ آن ،ﻟﺰﺟـﺖ ﺑﻴـﺸﺘﺮ ﺑـﻪ ﻣﻌﻨـﺎي اﻓـﺰاﻳﺶ
اﻧﺮژي ﻻزم ﺑﺮاي ﺗﻐﻴﻴﺮ ﺷﻜﻞ اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ ﻧﻜﺘﻪ ﻛﻠﻴﺪي ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ اﻳﻦ اﺳﺖ ﻛﻪ ﻳﻚ ﺗﻌـﺎدل
ﻣﻨﺎﺳﺐ ﺑﻴﻦ اﻳﻦ دو ﻧﻴﺎز ﺑﺮﻗﺮار ﺷﻮد ﺗﺎ ﺿﻤﻦ ﺗﺄﻣﻴﻦ ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ و رواﻧﻲ زﻳﺎد ،از ﺟﺪاﺷـﺪﮔﻲ اﺟـﺰا ﺟﻠـﻮﮔﻴﺮي
ﺷﻮد ].[31
ﺑﺪﻳﻬﻲ اﺳﺖ ﻛﻪ ﻃﺮح اﺧﺘﻼط ﻧﻬﺎﻳﻲ ﺑﺴﺘﮕﻲ ﺑﻪ ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺨﺘﻠﻒ ،ﻧﻈﻴﺮ ﻧﻮع و ﻛﻴﻔﻴﺖ ﻣﻮاد ،ﻣﻘﺎوﻣـﺖ ﻣـﻮرد ﻧﻴـﺎز،
دوام و ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ و ﻏﻴﺮه دارد .ﻣﻘﺎدﻳﺮ ﻣﻨﺎﺳﺐ ﻣﻮاد را ﻧﻤﻲﺗﻮان ﺑﺪون اﺧﺘﻼط آزﻣﺎﻳﺸﻲ ،ﺛﺎﺑـﺖ در ﻧﻈـﺮ ﮔﺮﻓـﺖ.
ﺑﻨﺎﺑﺮاﻳﻦ ﺑﻼﻓﺎﺻﻠﻪ ﭘﺲ از ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ اﺧﺘﻼط ،ﺑﺎﻳﺪ ﺧﻮدﺗﺮاﻛﻤﻲرا ﺑﻪ وﺳﻴﻠﻪ آزﻣﻮنﻫـﺎي ﺧـﻮدﺗﺮاﻛﻤﻲﻣﺎﻧﻨـﺪ آزﻣـﻮن
ﺟﻌﺒﻪ ،ﺟﺮﻳﺎن  ،Uﺟﺮﻳﺎن اﺳﻼﻣﭗ و آزﻣﻮن ﻗﻴﻒ ارزﻳﺎﺑﻲ ﻛﺮد .روشﻫﺎﻳﻲ ﺑﺮاي ﻗﻀﺎوت اﻳﻦ ﻛﻪ ﺑـﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﻧﺘـﺎﻳﺞ
آزﻣﻮن آﻳﺎ ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر ﻳﺎ ﻣﻘﺪار روانﻛﻨﻨﺪه ﻛﻤﺘﺮ ﻳﺎ ﺑﻴﺸﺘﺮ ازﺣﺪ ﻧﻴـﺎز اﺳـﺖ ،و ﻧﻴـﺰ روشﻫـﺎﻳﻲ ﺑـﺮاي ﺗﺨﻤـﻴﻦ
ﻣﻘﺎدﻳﺮ ﻣﻨﺎﺳﺐ ﻣﻮرد ﻧﻴﺎز اﺳﺖ .رواﺑﻂ ﺑﻴﻦ ﺧﻮاص ﻣﻼت در ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ و ﻧﺴﺒﺖ اﺧﺘﻼط ﻣﻮرد ﺗﺤﻘﻴﻖ ﻗﺮار ﮔﺮﻓﺘﻪ
و ﻓﺮﻣﻮﻟﻪ ﺷﺪه اﺳﺖ .ﭼﻨﺎﻧﭽﻪ ﺧﻮدﺗﺮاﻛﻤﻲﺑﺘﻦ ﺑﻪ وﺳﻴﻠﻪ اﻳﻦ آزﻣﺎﻳﺶ ﻧﺎﻛﺎﻓﻲ ﺗﺸﺨﻴﺺ داده ﺷـﻮد ،ﻋﻠـﺖ آن ﺑﺎﻳـﺪ ﺑـﻪ
ﻃﻮر ﻛﻤﻲﭘﻴﺪا ﺷﻮد ،ﺗﺎ ﺑﺘﻮان ﻧﺴﺒﺖ اﺧﺘﻼط را ﺗﻨﻈﻴﻢ ﻧﻤﻮد .آزﻣﺎﻳﺶﻫﺎي ﺟﺮﻳﺎن اﺳـﻼﻣﭗ و ﻗﻴـﻒ ﺑـﻪ ﺗﺮﺗﻴـﺐ ﺑـﺮاي
آزﻣﻮن ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ و ﻟﺰﺟﺖ ﭘﻴﺸﻨﻬﺎد ﺷﺪهاﻧﺪ و ﺷﺎﺧﺺﻫﺎي  Γcو  RCﺑﺮاي آﻧﻬﺎ ﺑﻪ ﺷﺮح زﻳـﺮ ﺗﻌﺮﻳـﻒ ﺷـﺪه
اﺳﺖ ]:[6
2
2
)ﻣﻌﺎدﻟﻪ  (1ﺷﺎﺧﺺ ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮ ﺷﻜﻞ:
ΓC = (Sfl1.Sfl 2 − Sfl0 ) / Sfl0
ﻛﻪ در آن  Sfl1و  Sfl2ﻗﻄﺮﻫﺎي اﻧﺪازهﮔﻴﺮيﺷﺪه ﺟﺮﻳﺎن اﺳﻼﻣﭗ و  Sfl02ﻗﻄﺮ ﻣﺨﺮوط اﺳﻼﻣﭗ اﺳﺖ.
)ﻣﻌﺎدﻟﻪ  (2ﺷﺎﺧﺺ ﻟﺰﺟﺖ:
10
t

= RC

ﻛﻪ در آن  tزﻣﺎن اﻧﺪازهﮔﻴﺮي ﺷﺪه ﺑﺮﺣﺴﺐ ﺛﺎﻧﻴﻪ ﺑﺮاي ﺑﺘﻨﻲ اﺳﺖ ﻛﻪ از ﻣﻴﺎن ﻗﻴﻒ ﻋﺒﻮر ﻣﻲﻧﻤﺎﻳﺪ .آزﻣﻮنﻫﺎي ﺟﺮﻳـﺎن و
ﻗﻴﻒ ،ﻋﻼوه ﺑﺮ ﺑﺘﻦ ﺑﺮاي ﻣﻼت ﻳﺎ ﺧﻤﻴﺮ ،ﺑﺮاي ﺗﻌﻴﻴﻦ اﺛﺮ ﻣﻮاد ﻣﻮرد اﺳﺘﻔﺎده در ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ،ﻧﻈﻴﺮ ﻣـﻮاد ﭘـﻮدري،
ﻣﺎﺳﻪ و ﻓﻮقروانﻛﻨﻨﺪهﻫﺎ ﭘﻴﺸﻨﻬﺎد ﺷﺪهاﻧﺪ .اﻳﻦ ﺷﺎﺧﺺﻫﺎ ﻣﻲﺗﻮاﻧﻨﺪ ﺑﺮاي ﺗﻌﻴﻴﻦ ﻳﻚ روش ﻣﻨﻄﻘﻲ ﺑﺮاي ﺗﻨﻈـﻴﻢ ﻧـﺴﺒﺖ
آب ﺑﻪ ﭘﻮدر و ﻣﻘﺪار ﻓﻮقروانﻛﻨﻨﺪه و ﺑﺮاي ﺑﻪ دﺳﺖ آوردن ﻟﺰﺟﺖ و ﻗﺎﺑﻠﻴﺖ ﺗﻐﻴﻴﺮﺷﻜﻞ ﻣﻨﺎﺳﺐ ،اﺳﺘﻔﺎده ﺷﻮﻧﺪ .اوﻛـﺎﻣﻮرا
و اوﺷﻲ ] [6ارﺗﺒﺎط ﺑﻴﻦ ﻓﺎﻛﺘﻮرﻫﺎي ﺧﻮدﺗﺮاﻛﻤﻲو ﻧﺘﺎﻳﺞ آزﻣﻮنﻫﺎي ﺧﻮدﺗﺮاﻛﻤﻲرا ﺑﺤﺚ ﻛﺮدهاﻧﺪ.
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 2-5روشﻫﺎي ﻃﺮح اﺧﺘﻼط
ﺧﻮدﺗﺮاﻛﻤﻲﺑﻪ ﻃﻮر وﺳﻴﻌﻲ ﺑﻪ ﻣﺸﺨﺼﺎت ﻣﺼﺎﻟﺢ و ﻃﺮح اﺧﺘﻼط ﺑﺴﺘﮕﻲ دارد .ﺑﺮاي اﻓـﺰاﻳﺶ ﻗﺎﺑﻠﻴـﺖ ﺗﻐﻴﻴـﺮ ﺷـﻜﻞ
ﺧﻤﻴﺮ ،ﺑﺎﻳﺪ ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر )ﻣﺠﻤﻮع ﭘﻮدرﻫﺎي ﭼﺴﺒﺎﻧﻨﺪه و ﭘﺮﻛﻨﻨﺪهﻫﺎي ﻣﻌﺪﻧﻲ( را ﺑﺎﻻ ﺑﺮد و ﻳﺎ از ﻓﻮق روانﻛﻨﻨﺪه
اﺳﺘﻔﺎده ﻛﺮد .اﻣﺎ در ﻣﻘﺎﺑﻞ ﺑﺮاي ﺑﻪ دﺳﺖ آوردن ﻟﺰﺟﺖ زﻳﺎد ،ﺑﺎﻳﺪ ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر را ﻛﺎﻫﺶ داد ﻳﺎ از اﻓﺰودﻧﻲﻫﺎي
اﺻﻼح ﻟﺰﺟﺖ اﺳﺘﻔﺎده ﻛﺮد .اﺳﺘﻔﺎده از ﻣﻘﺎدﻳﺮ زﻳﺎد ﻣﻮاد اﺻﻼحﻛﻨﻨﺪه ﻟﺰﺟﺖ در ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ زﻳﺮ آب راﻳﺞ اﺳﺖ ﺗـﺎ
از ﺣﻞ ﺷﺪن ﺳﻴﻤﺎن در آب ﺟﻠﻮﮔﻴﺮي ﺷﻮد .اﻣﺎ اﺳﺘﻔﺎده از ﭼﻨﻴﻦ ﻣﺨﻠـﻮﻃﻲ ﺑـﺮاي ﺳـﺎزهﻫـﺎي ﺧـﺎرج از آب ﻣﻨﺎﺳـﺐ
ﻧﻴﺴﺖ ،زﻳﺮا ﻟﺰﺟﺖ آن ﭼﻨﺎن ﺑﺎﻻ اﺳﺖ ﻛﻪ ﻫﻮا از آن ﺧﺎرج ﻧﻤﻲﺷﻮد و آن را ﺑﻪ راﺣﺘﻲ ﻧﻤﻲﺗﻮان در ﻗﺎﻟـﺐ ﺟـﺎي داد.
اوﻟﻴﻦ ﺑﺎر ﺗﺎﻛﺸﻴﺘﺎ ) (Takeshitaﺑﺎ ﭼﻨﻴﻦ روﺷﻲ ﺑﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ دﺳﺖ ﻳﺎﻓـﺖ ] 31و  [32اﻣـﺎ در اﻳـﻦ روش ﺣﻔـﻆ
ﺗﻌﺎدل ﺑﻴﻦ ﻓﻮقروانﻛﻨﻨﺪه و ﻣﻮاد اﺻﻼح ﻟﺰﺟﺖ ﺑﺴﻴﺎر ﻣﻬﻢ و دﺷﻮار اﺳﺖ.
اوﻛﺎﻣﻮرا و اوزاوا ﺑﺮاي ﺣﻞ ﻣﺸﻜﻞ ﻓﻮق ﻓﺮﺿﻴﺎت دﻳﮕﺮي را ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺧﻮد در ﻧﻈﺮ ﮔﺮﻓﺘﻨﺪ ،ﺑﻪ اﻳـﻦ ﺗﺮﺗﻴـﺐ
ﻛﻪ ﺣﺠﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ ﻣﺤﺪود ﺷﻮد ﺗﺎ از ﻣﺴﺪود ﺷﺪن ﺑﺘﻦ در ﭘـﺸﺖ ﻣﻮاﻧـﻊ ﺟﻠـﻮﮔﻴﺮي ﺷـﻮد .ﻫﻤﭽﻨـﻴﻦ ﺑـﺎ
اﺳﺘﻔﺎده از ﻣﻘﺎدﻳﺮ ﺑﺎﻻي ﭘﻮدر و ﺣﻔﻆ ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر ،ﻟﺰﺟﺖ ﺑﺘﻦ ﺗﻨﻈﻴﻢ ﺷﻮد .ﺑﺎ ﺗﻮﺟـﻪ ﺑـﻪ اﻳﻨﻜـﻪ ﻣﻘـﺎدﻳﺮ ﺑـﺎﻻي
ﺳﻴﻤﺎن ،ﺑﺎﻋﺚ ﻣﺸﻜﻼت ﻣﺨﺘﻠﻒ در ﺑﺘﻦ ﻣﻲﺷﻮد ،ﻗﺴﻤﺘﻲ از آن ﺑﺎ ﭘﻮدرﻫﺎي ﺧﻨﺜﻲ ﻣﺎﻧﻨﺪ ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺟـﺎﻳﮕﺰﻳﻦ
ﺷﺪ .ﺗﻔﺎوت اﺻﻠﻲ روش اوﻛﺎﻣﻮرا و اوزاوا ﺑﺎ روشﻫﺎي ﻗﺒﻠﻲ ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲرا ﺑﺎﻳﺪ اﺳﺘﻔﺎده از ﻣﻘﺎدﻳﺮ زﻳﺎد
ﭘﻮدر ذﻛﺮ ﻛﺮد ﻛﻪ اﺳﺎس ﻃﺮح اﺧﺘﻼط را ﺗﺸﻜﻴﻞ داده اﺳﺖ .اﺳﺘﻔﺎده از ﭘﻮدر ﺑﺎﻋﺚ ﺣﺬف ﻳـﺎ ﻛـﺎﻫﺶ ﻧﻴـﺎز ﺑـﻪ ﻣـﻮاد
اﺻﻼح ﻛﻨﻨﺪه ﻟﺰﺟﺖ ﺷﺪ.
ﻧﻜﺘﻪ ﻣﻬﻢ در ﻃﺮح اﺧﺘﻼط اوﻛﺎﻣﻮرا ،درك اﺛﺮ ﻛﻠﻴﺪي ﭘﻮدر ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲاﺳﺖ ﻛﻪ در ﭼﮕـﺎﻟﻲ ﺗـﺮاﻛﻢ
ﺑﺤﺚ ﺷﺪ .آزﻣﺎﻳﺶﻫﺎ ﻧﺸﺎن داد ﻛﻪ ﻳﻚ راﺑﻄﻪ ﺧﻄﻲ ﺑﻴﻦ ﻣﺴﺎﺣﺖ ﻧﺴﺒﻲ ﺟﺮﻳﺎن و ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر وﺟـﻮد دارد .ﺑـﺎ
اﺳﺘﻔﺎده از اﻳﻦ راﺑﻄﻪ ﻣﻲﺗﻮان ﻧﺴﺒﺖ ﺣﺪي آب ﺑﻪ ﭘﻮدر ﻛﻪ در آن ﺗﻐﻴﻴﺮ ﺷﻜﻞ ﺧﻤﻴﺮ ﺑﺮاﺑﺮ ﺑﺎ ﺻﻔﺮ ﻣﻲﺷﻮد ،ﺑﺮونﻳـﺎﺑﻲ
ﻧﻤﻮد ]) [31ﺷﻜﻞ ( .در ﺷﻜﻞ  F ،ﻣﻌﺎدل ﺟﺮﻳﺎن اﺳﻼﻣﭗ ﻣﺨﻠﻮط ﭘـﻮدر و آب و  F0ﺑﺮاﺑـﺮ ﺑـﺎ اﻧـﺪازه ﻗﻄـﺮ ﻣﺨـﺮوط
اﺳﻼﻣﭗ اﺳﺖ .اﻳﻦ ﺣﺪ را ﻣﻲﺗﻮان ﻣﻘﺪار آب ﻣﺤﺒﻮسﺷﺪه ﺗﻮﺳﻂ ﭘﻮدر در ﻧﻈﺮ ﮔﺮﻓﺖ ﻛﻪ ﺑﺴﺘﻪ ﺑﻪ ﻧـﻮع ﭘـﻮدر ،ﺷـﻜﻞ
ﻫﻨﺪﺳﻲ و داﻧﻪﺑﻨﺪي ذرات ،ﺑﻴﻦ  0/7ﺗﺎ  1/0ﻗﺮار ﻣﻲﮔﻴﺮد .ﺑﻪ ﻋﺒﺎرت دﻳﮕﺮ ،ﭘﻮدر ﺗﻘﺮﻳﺒﺎً ﺑﻪ اﻧـﺪازه ﺣﺠـﻢ ﺧـﻮد ،آب را
ﻣﺤﺒﻮس ﻣﻲﻛﻨﺪ .ﺣﺎل ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﻟﺰﺟﺖ ﻣﻨﺎﺳﺐ ﺑﺮاي ﺧﻮدﺗﺮاﻛﻤﻲ ،ﺑﺎﻳﺪ ﻧﺴﺒﺖ ﺣﺠﻤـﻲآب ﺑـﻪ ﭘـﻮدر را ﺑﻬﻴﻨـﻪ
ﻛﺮد .ﺑﺮاي ﭘﻮدرﻫﺎي رﻳﺰ و ﺑﺎ ﺷﻜﻞ ﻫﻨﺪﺳﻲ ﻧﺰدﻳﻚ ﺑﻪ ﻛﺮوي ،اﻳﻦ ﻧﺴﺒﺖ ﻛﻮﭼﻚ اﺳﺖ .ﺿﻤﻦ اﻳﻦ ﻛﻪ واﻛﻨﺶ ﭘـﺬﻳﺮ
ﺑﻮدن ﭘﻮدر و ﮔﻴﺮش آن ﻧﻴﺰ ﺑﺮ روي ﻧﺴﺒﺖ ﺑﻬﻴﻨﻪ ﺗﺄﺛﻴﺮ ﻣﻲﮔﺬارد .اﻳﻦ ﻣﻮﺿﻮع ﺑﺮاي ﭼﻨﺪ ﻧﻮع ﺳﻴﻤﺎن و ﭘﻮدر ﻣﺨﺘﻠـﻒ
ﮔﺰارش ﺷﺪه اﺳﺖ ] .[31ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﻧﻮع ﻣﻌﻤﻮﻟﻲ ﻧﺴﺒﺖ ﺑﻪ ﺳﻴﻤﺎن ﺑﺎ ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن ﻛﻢ ﻣﻘﺪار ﺑﻴـﺸﺘﺮي آب
در ﺧﻮد ﻧﮕﺎه ﻣﻲدارد .ﻫﻤﭽﻨﻴﻦ اﺿﺎﻓﻪ ﻛﺮدن ﭘﻮدر ﺧﺎﻛﺴﺘﺮ ﺑﺎدي و ﺳﺮﺑﺎره ،ﺑﻪ ﻋﻠﺖ اﻓﺰاﻳﺶ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ،ﻣﻘﺪار آب
ﺑﻪ دام اﻓﺘﺎده را ﺑﻪ ﻧﺤﻮ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﻛﺎﻫﺶ ﻣﻲدﻫﺪ.
ﺟﺰء ﻣﻬﻢ دﻳﮕﺮ ﻃﺮح اﺧﺘﻼط ،ﺳﻨﮕﺪاﻧﻪ اﺳﺖ .ﻣﻌﻤﻮﻻً از ﻧﺴﺒﺖ  2 :1:1ﺑﺮاي ﺳﻴﻤﺎن :ﺳﻨﮕﺪاﻧﻪ رﻳﺰ  :ﺳﻨﮕﺪاﻧﻪ درﺷـﺖ
ﺑﻪ ﻋﻨﻮان ﻧﺴﺒﺖ ﻣﻨﺎﺳﺐ ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣﺖ ﺣﺪاﻛﺜﺮ ﻳﺎد ﻣﻲﺷﻮد و ﺑﻴﺸﺘﺮ ﺷﺪن ﻣﻘﺎدﻳﺮ ﺳﻨﮕﺪاﻧﻪ ﻣﻲﺗﻮاﻧﺪ ﺑﺎﻋـﺚ
ﻛﺎﻫﺶ ﺷﺪﻳﺪ ﻣﻘﺎوﻣﺖ ﺷﻮد .ﺗﻮﻛﻮﺟﻴﺮو ) [33] (Tokujiroدر  1940ﻧﺸﺎن داد ﻛـﻪ اﮔـﺮ ﻧـﺴﺒﺖ ﺣﺠﻤـﻲﺳـﻴﻤﺎن ﺑـﻪ
ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ 1 ،ﺑﻪ  1/5ﮔﺮﻓﺘﻪ ﺷﻮد ،آﻧﮕﺎه ﻧﺴﺒﺖ ﺣﺠﻤﻲﺑﻴﺸﺘﺮ از  1ﺑـﻪ  1/5ﺑـﺮاي ﺳـﻴﻤﺎن ﺑـﻪ ﺳـﻨﮕﺪاﻧﻪﻫـﺎي
درﺷﺖ ،ﻣﻨﺠﺮ ﺑﻪ ﺳﻘﻮط ﻗﺎﺑﻞ ﻣﻼﺣﻈﻪ ﻣﻘﺎوﻣﺖ ﻣﻲﺷﻮد .وي اﺛﺮ ﺗﺮاﻛﻢ را ﺑـﻪ دﻗـﺖ ﻣﻄﺎﻟﻌـﻪ ﻧﻤـﻮد و ﻧـﺴﺒﺖ آب ﺑـﻪ
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ﺳﻴﻤﺎن را در ﻗﺎﻟﺐ ﺑﻪ وﺳﻴﻠﻪ ﻓﺸﺎر و ﺑﺎ ﺧﺎرج ﺷﺪن آب در اﻳﻦ ﺣﺎﻟﺖ ،ﺑﻪ  22درﺻﺪ رﺳﺎﻧﺪ .ﻧﺴﺒﺖ وزﻧﻲ ﺑﻬﻴﻨﻪ آب ﺑـﻪ
ﺳﻴﻤﺎن ،ﭘﻴﺶ از ﻗﺎﻟﺐرﻳﺰي و ﻓﺸﺎر 31 ،درﺻﺪ ﺑﻮد .ﺗﻮﻛﻮﺟﻴﺮو ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺣـﺪاﻛﺜﺮ ﻣﻘﺎوﻣـﺖ ،ﻧـﺴﺒﺖ  1ﺑـﻪ  2را
ﺑﺮاي ﻧﺴﺒﺖ ﺣﺠﻤﻲﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ ﺑﻪ درﺷﺖ ﺗﻮﺻﻴﻪ ﻛﺮد ،اﻣﺎ اوﻛﺎﻣﻮرا ﻧﺴﺒﺖ ﻛﻤﺘﺮ ) 1ﺑﻪ  (1از ﺳـﻨﮕﺪاﻧﻪ را ﺑـﺮاي
دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲو ﻗﺎﺑﻠﻴﺖ ﻋﺒﻮر از ﻣﻮاﻧﻊ ﻣﻮﺟﻮد در ﻗﺎﻟﺐ ،ﺑﺮاي ﻛﺎرﺑﺮدﻫﺎي واﻗﻌﻲ ﻻزم ﻣﻲداﻧﺪ .ﻣﻘﺎﻳﺴﻪ ﻧﺘـﺎﻳﺞ
اوﻛﺎﻣﻮرا ] [31و ﺗﻮﻛﻮﺟﻴﺮو ] [33در ﻧﺴﺒﺖ ﺑﺮاﺑﺮ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ و رﻳﺰ ،ﺑﻴﺎﻧﮕﺮ اﻳـﻦ اﺳـﺖ ﻛـﻪ ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ
اوﻛﺎﻣﻮرا ﻫﻤﺎن ﺑﺘﻦ ﺑﺎ ﺣﺪاﻛﺜﺮ ﻣﻘﺎوﻣﺘﻲ اﺳﺖ ﻛﻪ ﺗﻮﻛﻮﺟﻴﺮو ﺑﻪ دﺳﺖ آورده و ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲ ،ﺑﻪ آن در
ﺣﺪ ﻧﻴﺎز ﻓﻮقروانﻛﻨﻨﺪه اﺿﺎﻓﻪ ﺷﺪه اﺳﺖ.
آزﻣﺎﻳﺶﻫﺎي اوﻛﺎﻣﻮرا ] [31ﻧﺘﺎﻳﺞ ﻣﻬﻤﻲدر ﺧﺼﻮص ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ ﺑﻪ دﺳﺖ ﻣﻲدﻫﺪ .ﻣﻘﺪار آب ﻧﮕﻬﺪاﺷـﺘﻪ ﺷـﺪه
ﺑﻪ وﺳﻴﻠﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ ،در ﻳﻚ ﻣﺤﺪوده ﻣﺸﺨﺺ ،ﺗﻘﺮﻳﺒﺎً ﻣﺘﻨﺎﺳﺐ ﺑﺎ ﺣﺠﻢ آن و در ﺣﺪود  20درﺻﺪ اﺳﺖ .اﻳـﻦ
ﻣﻘﺪار ﺗﻘﺮﻳﺒﺎً ﻳﻚ ﭘﻨﺠﻢ ﭘﻮدرﻫﺎ اﺳﺖ .ﺑﺮ اﺳﺎس ﻧﺘﺎﻳﺞ وي ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰﺗﺮ از  90ﻣﻴﻜﺮون را ﺑﺎﻳﺪ ﺑﻪ ﻋﻨـﻮان ﭘـﻮدر
در ﻧﻈﺮ ﮔﺮﻓﺖ )و ﻧﻪ ﺳﻨﮕﺪاﻧﻪ( .ﺑﻪ ﻏﻴﺮ از ﺗﻔﺎوت در ﻣﻘﺪار ﻧﮕﻪداﺷﺘﻦ آب ،ﻳﻚ ﺗﻔﺎوت دﻳﮕﺮ ﻧﻴﺰ ﺑﻴﻦ ﭘـﻮدر و ﺳـﻨﮕﺪاﻧﻪ
رﻳﺰ وﺟﻮد دارد :ﻧﺴﺒﺖ آب ﻧﮕﻪ داﺷﺘﻪ ﺷﺪه ﺗﻮﺳﻂ ﺳﻨﮕﺪاﻧﻪ رﻳﺰ ،وﻗﺘﻲ ﻛﻪ ﻣﻘﺪار آن از ﻳﻚ ﺣﺪ ﻣـﺸﺨﺺ ﻓﺮاﺗـﺮ رود،
ﺑﻪ ﺷﺪت اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ )ﺷﻜﻞ( .اوﻛﺎﻣﻮرا ﻋﻠﺖ اﻳﻦ ﻣﻮﺿﻮع را ﺗﻮﺿﻴﺢ ﻧﺪاده اﺳﺖ ،اﻣـﺎ دﻟﻴـﻞ اﺻـﻠﻲ ﺑﺎﻳـﺪ ﭼﮕـﺎﻟﻲ
ﺗﺮاﻛﻢ ﺑﺎﺷﺪ .ﺑﺎ اﻓﺰاﻳﺶ درﺻﺪ رﻳﺰداﻧﻪﻫﺎ در ﻣﻼت ،ﺗﻤﺎس اﻳﻦ داﻧﻪﻫﺎ ﺑﺎ ﻳﻜﺪﻳﮕﺮ اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ و ﺑﺎ ﻛﻢ ﺷـﺪن درﺻـﺪ
ﺧﻤﻴﺮ ،ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ ،ﺑﻨﺎﺑﺮاﻳﻦ ﺑﻪ آب ﺑﻴﺸﺘﺮي ﺑﺮاي ﭘﺮ ﻛﺮدن ﻓﻀﺎي ﺧﺎﻟﻲ ﻧﻴﺎز اﺳـﺖ .ﻻزم ﺑـﻪ ذﻛـﺮ
اﺳﺖ ﻛﻪ ﺑﺮاي ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ ،آب ﺑﻪ دام اﻓﺘﺎده ﻳﺎ ﻧﮕﻪداﺷﺘﻪ ﺗﻮﺳﻂ آﻧﻬﺎ ﻋﻤﻼً در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻧﻤﻲﺷﻮد.

ﺷﻜﻞ  -2راﺑﻄﻪ ﺑﻴﻦ ﻣﺴﺎﺣﺖ ﺟﺮﻳﺎن ﻧﺴﺒﻲ و ﻧﺴﺒﺖ

ﺷﻜﻞ  -3راﺑﻄﻪ ﺑﻴﻦ ﻧﺴﺒﺖ آب ﻧﮕﻪداﺷﺘﻪﺷﺪه و ﻧﺴﺒﺖ

ﺣﺠﻤﻲآب ﺑﻪ ﭘﻮدر

ﺣﺠﻤﻲرﻳﺰداﻧﻪﻫﺎ در ﻣﻼت

اﺟﺰاي دﻳﮕﺮ ﻣﺨﻠﻮط ﺧﻮدﺗﺮاﻛﻢ آب و ﻓﻮقروانﻛﻨﻨﺪه ﻫﺴﺘﻨﺪ .ﻧﻘﺶ اﺻﻠﻲ آب در ﺑـﺘﻦ ﺗـﺎزه ،ﺗـﺄﻣﻴﻦ ﻗﺎﺑﻠﻴـﺖ ﺗﻐﻴﻴـﺮ
ﺷﻜﻞ ﺑﻪ ﻣﻘﺪار ﻛﺎﻓﻲ اﺳﺖ .در ﺷﻜﻞ  1و  5آب آزاد )ﺑﻪ ﻣﻌﻨﺎي آب ﻣﻮﺟﻮد در ﺧﻤﻴﺮ ﻣﻨﻬﺎي آب ﮔﻴﺮ اﻓﺘﺎده ﺑﻪ وﺳـﻴﻠﻪ
ﭘﻮدر و ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ( ﺑﺮ ﺣﺴﺐ ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺴﺎﺣﺖ ﺟﺮﻳﺎن ﻧﺴﺒﻲ و ﺳﺮﻋﺖ ﻧﺴﺒﻲ ﻗﻴـﻒ ﺑـﺮاي ﺧﻤﻴـﺮ و ﻣـﻼت
رﺳﻢ ﺷﺪه اﺳﺖ ] .[31در ﻳﻚ ﻣﻘﺪار ﺛﺎﺑﺖ ﺳﻨﮕﺪاﻧﻪ رﻳﺰ ،ﻣﺴﺎﺣﺖ ﺟﺮﻳﺎن و ﺳﺮﻋﺖ ﻗﻴﻒ ﺑﺮاي ﺧﻤﻴﺮ و ﻣﻼت ﻣﺘﻨﺎﺳﺐ
ﺑﺎ ﻧﺴﺒﺖ آب آزاد ﺑﻪ ﭘﻮدر اﺳﺖ .ﻫﺮ ﭼﻪ ﻣﻘﺪار ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ ،ﻧﺴﺒﺖ ﺗﻨﺎﺳﺐ ﻛﺎﻫﺶ ﻳﺎﻓﺘـﻪ ،ﻣﻘـﺪار
آب آزاد ﺑﻴﺸﺘﺮي ﺑﺮاي اﻓﺰاﻳﺶ ﻣﺴﺎﺣﺖ ﺟﺮﻳﺎن و ﺳﺮﻋﺖ ﻗﻴﻒ ﻻزم اﺳﺖ.
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ﺷﻜﻞ  -1راﺑﻄﻪ ﺑﻴﻦ ﻧﺴﺒﺖ آب آزاد ﺑﻪ ﭘﻮدر و ﻣﺴﺎﺣﺖ

ﺷﻜﻞ  -5راﺑﻄﻪ ﺑﻴﻦ ﻧﺴﺒﺖ آب آزاد ﺑﻪ ﭘﻮدر و ﺳﺮﻋﺖ ﻧﺴﺒﻲ در

ﺟﺮﻳﺎن ﻧﺴﺒﻲ

ﻗﻴﻒ ][31

ﻧﻘﺶ ﻓﻮقروانﻛﻨﻨﺪه ﻧﻴﺰ ﻣﺸﺎﺑﻪ ﺑﺎ آب آزاد اﺳﺖ ،اﻣﺎ ﻣﻘﺎدﻳﺮ ﺑﺴﻴﺎر ﻛﻤﺘﺮي از آن ﺿـﺮوري اﺳـﺖ .ﺑـﺮﺧﻼف آب آزاد،
ﺗﻐﻴﻴﺮ ﻛﻢ در ﻓﻮقروانﻛﻨﻨﺪه ﺑﺎﻋﺚ ﺗﻐﻴﻴﺮ زﻳﺎد در ﻣﺴﺎﺣﺖ ﺟﺮﻳﺎن ﻣﻲﺷﻮد ،اﻣﺎ ﺗﻐﻴﻴـﺮات در ﺳـﺮﻋﺖ ﻗﻴـﻒ ﺑـﻪ ﻣﺮاﺗـﺐ
ﻛﻤﺘﺮ اﺳﺖ .ﻓﻮقروانﻛﻨﻨﺪه ،ﺑﺮ ﺧﻼف آب آزاد ،ﺑﺎﻋﺚ آب اﻧﺪاﺧﺘﮕﻲ ﻧﻤﻲﺷﻮد ،اﻣﺎ اﻳﺮاد اﺻـﻠﻲ آﻧﻬـﺎ اﻳـﻦ اﺳـﺖ ﻛـﻪ
ﻋﻤﻠﻜﺮدﺷﺎن ﺷﺪﻳﺪاً ﺑﻪ ﻧﻮع ﭘﻮدر ،دﻣﺎ ،ﮔﺬﺷﺖ زﻣﺎن و روش اﺧﺘﻼط ﺑﺴﺘﮕﻲ دارد.
اوﻛﺎﻣﻮرا و اوزاوا ﺑﺮ اﺳﺎس ﻣﻔﺎﻫﻴﻢ و ﻧﺘﺎﻳﺞ ﻓﻮق ،اﺻﻮل ﻃﺮح اﺧﺘﻼط ﺧﻮد را ﺑﻪ ﺷﺮح زﻳﺮ اراﺋﻪ ﻣﻲدﻫﻨﺪ ] 6 ،5و :[31
 -1ﺑﺎ ﺑﺎﻻ رﻓﺘﻦ درﺻﺪ ﺳﻨﮕﺪاﻧﻪ درﺷﺖ ،اﺣﺘﻤﺎل ﺗﻤﺎس ﺑﻴﻦ آﻧﻬﺎ و ﻣﺴﺪود ﺷﺪن ﻓﻀﺎي ﺑﻴﻦ ﻣﻮاﻧﻊ اﻓﺰاﻳﺶ ﻣـﻲﻳﺎﺑـﺪ.
ﺑﻨﺎﺑﺮاﻳﻦ درﺻﺪ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ را ﺑﺎﻳﺪ ﻣﺤﺪود ﻛﺮد .ﺑﺮاي اﻳﻦ ﻣﻨﻈﻮر ،درﺻﺪ ﺳﻨﮕﺪاﻧﻪ درﺷﺖ ﻧـﺴﺒﺖ ﺑـﻪ ﺣﺠـﻢ
ﻛﻞ ﺟﺎﻣﺪات ﻣﻬﻢﺗﺮ از ﻣﻘﺪار ﺳﻨﮕﺪاﻧﻪ اﺳﺖ و آن را ﺑﺎﻳﺪ ﺑﻪ  %50ﻛﻞ ﺟﺎﻣﺪ ﻣﺤﺪود ﺳﺎﺧﺖ.
 -2ﻣﻘﺪار ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ ﺑﺎﻳﺪ ﻣﺤﺪود ﺷﺪه و ﻣﻌﺎدل  %40ﺣﺠﻢ ﻣﻼت ﺑﺎﺷﺪ .ذرات رﻳﺰﺗﺮ از  90ﻣﻴﻜﺮون ﻣﻮﺟﻮد در
ﺳﻨﮕﺪاﻧﻪ رﻳﺰ ،ﺑﺎﻳﺪ ﺟﺰو ﭘﻮدر در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﻮد .اﮔﺮ از ﺧﻤﻴﺮ ﻣﻨﺎﺳﺒﻲ اﺳﺘﻔﺎده ﺷﻮد و ﻣﻘﺪار ﺳﻨﮕﺪاﻧﻪ رﻳﺰ ﺑﻪ اﻳﻦ ﻣﻘﺪار
ﻣﺤﺪود ﺷﻮد ،ﺑﺮﺧﻮرد ﭼﻨﺪاﻧﻲ ﺑﻴﻦ ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ رخ ﻧﺨﻮاﻫﺪ داد.
3ـ ﻧﺴﺒﺖ ﺣﺠﻤﻲآب ﺑﻪ ﭘﻮدر ﺑﻴﻦ  0/9ﺗﺎ  ،1/0ﺑﺴﺘﻪ ﺑﻪ ﺧﻮاص ﭘﻮدر ،درﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد.
4ـ ﻣﻘﺪار ﻓﻮقروانﻛﻨﻨﺪه و ﻧﺴﺒﺖ ﻧﻬﺎﻳﻲ آب ﺑﻪ ﭘﻮدر ﺑﻪ ﮔﻮﻧﻪاي ﺗﻨﻈﻴﻢ ﺷﻮد ﻛﻪ ﺧﻮدﺗﺮاﻛﻤﻲﺑﻪ دﺳﺖ آﻳﺪ.
در ﻃﺮح اﺧﺘﻼط ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ ،اﺑﺘﺪا ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺛﺎﺑﺖ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد ﺗﺎ ﻣﻘﺎوﻣﺖ ﻛﺎﻓﻲ ﺑﻪ دﺳﺖ آﻳﺪ .اﻣﺎ
در ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ،ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺣﺴﺎﺳﻴﺖ و واﺑﺴﺘﮕﻲ ﺷﺪﻳﺪ ﺧﻮدﺗﺮاﻛﻤﻲﺑﻪ ﻧﺴﺒﺖ آب ﺑﻪ ﭘـﻮدر ،اﻳـﻦ ﻧـﺴﺒﺖ ﺑﺎﻳـﺪ
ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲﺗﻨﻈﻴﻢ ﺷﻮد .ﺑﺮاي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،در اﻛﺜﺮ اوﻗﺎت ،ﻣﻘﺎوﻣﺖ ﺗﻌﻴـﻴﻦﻛﻨﻨـﺪة ﻧـﺴﺒﺖ آب ﺑـﻪ
ﭘﻮدر ﻧﻴﺴﺖ ،زﻳﺮا ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر ﺟﻬﺖ دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﻣﻘﺎوﻣﺖ ﻻزم ﺑﺮاي اﻛﺜﺮ ﺳﺎزهﻫﺎ ،ﺑﻪ اﻧﺪازة ﻛـﺎﻓﻲ ﻛـﻢ اﺳـﺖ،
ﻣﮕﺮ اﻳﻦ ﻛﻪ ﺑﻴﺸﺘﺮ ﻣﻮاد ﭘﻮدري اﺳﺘﻔﺎده ﺷﺪه ،از ﻧﻮع ﻏﻴﺮواﻛﻨﺶزا ﺑﺎﺷﻨﺪ.
ﻧﺎﮔﺎﻣﻮﺗﻮ ) [34] (Nagamotoﺑﺎ ﻣﻄﺎﻟﻌﺎت ﺗﺠﺮﺑﻲ ،ﺻﺤﺖ روش ﻣﺬﻛﻮر در ﻓﻮق را ﺑﺮرﺳﻲ ﻛﺮد .ﻧﺘﺎﻳﺞ ﻧـﺸﺎن داد ﻛـﻪ
اﻓﺰاﻳﺶ ﻣﻘﺎدﻳﺮ ﺳﻨﮕﺪاﻧﻪ درﺷﺖ ﺑﻪ ﺑﻴﺶ از  50درﺻﺪ ﻧﺴﺒﺖ ﺑﻪ ﻣﻮاد ﺟﺎﻣﺪ ،ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﺧﻮاص ﺧـﻮدﺗﺮاﻛﻤﻲﺑـﻪ
ﺷﺪت و ﺑﻪ ﺻﻮرت ﻏﻴﺮ ﺧﻄﻲ ﺳﻘﻮط ﻛﻨﺪ .ﺗﻐﻴﻴﺮ ﻣﻘﺪار ﺳﻨﮕﺪاﻧﻪ رﻳﺰ از  40درﺻﺪ ﺣﺠﻢ ﻣﻼت ﺑﻪ  45درﺻﺪ ،ﺑـﺎ ﺛﺎﺑـﺖ
ﻧﮕﺎه داﺷﺘﻦ درﺻﺪ ﺳﻨﮕﺪاﻧﻪ درﺷﺖ ،ﺑﺎﻋﺚ ﺗﻐﻴﻴﺮ ﭼﻨﺪاﻧﻲ در ﺧﻮاص ﺧﻮدﺗﺮاﻛﻤﻲﻧﺸﺪ .ﺗﻐﻴﻴﺮ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷـﺖ ،ﺑـﺎ
ﺛﺎﺑﺖ ﻧﮕﺎه داﺷﺘﻦ درﺻﺪ ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ ،ﺗﻐﻴﻴﺮي در ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر اﻳﺠـﺎد ﻧﻜـﺮد ،وﻟـﻲ ﻧﻴـﺎز ﺑـﻪ ﺗﻐﻴﻴـﺮ ﻣﻘـﺪار
ﻓﻮقروانﻛﻨﻨﺪه ﻣﻲﺑﺎﺷﺪ.
داﻣﻮن ] 68 [35ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ اﺳﺘﻔﺎده ﺷﺪه در ﭘﺮوژهﻫﺎي ﻣﺨﺘﻠﻒ را آﻧـﺎﻟﻴﺰ ﻛـﺮده اﺳـﺖ .آﻧـﺎﻟﻴﺰ اﻳـﻦ
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ﻃﺮحﻫﺎ ،اﺻﻮل اراﺋﻪ ﺷﺪه در ﻃﺮح اﺧﺘﻼط اوﻛﺎﻣﻮرا را ﺗﺎﺋﻴﺪ ﻣﻲﻧﻤﺎﻳﺪ .وي اﺟﺰاي ﻛﻠﻴﺪي ﻣﺨﻠـﻮطﻫـﺎ ،ﺷـﺎﻣﻞ درﺻـﺪ
ﺣﺠﻤﻲدرﺷﺖداﻧﻪﻫﺎ ،درﺻﺪ ﺣﺠﻤﻲﺧﻤﻴﺮ ،درﺻﺪ وزﻧﻲ ﭘﻮدر ،ﻧﺴﺒﺖ وزﻧﻲ آب ﺑﻪ ﭘﻮدر و ﺣﺠﻢ رﻳﺰداﻧـﻪﻫـﺎ ﺑـﻪ ﺣﺠـﻢ
ﻣﻼت را ﺑﺤﺚ و ﺑﺮرﺳﻲ ﻛﺮد .ﺑﺮ اﻳﻦ اﺳﺎس ﻣﻴﺎﻧﮕﻴﻦ درﺻﺪ ﺣﺠﻤﻲﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ  ،31/2درﺻﺪ ﺣﺠﻤﻲﺧﻤﻴـﺮ
 ،34/8ﻣﻘﺪار ﭘﻮدر  500ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ ،ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر  0/34ﺑﻮده اﺳﺖ .ﺑﻪ اﺳﺘﺜﻨﺎي دو ﻣـﻮرد ،ﻣﺤﺘـﻮاي
ﭘﻮدر در ﻣﺤﺪودة 625ـ 425ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮﻣﻜﻌﺐ و  ٪80آن در ﻣﺤﺪودة 605ــ 445ﻛﻴﻠـﻮﮔﺮم ﺑﺮﻣﺘﺮﻣﻜﻌـﺐ ﺑـﻮده
اﺳﺖ .ﺣﺪود ﻧﺼﻒ ﻣﺨﻠﻮطﻫﺎ داراي  VMAﺑﻮدﻧﺪ ﻛﻪ ﻣﻨﺠﺮ ﺑﻪ ﭘﺎﻳﺪاري ﻣﺨﻠﻮطﻫﺎي ﺑﺎ درﺻﺪ ﻛﻤﺘـﺮ ﭘـﻮدر )ﺑـﺎ ﻳـﻚ
ﺗﻔﺎوت ﺣﺪود  30 Kg/m3در ﻣﻘﺪار ﻣﻴﺎﻧﮕﻴﻦ( ﺷﺪه اﺳﺖ .ﻧﺴﺒﺖﻫﺎي آب ﺑﻪ ﭘـﻮدر در ﻣﺤـﺪودة  0/26ﺗـﺎ  0/48ﺑـﻮده
اﺳﺖ ﻛﻪ  ٪80آن در ﻣﺤﺪودة  0/28-0/42ﻗﺮار ﻣﻲﮔﻴﺮد.
ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر داراي اﺛﺮﻫﺎي ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﺑﺮ روي ﺧﻮاص ﺑـﺘﻦﻫـﺎي ﺗـﺎزه و ﺳـﺨﺖ ﺷـﺪه اﺳـﺖ ،اﻣـﺎ در ﺑـﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ ،اﻏﻠﺐ اﻳﻦ ﺧﻮاص ﺑﺘﻦ ﺗﺎزه اﺳﺖ ﻛﻪ ﻣﺤﺪودﻛﻨﻨﺪه اﻳﻦ ﻧﺴﺒﺖ در ﻣﺨﻠﻮط ﻣﻲﺑﺎﺷـﺪ .ﺑـﺮﺧﻼف آن ،ﺗﺮﻛﻴـﺐ
ﭘﻮدر اﺛﺮ ﻣﻬﻤﺘﺮي روي ﻓﺮآﻳﻨﺪ ﻫﻴﺪراﺳﻴﻮن )و در ﻧﺘﻴﺠﻪ ﮔﺮﻣﺎي آزاد ﺷﺪه ،ﻣﻘﺎوﻣﺖ و ﻏﻴﺮه( دارد و ﻟـﺬا ﺑـﺮاي ﻛﻨﺘـﺮل
اﻳﻦ ﺧﻮاص ﺑﻪ ﻛﺎر ﻣﻲرود .از ﻧﻈﺮ درﺻﺪ ﭘﻮدر ،ﺗﻔﺎوت روﺷﻨﻲ را ﺑﺮاي ﻣﺨﻠﻮطﻫﺎي داراي  VMAو ﺑﺪون آن ﻧـﺸﺎن
ﻣﻲدﻫﺪ .در ﻫﻨﮕﺎم ﺗﻮﺳﻌﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﻣﺨﻠﻮطﻫﺎ ﺑـﺴﺘﻪ ﺑـﻪ روش ﺑـﻪ دﺳـﺖ آوردن ﻟﺰﺟـﺖ ﺧﻤﻴـﺮي ﻣﻨﺎﺳـﺐ و
ﺟﻠﻮﮔﻴﺮي از ﺟﺪاﺷﺪﮔﻲ ،ﺑﻪ ﺳﻪ دﺳﺘﻪ ﺗﻘﺴﻴﻢ ﻣﻲﺷﺪﻧﺪ ] 15 ،14و :[35
 -1ﺑﺮﭘﺎﻳﻪ ﭘﻮدر ،ﺑﺎ ﻧﺴﺒﺖﻫﺎي ﺑﺴﻴﺎر ﭘﺎﻳﻴﻦ آب ﺑﻪ ﭼﺴﺒﺎﻧﻨﺪه ،ﻣﻘﺪار ﺑﺎﻻي ﭘﻮدر و ﻣﻘﺎدﻳﺮ ﺑﺎﻻي ﻓﻮق روانﻛﻨﻨﺪه.
 -2ﺑﺮﭘﺎﻳﻪ  ،VMAﺑﺎ ﻧﺴﺒﺖﻫﺎي ﺑﺎﻻﺗﺮ آب ﺑﻪ ﭼﺴﺒﺎﻧﻨﺪه و ﻣﻘﺎدﻳﺮ ﻗﺎﺑﻞ ﻣﻼﺣﻈﻪ .VMA
 -3ﻧﻮع ﻣﺨﻠﻮط داراي ﻣﻘﺎدﻳﺮ ﻣﺘﻮﺳﻂ اﻳﻦ دو )ﻳﻌﻨﻲ ﻧﺴﺒﺖ ﻣﺘﻮﺳﻂ ﺗﺎ ﭘﺎﻳﻴﻦ آب ﺑﻪ ﭼﺴﺒﺎﻧﻨﺪه ﺑﺎ ﻣﻘﺪاري .(VMA
ﻣﺮور داﻣﻮن ] [35ﻧﺸﺎن داد ﻛﻪ ﻋﻤﺪة ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﻳﺎ ﺑﺮ ﭘﺎﻳﻪ ﭘﻮدر ﻳﺎ از ﻧﻮع ﻣﺨﻠـﻮط ﺑﻮدﻧـﺪ و ﻓﻘـﻂ در ﻣـﻮارد
اﻧﺪﻛﻲ از ﭘﺎﻳﺔ  VMAاﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .در ﻋﻴﻦ ﺣﺎل ﻳﻚ اﻣﺘﻴﺎز اﺳﺘﻔﺎده از VMAﻫـﺎ اﻳـﻦ اﺳـﺖ ﻛـﻪ ﺣـﺴﺎﺳﻴﺖ
ﻧﺴﺒﺖ ﺑﻪ ﺑﺮﺧﻲ ﺗﻐﻴﻴﺮات ﻣﺨﻠﻮط ،ﻣﺎﻧﻨﺪ داﻧﻪﺑﻨﺪي ﻳﺎ درﺻﺪ رﻃﻮﺑﺖ ﺳﻨﮕﺪاﻧﻪ را ﻛﺎﻫﺶ ﻣﻲدﻫﻨﺪ.
ﺗﺮﻛﻴﺒﺖ ﻣﻼت ﺑﺮﺣﺴﺐ درﺻﺪ ﺣﺠﻤﻲرﻳﺰداﻧﻪﻫﺎ ﺑﻴﻦ  0/38ﺗـﺎ  0/54ﻣﺘﻐﻴـﺮ ﺑـﻮد ﻛـﻪ  80درﺻـﺪ از آن در ﻣﺤـﺪودة
52ـ 41درﺻﺪ ﻗﺮار ﻣﻲﮔﻴﺮد .آﻧﺎﻟﻴﺰ اﻃﻼﻋﺎت ﻧﺸﺎن داد ﻛﻪ ﻛﻨﺘﺮل درﺻﺪ ﺳـﻨﮕﺪاﻧﻪ ،ﺧﻤﻴـﺮ و درﺻـﺪ رﻳﺰداﻧـﻪ ﻣـﻼت،
ﻣﻬﻢﺗﺮ از ﻛﻨﺘﺮل درﺻﺪ ﭘﻮدر و ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر ﺑﻮده اﺳﺖ.
ﻧﺎن ﺳﻮ ] [10ﻧﻴﺰ ﻳﻚ روش ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑـﺘﻦﻫـﺎي ﺧـﻮدﺗﺮاﻛﻢ ﭘﻴـﺸﻨﻬﺎد داده اﺳـﺖ ﻛـﻪ در آن اﺑﺘـﺪا ﻣﻘـﺪار
ﺳﻨﮕﺪاﻧﻪ ﻣﻮرد ﻧﻴﺎز ﺗﻌﻴﻴﻦ و ﺳﭙﺲ ﺧﻤﻴﺮ ﭼﺴﺒﺎﻧﻨﺪه داﺧﻞ ﺣﻔﺮات ﺳﻨﮕﺪاﻧﻪﻫﺎ ﭘﺮ ﻣﻲﺷﻮد ﺗﺎ از ﺧﻮاص ﺟﺮﻳـﺎنﭘـﺬﻳﺮي،
ﺳﺎﻳﺮ ﺧﻮاص ﺧﻮدﺗﺮاﻛﻤﻲاﻃﻤﻴﻨﺎن ﺣﺎﺻﻞ ﺷﻮد .اﻳﻦ روش ﺳﺎدهﺗﺮ از روشﻫﺎي ﻗﺒﻠﻲ ،از ﺟﻤﻠـﻪ روش اوﻛـﺎﻣﻮرا ،ﺑـﻮد.
ﻧﻜﺘﻪ اﺳﺎﺳﻲ ﻃﺮح اﺧﺘﻼط ﺳﻮ ،اﻳﻦ اﺳﺖ ﻛﻪ ﺧﻤﻴﺮ ﭼﺴﺒﺎﻧﻨﺪه ﺑﻪ داﺧﻞ ﻗﺎﻟﺒﻲ رﻳﺨﺘﻪ ﺷﻮد ﻛﻪ ﺳـﻨﮕﺪاﻧﻪﻫـﺎ در آن ﺑـﻪ
ﺻﻮرت ﻏﻴﺮ ﻓﺸﺮده رﻳﺨﺘﻪ ﺷﺪهاﻧﺪ .ﺳﻮ ذﻛﺮ ﻣﻲﻛﻨﺪ ﻛﻪ ﻃﺒﻖ  ASTM C29اﻧﺘﻈﺎر ﻣﻲرود ﻛـﻪ ﻓـﻀﺎي ﺧـﺎﻟﻲ ﻣﻴـﺎن
ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻴﻦ  42ﺗﺎ  48درﺻﺪ ﺣﺠﻤﻲﺑﺎﺷﺪ .ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  SCCﺑﻪ وﺳﻴﻠﻪ ﭼﺴﺒﺎﻧﺪن ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻪ وﺳﻴﻠﻪ ﺧﻤﻴﺮ
در ﺣﺎﻟﺖ ﺳﺨﺖﺷﺪه ﺗﺄﻣﻴﻦ ﻣﻲﺷﻮد ،در ﺣﺎﻟﻲﻛﻪ ﻛﺎراﻳﻲ  SCCﺑﺎﻳﺪ ﺑﻪ وﺳﻴﻠﻪ ﺧﻤﻴﺮ ﭼﺴﺒﺎﻧﻨﺪه در ﺣﺎﻟﺖ ﺗﺎزه ﺑﻪ دﺳـﺖ
آﻳﺪ .ﺳﻮ ﺑﺮاي ﺑﻪ دﺳﺖ آوردن ﻣﻨﺎﺳﺐ ﺧﺎﺻﻴﺖ ﺧﻮدﺗﺮاﻛﻤﻲاز راﻫﻨﻤﺎي اراﺋﻪ ﺷﺪه ﺗﻮﺳﻂ اﻧﺠﻤـﻦ ﻣﻬﻨﺪﺳـﻴﻦ ﻋﻤـﺮان
ژاﭘﻦ ] [37اﺳﺘﻔﺎده ﻛﺮد) .ﺟﺪول (1
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ﺟﺪول  :1وﻳﮋﮔﻲﻫﺎي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﭘﻴﺸﻨﻬﺎدﺷﺪه ﺗﻮﺳﻂ اﻧﺠﻤﻦ ﻣﻬﻨﺪس ﻋﻤﺮان ژاﭘﻦ ][37
ﻛﻼس ﻗﺎﺑﻠﻴﺖ ﭘﺮﺷﺪن ﺑﺘﻦ

1

2

3

ﺷﺮاﻳﻂ ﺳﺎﺧﺖ :ﺣﺪاﻗﻞ ﻓﺎﺻﻠﻪ ﺑﻴﻦ ﺗﻘﻮﻳﺖﻛﻨﻨﺪهﻫﺎ )(mm
ﻣﻘﺪار ﺗﻘﻮﻳﺖﻛﻨﻨﺪهﻫﺎ )(kg/m3
ارﺗﻔﺎع ﭘﺮﺷﺪن آزﻣﻮن ﺟﻌﺒﻪ (mm) U
ﺣﺠﻢ ﻣﻄﻠﻖ ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ ﺑﻪ ازاي ﺣﺠﻢ (m3/m3) SCC
ﺟﺮﻳﺎنﭘﺬﻳﺮي :ﺟﺮﻳﺎن اﺳﻼﻣﭗ )(mm
ﻣﻘﺎوﻣﺖ ﺑﻪ ﺟﺪاﺷﺪﮔﻲ ﺳﻨﮕﺪاﻧﻪ:
زﻣﺎن ﻻزم ﺑﺮاي ﺟﺮﻳﺎن از ﻗﻴﻒ (s) V
زﻣﺎن ﻻزم ﺑﺮاي رﺳﻴﺪن ﺟﺮﻳﺎن اﺳﻼﻣﭗ ﺑﻪ (s) 500 mm

30-60
≥350
)≥300(RankR1
0/28-0/3
650-750

60-200
100-350
)≥300(RankR2
0/30-0/33
600-700

≥200
≤100
)≥300(RankR3
0/30-0/36
500-650

10-20
5-25

7-20
3-15

7-20
3-15

در روش ﺳﻮ اﺑﺘﺪا ﺑﺎ اﺳﺘﻔﺎده از ﻣﻔﻬﻮم درﺟﻪ ﺗﺮاﻛﻢ ،ﻣﻘﺎدﻳﺮ ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ و درﺷـﺖ ﻣﺤﺎﺳـﺒﻪ ﻣـﻲﺷـﻮد .اﻧﺠﻤـﻦ
ﻣﻌﻤﺎران ژاﭘﻦ ] [38ﺳﻪ ﮔﺮوه  20 ،15و  25ﻣﻴﻠﻲﻣﺘﺮ را ﺑﺮاي ﺣﺪاﻛﺜﺮ اﻧﺪازه ﺳﻨﮕﺪاﻧﻪ ﻣﺸﺨﺺ ﻣﻲﻛﻨﺪ ،ﻛﻪ اﻧﺪازة 20
ﻣﻴﻠﻲﻣﺘﺮ از ﻫﻤﻪ راﻳﺞﺗﺮ اﺳﺖ .ﻫﻤﭽﻨﻴﻦ ﭘﻴﺸﻨﻬﺎد ﺷﺪه اﺳﺖ ﻛﻪ ﻣﻘﺪار ﺳﻨﮕﺪاﻧﻪﻫـﺎي درﺷـﺖ ﺣـﺪود  50درﺻـﺪ وزن
واﺣﺪ ﻣﺘﺮاﻛﻢ ﺷﺪة ﺧﺸﻚ )ﻃﺒﻖ  (ASTM C29ﺑﺎﺷﺪ .ﻣﻘﺪار ﻫﻮاي ﻻزم ﺑﺴﺘﮕﻲ ﺑﻪ دﻣـﺎ دارد .ﺑـﻪ ﻋﻨـﻮان ﻣﺜـﺎل در
ﻣﻨﺎﻃﻖ ﺳﺮدﺳﻴﺮ ﺣﺪود  4/5درﺻﺪ و در ﺟﺎﻫﺎﻳﻲ ﻛﻪ ﺧﻄﺮ ﻳﺦزدﮔﻲ و آبﺷﺪن وﺟﻮد ﻧﺪارد ،ﺣﺪود  1/5درﺻﺪ ،ﺑﺴﺘﻪ ﺑﻪ
روش ﺳﺎﺧﺖ و ﻧﻮع و ﻣﻘﺪار ﻓﻮقروانﻛﻨﻨﺪه ،ﻣﻲﺑﺎﺷﺪ .ﺳـﭙﺲ ﻣﻘـﺪار ﺳـﻴﻤﺎن ﺑﺎﻳـﺪ ﻣﺤﺎﺳـﺒﻪ ﺷـﻮد .ﺑـﺮاي ﺗـﻀﻤﻴﻦ
ﺟﺮﻳﺎنﭘﺬﻳﺮي و ﻣﻘﺎوﻣﺖ ﺧﻮب ﺑﻪ ﺟﺪاﺷﺪﮔﻲ ،ﻣﻘﺪار ﭘﻮدرﻫﺎ ﻧﺒﺎﻳﺪ ﻛﻢ ﺑﺎﺷـﺪ .ﺑﺮاﺳـﺎس راﻫﻨﻤـﺎي اﻧﺠﻤـﻦ ﻣﻬﻨﺪﺳـﻴﻦ
ﻋﻤﺮان ژاﭘﻦ ] ،[37ﺣﺪاﻗﻞ ﻣﻘﺪار ﺳﻴﻤﺎن ﻛﻪ ﺑﺮاي ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ و دوام ﺑﺎﻻ ﺑﺎﻳﺪ اﺳﺘﻔﺎده ﺷﻮد ،ﺑـﻪ ﺗﺮﺗﻴـﺐ  270و
 290ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮﻣﻜﻌﺐ اﺳﺖ .ﻃﺒﻖ ﺳﻮ ] [10ﺑﺮاي ﺳﻴﻤﺎنﻫﺎي ﺗﻮﻟﻴـﺪي در ﺗـﺎﻳﻮان ،ﻫـﺮ ﻛﻴﻠـﻮﮔﺮم ﺳـﻴﻤﺎن ،در
ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ و ﺗﻮاﻧﻤﻨﺪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻌﺎدل ) 0/14 (MPaﺗﺄﻣﻴﻦ ﻣـﻲﻧﻤﺎﻳـﺪ و از اﻳـﻦ ﻋـﺪد ﺑـﺮاي ﺗﻌﻴـﻴﻦ
ﺳﻴﻤﺎن ﻻزم اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .ﺑﺮاي ﻣﺤﺎﺳﺒﻪ ﻣﻘﺪار آب اﺧﺘﻼط ﻻزم ﺑـﺮاي ﺳـﻴﻤﺎن ،ﻣـﺸﺎﺑﻪ ﺑـﺎ ﺑـﺘﻦ ﻣﻌﻤـﻮﻟﻲ ،از
 [39] ACI 318اﺳﺘﻔﺎده ﺷﺪ .در ﻣﺮﺣﻠﻪ ﺑﻌﺪ ،ﻣﻘﺎدﻳﺮ ﭘﻮدرﻫﺎ ﻣﺤﺎﺳﺒﻪ ﻣﻲﺷﻮد .ﻣﻘﺎدﻳﺮ زﻳﺎد ﻣﺼﺎﻟﺢ ﭘﻮدري ﺑﺎﻳﺪ اﺿـﺎﻓﻪ
ﺷﻮد ﺗﺎ ﺟﺮﻳﺎنﭘﺬﻳﺮي و ﺧﻮدﺗﺮاﻛﻤﻲاﻓﺰاﻳﺶ ﻳﺎﺑﺪ ،اﻣﺎ ﻣﻘﺪار اﺿﺎﻓﻲ ﺳﻴﻤﺎن ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﻫﺰﻳﻨﻪﻫﺎ و ﺟﻤﻊﺷﺪﮔﻲ ﻧﺎﺷﻲ
از ﺧﺸﻚ ﺷﺪن ﺧﻮاﻫﺪ ﺷﺪ .ﺑﻪ ﻋﻼوه اﻓﺖ اﺳﻼﻣﭗ اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﻴﺰ ﺑﻴـﺸﺘﺮ از ﻣﻘـﺪار ﻻزم ﻃـﺮح
ﺧﻮاﻫﺪ ﺷﺪ .ﺑﻨﺎﺑﺮاﻳﻦ در ﻳﻚ ﻃﺮح اﺧﺘﻼط ﻣﻨﺎﺳﺐ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺎﻳﺪ ﻣﻘﺪار ﻣﻨﺎﺳﺐ ﺳﻴﻤﺎن و ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن را
ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣﺖ ﻻزم ﺗﻨﻈﻴﻢ و در ﻛﻨﺎر آن ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺧـﻮدﺗﺮاﻛﻤﻲو ﻣﻘﺎوﻣـﺖ ﺑـﻪ ﺟﺪاﺷـﺪﮔﻲ از ﻣـﻮاد
ﭘﻮدري دﻳﮕﺮ )ﻏﻴﺮ از ﺳﻴﻤﺎن( اﺳﺘﻔﺎده ﻛﺮد .ﻣﻘﺎدﻳﺮ ﻓـﻮقروانﻛﻨﻨـﺪه و آب در ﻣﺮﺣﻠـﻪ ﺑﻌـﺪي ﺗﻌﻴـﻴﻦ و ﻣﺨﻠـﻮطﻫـﺎي
ﺗﺠﺮﺑﻲ ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺧﻮاص ﻣﻮرد ﻧﻈﺮ ﺧﻮدﺗﺮاﻛﻤﻲو ﻣﻘﺎوﻣﺖ ﺳﺎﺧﺘﻪ ﻣﻲﺷﻮد.
وﻧﮕﺎﻻ ) [40] (Vengalaﺑﺎ آزﻣﺎﻳﺶﻫﺎي ﻣﺨﺘﻠﻒ ،روش ﺳﺎده زﻳﺮ را ﺑﺮاي ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ اراﺋـﻪ ﻛـﺮده
اﺳﺖ:
 -1اﺑﺘﺪا ﻳﻚ اﺧﺘﻼط ﻣﻌﻤﻮﻟﻲ ﺑﺎ اﺳﺘﻔﺎده از ﻃﺮح اﺧﺘﻼط  ACIﻳﺎ ﻫﺮ روش ﭘﺬﻳﺮﻓﺘﻪ ﺷﺪه دﻳﮕـﺮ ﺑـﺎ اﺳـﻼﻣﭗ 100
ﻣﻴﻠﻲﻣﺘﺮ ﺑﺪون اﺳﺘﻔﺎده از ﻓﻮقروانﻛﻨﻨﺪه ﺗﻬﻴﻪ ﻣﻲﺷﻮد.
 -2ﺑﺎ اﻓﺰودن ﻓﻮق روانﻛﻨﻨﺪه ﺑﻪ ﻃﺮح اﺧﺘﻼط ﻓﻮق ،ﻳﻚ اﺳﻼﻣﭗ  160ﺗﺎ  180ﻣﻴﻠﻲﻣﺘـﺮ ﺑـﻪ دﺳـﺖ ﻣـﻲآﻳـﺪ .در
ﺻﻮرت ﻣﺸﺎﻫﺪه ﻫﺮﮔﻮﻧﻪ ﺟﺪاﺷﺪﮔﻲ ﻳﺎ آب اﻧﺪاﺧﺘﮕﻲ ﻇـﺎﻫﺮي ،ﻗـﺴﻤﺘﻲ از ﺳـﻨﮕﺪاﻧﻪﻫـﺎي درﺷـﺖ ﺑـﻪ وﺳـﻴﻠﻪ
ﺳﻨﮕﺪاﻧﻪ رﻳﺰ ﺟﺎﻳﮕﺰﻳﻦ ﺷﻮد .درﺻﺪ ﺟﺎﻳﮕﺰﻳﻨﻲ اﻧﺪك و ﺣﺪود  ٪5در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد.
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 -3ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﺳﻨﮕﺪاﻧﻪ درﺷﺖ ﺑﺎ ﻳـﻚ ﭘـﻮدر رﻳـﺰ ﺟـﺎﻳﮕﺰﻳﻦ ﻣـﻲﺷـﻮد .ﺑـﺮاي اﻳـﻦ ﻛـﺎر از
اﻓﺰاﻳﺶﻫﺎي  5درﺻﺪي اﺳﺘﻔﺎده ﺷﻮد ﺗﺎ ﻳﻚ ﺟﺮﻳﺎن اﺳﻼﻣﭗ  500ﺗﺎ  700ﻣﻴﻠﻲﻣﺘﺮ ﺑﻪ دﺳﺖ آﻳﺪ .ﺑﺮاي ارزﻳﺎﺑﻲ
ﻗﺎﺑﻠﻴﺖ ﻋﺒﻮر ﺑﺎﻳﺪ از آزﻣﻮنﻫﺎي ﻗﻴﻒ  Vو ﺟﻌﺒﻪ  Lاﺳﺘﻔﺎده ﺷﻮد .آزﻣﻮنﻫﺎ و ﺷﺎﺧﺺﻫﺎي ﻣﻮرد ﻧﻴﺎز ﺑـﺮاي اﻳـﻦ
ارزﻳﺎﺑﻲ ﺑﺤﺚ ﺷﺪه اﺳﺖ ].[40
 -4در ﺻﻮرت ﻧﻴﺎز ،اﻓﺰودﻧﻲ  VMAﻧﻴﺰ ﺑﻪ ﻣﺨﻠﻮط اﻓﺰوده ﺷﻮد.
روشﻫﺎي اﺧﺘﻼط دﻳﮕﺮي ﻧﻴﺰ ﺗﻮﺳﻂ ﭘﮋوﻫﺸﮕﺮان ﺑﺮرﺳﻲ و اراﺋﻪ ﺷﺪه اﺳﺖ .ﺑﺮﺧﻲ از اﻳـﻦ ﻃـﺮحﻫـﺎ ﺑـﺮاي ﺑﺮرﺳـﻲ
اﻣﻜﺎن اﺳﺘﻔﺎده از ﻣﺼﺎﻟﺢ ارزان ﻣﺤﻠﻲ اراﺋﻪ ﺷﺪهاﻧﺪ ] .[44 - 41ﺑﺮﺧﻲ دﻳﮕﺮ ﻧﻴﺰ ﻣﺎﻧﻨﺪ ﻃـﺮح اوزﺑـﺎي )[45] (Ozbay
ﺣﺎوي ﻣﻄﺎﻟﻌﺎت ﻋﻤﻴﻖﺗﺮ ﺑﺎ ﺑﺮرﺳﻲ ﭼﻨﺪﻳﻦ ﭘﺎراﻣﺘﺮ ﻣﺨﺘﻠﻒ اﺳﺖ .ﺧﻴﺎط ] 46و  [47ﺑﺮاي ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ ﻣﺨﻠـﻮط ﺑـﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ ،از ﻣﺪلﻫﺎي آﻣﺎري اﺳﺘﻔﺎده و روي آﻧﻬﺎ ﺑﺤﺚ ﻧﻤﻮده اﺳﺖ .وي ﺧﻮاص ﺧﻮدﺗﺮاﻛﻤﻲو ﻣﻘﺎوﻣﺖ ﻓـﺸﺎري 28
روزه ﻣﺨﻠﻮطﻫﺎ را ﺑﺮ اﺳﺎس آزﻣﻮنﻫﺎي ﻣﺘﻌﺪد و روشﻫﺎي آﻣﺎري ﺑﺎ ﺳﻨﺠﻪﻫﺎي ﻣﻘﺪار ﺳﻴﻤﺎن ،ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن،
ﻏﻠﻈﺖﻫﺎي اﺻﻼحﻛﻨﻨﺪه ﻟﺰﺟﺖ و ﻓﻮقروانﻛﻨﻨﺪه و ﺣﺠﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﻫﻤﺒﺴﺘﻪ ﻛﺮده اﺳﺖ .ﺿﺮاﻳﺐ ﻫﻤﺒﺴﺘﮕﻲ ﺧﻮﺑﻲ
ﺑﺮاي رواﺑﻂ ﺑﻪ دﺳﺖ آﻣﺪه و ﮔﺰارش ﺷﺪه اﺳﺖ ] .[47اﺛﺮﮔﺬاري ﻫﺮ ﻳﻚ از ﺳﻨﺠﻪﻫﺎ ﻧﻴﺰ ﺑﺮرﺳﻲ ﺷﺪه اﺳﺖ.
 -6ﻣﻮاد ﻓﻮقروانﻛﻨﻨﺪه و اﺻﻼحﻛﻨﻨﺪهﻫﺎي ﻟﺰﺟﺖ
دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺪون اﺳـﺘﻔﺎده از ﻣـﻮاد اﻓﺰودﻧـﻲ ﺷـﻴﻤﻴﺎﻳﻲ ﺟﺪﻳـﺪ ﺑـﻪ اﻳـﻦ ﺻـﻮرت اﻣﻜـﺎنﭘـﺬﻳﺮ ﻧﺒـﻮد.
ﭘﮋوﻫﺶﻫﺎي ﻓﺮاواﻧﻲ روي اﺛﺮ ﻣﻮاد اﻓﺰودﻧﻲ ﻓﻮقروانﻛﻨﻨﺪه و اﺻﻼحﻛﻨﻨﺪهﻫﺎي ﻟﺰﺟـﺖ در ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﺻـﻮرت
ﮔﺮﻓﺘﻪ اﺳﺖ .اوﻛﺎﻣﻮرا ] [6ﺳﻪ ﺧﺎﺻﻴﺖ زﻳﺮ را ﺑﺮاي ﻓﻮقروانﻛﻨﻨﺪه ﻻزم ﻣﻲﺷﻤﺎرد -1 :اﺛﺮ ﭘﺨﺶﻛﻨﻨـﺪﮔﻲ ﺑـﺎﻻ-2 ،
ﺣﻔﻆ اﺛﺮ ﭘﺨﺶﻛﻨﻨﺪﮔﻲ ﺑﺮاي ﺣﺪاﻗﻞ دو ﺳﺎﻋﺖ و -3ﺣﺴﺎﺳﻴﺖ ﻛﻢ ﻧﺴﺒﺖ ﺑﻪ ﺗﻐﻴﻴﺮات دﻣﺎ.
اوزﻛﻞ و دوﮔﺎن ] [36اﺛﺮ ﻳﻚ ﻓـﻮقروانﻛﻨﻨـﺪه از ﻧـﻮع ﻛـﻮﭘﻠﻴﻤﺮ  N-Vinylرا ﺑـﺮ روي ﺧـﻮاص ﺑـﺘﻦﻫـﺎي ﺗـﺎزه و
ﺳﺨﺖﺷﺪه ﻣﻄﺎﻟﻌﻪ ﻛﺮدﻧﺪ .ﺑﺮاي ﻣﺨﻠﻮطﻫﺎي ﺑﺎ ﻧﺴﺒﺖﻫﺎي آب ﺑﻪ ﺳﻴﻤﺎن ﺑﻴﻦ  0/3ﺗﺎ  ،0/45ﻗﻄﺮ اﺳﻼﻣﭗ ﺑـﻴﻦ 500
و  740ﻣﻴﻠﻲﻣﺘﺮ و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﻤﻮﻧﻪﻫﺎ در  28روز ،ﺑﻴﻦ  53ﺗﺎ  68ﻣﮕﺎﭘﺎﺳﻜﺎل ﺑﻪ دﺳﺖ آﻣﺪ .اﺛﺮ ﻓﻮقروانﻛﻨﻨـﺪه
روي اﻳﺠﺎد ﺗﻌﺎدل ﺑﻴﻦ ﻗﺎﺑﻠﻴﺖ ﺟﺮﻳﺎنﻳﺎﻓﺘﻦ و ﻟﺰﺟﺖ ﺧﻤﻴﺮ در ﺑﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﺑـﻪ وﺳـﻴﻠﻪ اوﺷـﻲ ] [48ارزﻳـﺎﺑﻲ ﺷـﺪ.
آزﻣﺎﻳﺶﻫﺎ ﻧﺸﺎن داد ﻛﻪ ﻧﺴﺒﺖ ﺑـﻴﻦ ﺳـﺮﻋﺖ ﻗﻴـﻒ  Vﺑـﻪ ﻣـﺴﺎﺣﺖ ﺟﺮﻳـﺎن ﺧﻤﻴـﺮ ﺳـﻴﻤﺎن ﺑـﺎ ﻳـﻚ ﻣﻘـﺪار ﺛﺎﺑـﺖ
ﻓﻮقروانﻛﻨﻨﺪه ﺗﻘﺮﻳﺒﺎً ﺛﺎﺑﺖ ﺑﻮده ،ﻣﺴﺘﻘﻞ از ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن اﺳﺖ .ﻣﻘﺪار ﺑﺎﻻﺗﺮ ﻓﻮقروانﻛﻨﻨﺪه ﻣﻨﺘﺞ ﺑـﻪ ﻧـﺴﺒﺖ
ﭘﺎﻳﻴﻦﺗﺮي از ﺳﺮﻋﺖ ﻗﻴﻒ  Vﺑﻪ ﻣﺴﺎﺣﺖ ﺟﺮﻳﺎن ﺷﺪ .اﻳﻦ ﻧﺴﺒﺖ ﺑﻪ ﻋﻨﻮان ﺷﺎﺧﺼﻲ ﺑﺮاي ﺗﻌﻴﻴﻦ اﺛﺮ ﻓـﻮقروانﻛﻨﻨـﺪه
روي ﻗﺎﺑﻠﻴﺖ ﺟﺮﻳﺎن ﻳﺎﻓﺘﻦ ﺧﻤﻴﺮ ﺳﻴﻤﺎن و ﻟﺰﺟﺖ آن ،از ﻧﻈﺮ دﺳﺖ ﻳﺎﻓﺘﻦ ﺑﻪ ﺧـﻮدﺗﺮاﻛﻤﻲﭘﻴـﺸﻨﻬﺎد ﺷـﺪ .راﺑﻄـﻪ ﺑـﻴﻦ
ﻣﻘﺪار ﻓﻮقروانﻛﻨﻨﺪه و اﺛﺮ آن ﺑﺴﺘﻪ ﺑﻪ ﻧﻮع ﺳﻴﻤﺎن ﻳﺎ اﻓﺰودﻧﻲ ﺷﻴﻤﻴﺎﻳﻲ ﻣﺘﻐﻴﺮ اﺳﺖ .ﺛﺎﺑـﺖ ﺷـﺪه اﺳـﺖ ﻛـﻪ ﻧـﺴﺒﺖ
ﺷﺎﺧﺺ ﺗﻐﻴﻴﺮ ﺷﻜﻞ ﺑﻪ ﺷﺎﺧﺺ ﻟﺰﺟﺖ ﺑﺮاي ﻣﻼت در ﻧﺴﺒﺖ ﺛﺎﺑﺖ ﻓﻮقروانﻛﻨﻨﺪه ﺑﻪ ﭘﻮدر ،ﻣﺴﻘﻞ از ﻧـﺴﺒﺖ آب ﺑـﻪ
ﭘﻮدر اﺳﺖ ].[6
ﺳﻮزا و ﻓﻠﭽﺮ ] [49ﻋﻤﻠﻜﺮد دو ﻓﻮقروانﻛﻨﻨﺪه از ﻧﻮع ﭘﻠﻲﻛﺮﺑﻮﻛﺴﻴﻼت اﺗﺮ و ﻧﻔﺘﺎﻟﻴﻦﻓﺮﻣﺎﻟﺪﺋﻴﺪ ﺳﻮﻟﻔﻮﻧﻪ را در ﻳﻚ ﺑﺘﻦ
 40ﻣﮕﺎﭘﺎﺳﻜﺎل ﺑﺎ ﻳﻜﺪﻳﮕﺮ ﻣﻘﺎﻳﺴﻪ و ﮔﺰارش ﻛﺮدﻧﺪ .ﭘﻠﻲﻛﺮﺑﻮﻛﺴﻴﻼت اﺗﺮ ﻓﻘﻂ ﺑﻪ اﻧﺪازة ﻳﻚ ﺳﻮم ﻧﻔﺘـﺎﻟﻴﻦﻓﺮﻣﺎﻟﺪﺋﻴـﺪ
ﺳﻮﻟﻔﻮﻧﻪ ﺑﺮاي رﺳﻴﺪن اﺳﻼﻣﭗ از  45ﺑﻪ  150ﻣﻴﻠﻲﻣﺘﺮ ﻧﻴﺎز ﺑﻮد و ﺗﺄﺛﻴﺮ ﺑﺴﻴﺎر ﺑﻬﺘﺮي ﻧﺸﺎن داد.
از ﻃﺮف دﻳﮕﺮ ،ﻣﻮاد اﺻﻼح ﻛﻨﻨﺪه ﻟﺰﺟﺖ ،ﭘﻠﻴﻤﺮﻫﺎي ﺣﻼل در آب ﺑﺎ وزن ﻣﻮﻟﻜﻮﻟﻲ ﺑﺎﻻ ﻫﺴﺘﻨﺪ ﻛﻪ ﺑﺮاي ﺑـﺎﻻ ﺑـﺮدن
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ﻟﺰﺟﺖ آب اﺳﺘﻔﺎده ﻣﻲﺷﻮﻧﺪ .اﻳﻦ ﺗﺮﻛﻴﺒﺎت ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﭘﻴﻮﺳﺘﮕﻲ ﺑﺘﻦ ﺗﺎزه ﺷﺪه ،زﻣﻴﻨﻪ ﺟﺪاﺷﺪﮔﻲ و آب اﻓﺘـﺎدﮔﻲ را
ﻛﺎﻫﺶ ﻣﻲدﻫﻨﺪ ] .[51اﮔﺮﭼﻪ اﺳﺘﻔﺎده از ﻳﻚ ﻃﺮح اﺧﺘﻼط ﻣﻨﺎﺳﺐ ﺑﺎ ﻣﻘﺪار ﻛﺎﻓﻲ ﭘﻮدر ﻣﻲﺗﻮاﻧﺪ ﻧﻴﺎز ﺑﻪ ﻣﻮاد اﺻـﻼح
ﻛﻨﻨﺪه ﻟﺰﺟﺖ را ﺑﺮﻃﺮف ﺳﺎزد ،اﻣﺎ در ﺑﺮﺧﻲ اوﻗﺎت ﻧﻴﺰ اﺳﺘﻔﺎده از آﻧﻬﺎ ﺿﺮوري ﻳﺎ ﻣﻔﻴﺪ اﺳﺖ .ﺗﺎﻛﺎدا )،[50] (Takada
ﻓﺮارﻳﺲ ) ،[51] (Ferrarisﺧﻴﺎط ) [52] (Khayatو دﻫﻦ ) [53] (Dehnاﺛﺮ ﺻﻤﻎ ﻃﺒﻴﻌـﻲ وﻻن )) (Welanداراي
ﭘﺎﻳﻪ ﭘﻠﻲﺳﺎﺧﺎرﻳﺪ( ﺑﺮ روي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ را در ﺷﺮاﻳﻂ ﻣﺨﺘﻠﻒ ﺗﺤﻘﻴﻖ ﻛﺮدﻧﺪ .اﻓﺰودﻧﻲ ﻓﻮق ﺑﺎﻋﺚ اﻓﺰاﻳﺶ ﻧﺴﺒﺖ آب
ﺑﻪ ﺳﻴﻤﺎن ﺷﺪ و ﺟﺮﻳﺎن اﺳﻼﻣﭗ  650±30ﻣﻴﻠﻲﻣﺘﺮ و زﻣﺎن ﻗﻴﻒ  Vﺑﺮاﺑﺮ ﺑﺎ  11±2ﺛﺎﻧﻴﻪ ﺑﺮ اﺛﺮ اﺳـﺘﻔﺎده از  0/01ﺗـﺎ
 0/02درﺻﺪ اﻓﺰودﻧﻲ اﺻﻼحﻛﻨﻨﺪه ﻟﺰﺟﺖ و  0/025ﺗﺎ  0/035درﺻﺪ ﻓﻮقروانﻛﻨﻨﺪه )ﻧﺴﺒﺖ ﺑﻪ ﻛﻞ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ( ﺑﻪ
دﺳﺖ آﻣﺪ ﻛﻪ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﺎﺻﻴﺖ ﺧﻮدﺗﺮاﻛﻤﻲﻛﺎﻓﻲ ﺑﻮد ] .[50ﻃﺒﻖ ﻧﺘـﺎﻳﺞ دﻫـﻦ ] [53ﭘﻠﻴﻤـﺮ اﺻـﻼحﻛﻨﻨـﺪه
ﻟﺰﺟﺖ ﺻﻤﻎ وﻻن و ﭘﻠﻴﻤﺮ ﻣﻮﺟﻮد در ﻓﻮقروانﻛﻨﻨﺪه ،ﻳﻜﺪﻳﮕﺮ را ﻣﺤﺪود ﻣﻲﻛﻨﻨﺪ و اﻳﻦ ﭘﺪﻳﺪه ﺑﺎﻋﺚ ﺑﻪ دﺳﺖ آﻣـﺪن
ﻳﻚ ﻣﻘﺎوﻣﺖ ﺑﺎﻻﺗﺮ در ﺑﺮاﺑﺮ ﺟﺪاﺷﺪﮔﻲ و ﻏﻠﻈﺖ ﺑﻴﺸﺘﺮ ﻓﻮقروانﻛﻨﻨﺪه ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﻳﻚ ﺗﻐﻴﻴـﺮ ﺷـﻜﻞ ﻣـﺸﺨﺺ
ﻣﻲﺷﻮد .ﻫﻤﭽﻨﻴﻦ رﻓﺘﺎر ﭼﺴﺒﻨﺪﮔﻲ در ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﻬﺘﺮ از ﭼﺴﺒﻨﺪﮔﻲ در ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﺑﻪ دﺳﺖ آﻣﺪ ].[53
ﺧﻴﺎط ] [54اﻓﺰودﻧﻲﻫﺎي اﺻﻼحﻛﻨﻨﺪه ﻟﺰﺟﺖ ﺑﺮاي ﻣﺤﺼﻮﻻت ﭘﺎﻳﻪ ﺳـﻴﻤﺎﻧﻲ را ﻣـﺮور ﻛـﺮده اﺳـﺖ .در اﻳـﻦ ﻣـﺮور،
ﻃﺒﻘﻪﺑﻨﺪي ،ﻧﻮع و ﻧﺤﻮة ﻓﻌﺎﻟﻴﺖ اﻳﻦ اﺻﻼحﻛﻨﻨﺪهﻫﺎ ﺑﺮرﺳـﻲ ﺷـﺪه و اﺛـﺮات آﻧﻬـﺎ ﺑـﺮ ﺑﻬﺒـﻮد ﺧـﻮاص رﺋﻮﻟـﻮژﻳﻜﻲ و
ﭼﺴﺒﻨﺪﮔﻲ ﺳﻴﺴﺘﻢﻫﺎي ﭘﺎﻳﻪ ﺳﻴﻤﺎﻧﻲ و ﻧﻴﺰ اﺛﺮ روي ﺧﻮاص ﺑﺘﻦ ﺗـﺎزه و ﺳـﺨﺖ ﺷـﺪه ،ﺑﺤـﺚ ﺷـﺪه اﺳـﺖ .از ﺟﻤﻠـﻪ
ﻃﺒﻘﻪﺑﻨﺪيﻫﺎي ﻣﻴﻞ واﮔﺎﻧﺎم ) ،[55] (Mailvaganamو ﻛﺎواﻳﻲ ] [56ﻣﺮور ﺷﺪه اﺳﺖ.
 -7ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن
ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﻧﺴﺒﺖ ﺑﻪ ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ داراي ﻣﻘﺎدﻳﺮ زﻳﺎدي ﭘﻮدر ﻫﺴﺘﻨﺪ .ﺑﺮﺧـﻲ از ﭘﻮدرﻫـﺎ ﺧﻨﺜـﻲ و ﺑﺮﺧـﻲ
داراي واﻛﻨﺶ ﻫﻴﺪراﺳﻴﻮن ﻫﺴﺘﻨﺪ .اﮔﺮ ﭼﻪ در ﻣﻨﺎﺑﻊ ﻣﺨﺘﻠﻒ ،اﺳﺘﻔﺎده از ﭘﻮدرﻫﺎي ﺧﻨﺜـﻲ ﺑـﺮاي ﺟﻠـﻮﮔﻴﺮي از ﺗﻮﺳـﻌﺔ
ﮔﺮﻣﺎي زﻳﺎد در ﺣﻴﻦ ﻫﻴﺪراﺳﻴﻮن ﺗﻮﺻﻴﻪ ﻣﻲﺷﻮد ،اﻣﺎ ﻧﺘﺎﻳﺞ ﺗﺠﺮﺑﻲ ﻧﺸﺎن داده اﺳﺖ ﻛﻪ ﺣﺘﻲ ﭘﻮدرﻫﺎي ﺧﻨﺜﻲ ﺑﺮ روي
ﻓﺮآﻳﻨﺪ ﻫﻴﺪراﺳﻴﻮن ﺗﺄﺛﻴﺮ ﻣﻲﮔﺬارد .ﺑﺨﺼﻮص در ﻣﻮرد ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﻛﺎرﻫـﺎي اﻧـﺪﻛﻲ اﻧﺠـﺎم ﺷـﺪه و ﻧﻴـﺎز ﺑـﻪ
ﻣﻄﺎﻟﻌﺎت و ﺗﺤﻘﻴﻘﺎت ﺑﻴﺸﺘﺮ در ﻣﺮاﺟﻊ ﺗﺄﻛﻴﺪ ﺷﺪه اﺳﺖ ].[57
ﭘﻮپ ) [57] (Poppeآزﻣﺎﻳﺶﻫﺎي اﻳﺰوﺗﺮﻣﺎل و آدﻳﺎﺑﺎﺗﻴﻚ ﻫﻴﺪراﺳﻴﻮن را ﺑﺮاي ارزﻳﺎﺑﻲ ﺣﺮارت ﺗﻮﻟﻴﺪي از دو ﻧﻮع ﺑﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ اﻧﺠﺎم داده و ﻧﺘﺎﻳﺞ آن را ﺑﺎ دو ﻧﻮع ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﻣﻘﺎﻳﺴﻪ ﻛﺮده اﺳﺖ .آزﻣﺎﻳﺶﻫﺎي اﻳﺰوﺗﺮﻣﺎل روي ﻣﺨﻠـﻮط
ﺳﻴﻤﺎن و دو ﻧﻮع ﭘﺮﻛﻨﻨﺪه ،ﭘﻮدرﻫﺎي ﻛﺮﺑﻨﺎتﻛﻠﺴﻴﻢ و ﻛﻮارﺗﺰﻳﺖ ،ﺑﺎ ﺳﻴﻤﺎنﻫﺎي ﻣﺨﺘﻠﻒ اﻧﺠﺎم ﺷﺪ .ﺗﻮزﻳﻊ اﻧﺪازه ذرات
ﺷﺎﻣﻞ ﺳﻴﻤﺎن و ﭘﻮدرﻫﺎي ﻣﻌﺪﻧﻲ ،ﺑﺮاي ﺑﺎﻻي  ٪90ﺣﺠﻤﻲ ،زﻳﺮ  50ﻣﻴﻜﺮون ﺑﻮد .ﻣﻨﺤﻨﻲﻫﺎي ﺷﺪت ﺗﻮﻟﻴـﺪ ﺣـﺮارت
ﺑﺮﺣﺴﺐ  J/g.hﺑﻪ ﻋﻨﻮان ﺗﺎﺑﻌﻲ از زﻣﺎن ﺑﺮاي آزﻣﻮنﻫﺎي اﻳﺰوﺗﺮﻣﺎل اراﺋﻪ ﺷﺪه اﺳﺖ .ﺑﺮاي ﺗﻤﺎم اﻧﻮاع ﺳﻴﻤﺎن ،ﺷـﺪت
ﺗﻮﻟﻴﺪ ﺣﺮارت ﻧﻤﻮﻧﻪﻫﺎي ﺧﻮدﺗﺮاﻛﻢ داراي ﭘﺮﻛﻨﻨﺪه ﭘﻮدرﺳﻨﮓ آﻫﻚ ﺑﻴﺶ از ﻧﻤﻮﻧﻪ ﻣﻌﻤﻮﻟﻲ ﺑﻮده اﺳﺖ .ﻫﺮﭼـﻪ ﻣﻘـﺪار
ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﻴﺸﺘﺮ ﺷﺪه ،ﺣﺪاﻛﺜﺮ ﺷﺪت ﺣﺮارت اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ و زﻣﺎن رﺳﻴﺪن ﺑﻪ آن ﻧﻴﺰ ﻛﻮﺗﺎﻫﺘﺮ ﺷﺪه اﺳـﺖ .در
ﻣﻮرد ﻧﻤﻮﻧﻪﻫﺎي ﺑﺎ ﭘﻮدر ﻛﻮارﺗﺰﻳﺖ ،اﻟﮕﻮي ﻣﻨﺤﻨﻲﻫﺎ ﻣﺘﻔﺎوت اﺳﺖ ﺑﻪ ﻃﻮريﻛﻪ اوﻻً در  C/P=0/33ﺑـﺎ ﻣﻘـﺪار آن در
ﺣﺎﻟﺘﻲ ﻛﻪ ﻓﻘﻂ ﺳﻴﻤﺎن ﻣﻮﺟﻮد ﺑﺎﺷﺪ ،ﻣﺴﺎوي ﺷﺪه اﺳﺖ .ﻳﻌﻨﻲ ﺑﺎ اﻓﺰاﻳﺶ ﭘـﻮدر ﻛﻮارﺗﺰﻳـﺖ ،اﺑﺘـﺪا اﻓـﺰاﻳﺶ در ﺷـﺪت
ﺗﻮﻟﻴﺪ ﺣﺮارت اﻳﺠﺎد ﺷﺪه ،و ﺑﺎ اداﻣﻪ اﻓﺰاﻳﺶ ﻛﻮارﺗﺰﻳﺖ ،ﻣﺠﺪداً ﺷﺪت ﺗﻮﻟﻴﺪ ﺣﺮارت ﻛﺎﻫﺶ ﻳﺎﻓﺘﻪ اﺳﺖ )ﺷﻜﻞﻫـﺎي 6
و  .(7ﺛﺎﻧﻴﺎً زﻣﺎن رﺳﻴﺪن ﺑﻪ ﺣﺪاﻛﺜﺮ ﺷﺪت ﺗﻮﻟﻴﺪ ﺣﺮارت در ﻧﻤﻮﻧﻪﻫﺎي داراي ﻛﻮارﺗﺰﻳﺖ ﻧﺴﺒﺘﺎً ﺑﻴـﺸﺘﺮ از ﻧﻤﻮﻧـﻪ ﻣﺮﺟـﻊ
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ﻣﻲﺑﺎﺷﺪ .در ﻧﻤﻮﻧﻪﻫﺎي ﺧﻮدﺗﺮاﻛﻢ داراي ﭘﻮدرﺳﻨﮓآﻫﻚ ،ﺑﺎ اﻓﺰاﻳﺶ ﭘﺮﻛﻨﻨﺪه و ﻧﻴـﺰ ﺑـﺎ اﻓـﺰاﻳﺶ دﻣـﺎ ،ﺷـﺪت ﺗﻮﻟﻴـﺪ
ﺣﺮارت اﻓﺰاﻳﺶ ﻳﺎﻓﺖ .ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي آدﻳﺎﺑﺎﺗﻴﻚ ﻧﻴﺰ در ﻛﻞ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي اﻳﺰوﺗﺮﻣﺎل را ﺗﺄﻳﻴﺪ ﻛﺮد ].[57

ﺷﻜﻞ  -6ﺷﺪت ﺗﻮﻟﻴﺪ ﮔﺮﻣﺎ ﺑﺮاي ﻣﺨﻠﻮط ﺳﻴﻤﺎن CEM I

ﺷﻜﻞ  -7ﺷﺪت ﺗﻮﻟﻴﺪ ﮔﺮﻣﺎ ﺑﺮاي ﻣﺨﻠﻮط ﺳﻴﻤﺎن CEM I

 42.5 Rو ﭘﺮﻛﻨﻨﺪه ﺳﻨﮓ آﻫﻚ در 20 °c

 42.5 Rو ﻛﻮارﺗﺰﻳﺖ در 20 °c

در ادﺑﻴﺎت ﻋﻠﻤﻲﻣﻮﺿﻮع ،اﺛﺮ ﭘﺮﻛﻨﻨﺪهﻫﺎ و ﺑﺨﺼﻮص ﭘﻮدرﺳﻨﮓآﻫﻚ در ﻫﻴﺪراﺳﻴﻮن ﺳﻴﻤﺎن ،اﻏﻠﺐ اوﻗﺎت ﺑـﻪ اﺛـﺮ آن
در ﺷﺪت ﺗﻮﻟﻴﺪ ﺣﺮارت ﻣﺤﺪود ﺷﺪه اﺳﺖ .ﺑﺮﺧﻲ ﻧﻮﻳﺴﻨﺪﮔﺎن ﺑﺮ اﻳﻦ ﻗﺎﺋﻞ ﻫﺴﺘﻨﺪ ﻛﻪ ﺳﻴﻨﺘﻴﻚ ﮔﻴﺮش ﺑﻬﺒﻮد ﻣﻲﻳﺎﺑـﺪ،
زﻣﺎن ﻛﻤﺎ ﻳﺎ ﻋﺪم ﻓﻌﺎﻟﻴﺖ ﻛﺎﻫﺶ ﻳﺎﻓﺘﻪ و ﻓﺮآﻳﻨﺪ ﻫﻴﺪراﺳﻴﻮن در ﺳﺎﻋﺎت اوﻟﻴﻪ ﺗﺴﺮﻳﻊ ﻣﻲﺷـﻮد .ﻛـﺎدري و دووال ][58
ﭘﻴﺸﻨﻬﺎد دادهاﻧﺪ ﻛﻪ داﻧﻪﻫﺎي ﭘﺮﻛﻨﻨﺪه ﺑﻪ ﻋﻨﻮان ﺳﺎﻳﺖﻫﺎي ﻫﺴﺘﻪﺳﺎزي ﻏﻴﺮﻫﻤﮕﻦ ﺑﺮاي رﺳﻮب ﻫﻴﺪراﺗﻪﻫـﺎي ﻛـﻢ و
ﺑﻴﺶ ﺑﻠﻮريﺷﺪه ،ﻋﻤﻞ ﻛﺮده و از اﻳﻦ ﻃﺮﻳﻖ ﻫﻴﺪارﺗﺎﺳﻴﻮن را ﺗﺴﺮﻳﻊ ﻣﻲﻛﻨﺪ.
در ﺑﺮﺧﻲ ﻣﻨﺤﻨﻲﻫﺎي اﺻﻠﻲ ﭘﻮپ ] [57ﻳﻚ ﭘﻴﻚ دوم ﻧﻴﺰ ﻣﺸﺎﻫﺪه ﺷﺪ .ﻳﻚ ﻓﺮض ﺑـﺮاي ﻋﻠـﺖ ﻇﻬـﻮر اﻳـﻦ ﭘﻴـﻚ،
ﻣﻲﺗﻮاﻧﺪ ﺣﻀﻮر  C3Aﺑﺎ ﻣﻘﺎدﻳﺮ ﺑﻴﺶ از  12درﺻﺪ در ﺳﻴﻤﺎن ﺑﺎﺷﺪ ،ﺿﻤﻦ اﻳﻨﻜﻪ ﺗﺒﺪﻳﻞ اﺗﺮﻳﻨﺠﻴﺖ ﺑﻪ ﻣﻨﻮﺳﻮﻟﻔﺎت ﻧﻴﺰ،
ﺣﺘﻲ در ﺳﻴﻤﺎنﻫﺎي داراي  C3Aﭘﺎﻳﻴﻦ )ﺣﺪود  (٪7/5ﺑﺎﻋﺚ آن ﻣﻲﺷـﻮد .اﻳـﻦ ﺗﺒـﺪﻳﻞ اﺗﺮﻳﻨﺠﻴـﺖ ﺑـﻪ ﻣﻨﻮﺳـﻮﻟﻔﺎت
ﻣﻲﺗﻮاﻧﺪ ﺑﻪ ﻋﻠﺖ وﺟﻮد ﭘﺮﻛﻨﻨﺪه ﭘﻮدر ﺳﻨﮓآﻫﻚ ﻓﻌﺎل ﺷﻮد .ﻧﻮع ﺳﻴﻤﺎن در اﻳﻨﺠﺎ ﻧﻘﺶ ﻣﻬﻤﻲدارد ،ﺑﻪ ﻃـﻮريﻛـﻪ در
ﺳﻴﻤﺎن  CEM I 52.5ﺑﻪ ﻋﻠﺖ ﺑﺴﻴﺎر رﻳﺰ ﺑﻮدن ﺳﻴﻤﺎن ،ﭘﻴﻚ دوم ﺳـﺮﻳﻌﺘﺮ ﻣـﺸﺎﻫﺪه ﺷـﺪه و اﻳـﻦ ﻣﻮﺿـﻮع ﺑـﺮ اﺛـﺮ
ﭘﺮﻛﻨﻨﺪه ،ﻏﻠﺒﻪ دارد .ﺑﺮاي ﺳﻴﻤﺎن  CEM I 52.5 HSR LAاﺻﻼً ﭘﻴﻚ دوﻣﻲﻣﺸﺎﻫﺪه ﻧﺸﺪه اﺳﺖ ﻛﻪ ﺑﻪ ﻋﻠﺖ ﻣﻘﺪار
ﺑﺴﻴﺎر ﻛﻢ  (٪2/5) C3Aﺗﺤﻠﻴﻞ ﻣﻲﺷﻮد .اﺣﺘﻤﺎل دﻳﮕﺮ ﻋﺪم ﺧﻨﺜﻲ ﺑﻮدن ﻛﺎﻣﻞ ﭘﻮدر ﺳﻨﮓآﻫـﻚ اﺳـﺖ .ﺑـﻪ ﻋﺒـﺎرت
دﻳﮕﺮ ﻓﺮض ﻣﻲﺷﻮد ﻛﻪ ﭘﻮدر ﺳﻨﮓآﻫﻚ در واﻛﻨﺶ ﻫﻴﺪراﺳﻴﻮن ﺷﺮﻛﺖ ﻛﺮده و واﻛﻨﺶ را ﺑﻬﺒﻮد ﻣـﻲدﻫـﺪ .در اﻳـﻦ
ﻓﺮﺿﻴﻪ ،اﺑﺘﺪا ﺗﺸﻜﻴﻞ اﺗﺮﻳﻨﺠﻴﺖ ﺑﻪ ﻋﻠﺖ ﺣﻀﻮر ﭘﺮﻛﻨﻨﺪه ﺗﺴﺮﻳﻊ ﺷﺪه و ﺳﭙﺲ ﺗﺒﺪﻳﻞ آن ﺑﻪ ﻣﻨﻮﺳﻮﻟﻔﺎت ﺗﺄﺧﻴﺮ ﻣﻲاﻓﺘﺪ
ﻳﺎ ﺣﺘﻲ در ﺻﻮرت ﺣﻀﻮر ﻣﻘﺪار ﺧﻴﻠﻲزﻳﺎد ﻛﺮﺑﻨﺎت ،ﺣﺬف ﻣﻲﺷﻮد .ﭘﺲ از  3روز ﻣﻨﻮﻛﺮﺑﻮآﻟﻮﻣﻴﻨﺎت در ﺧﻤﻴـﺮ ﻫﻴﺪراﺗـﻪ
ﺷﺪه ﻗﺎﺑﻞ ﻛﺸﻒ اﺳﺖ.
ﻳﻲ ) [59] (Yeاﺛﺮ ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﺮ روي ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن در ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ را ﺑﺮرﺳـﻲ ﻛـﺮد .ﻣﻄﺎﻟﻌـﺎت وي،
ﻧﺘﺎﻳﺞ ﭘﻮپ را ﺗﺎﺋﻴﺪ ﻣﻲﻛﻨﺪ .وي دو ﻧﻈﺮﻳﻪ در ﻣﻮرد ﻋﻠﺖ ﺑﺎﻻ رﻓﺘﻦ ﺣﺮارت ﻫﻴﺪراﺳﻴﻮن ﺑﺎ اﻓﺰاﻳﺶ ﭘﻮدر ﺳﻨﮓ آﻫﻚ را
ﻣﻄﺮح ﻛﺮد :اﻳﺠﺎد ﻫﺴﺘﻪﻫﺎي ﻫﻴﺪراﺳﻴﻮن ﺑﺮاي  C2Sو  C3Sﺑﻪ وﺳﻴﻠﻪ ذرات ﭘﻮدر ،و ﻳﺎ ﻋﺪم ﺧﻨﺜﻲ ﺑﻮدن ﭘﻮدر ﺳـﻨﮓ
آﻫﻚ و واﻛﻨﺶدﻫﻲ آن .ﻣﻄﺎﻟﻌﺎت ﻣﻴﻜﺮوﺳﻜﻮﭘﻲ ﻓﺮﺿﻴﻪ اول ﻣﺒﻨﻲ ﺑﺮ ﺧﻨﺜﻲ ﺑﻮدن ﭘﻮدر را ﺗﻘﻮﻳﺖ ﻣﻲﻛﻨﺪ ].[59
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رﻣﻀﺎﻧﻴﺎﻧﭙﻮر ] [60اﺛﺮ اﻓﺰاﻳﺶ ﭘﻮدر ﺳﻨﮓ آﻫﻚ در ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺎ ﻋﻴﺎر ﺳـﻴﻤﺎن  450ﻛﻴﻠـﻮﮔﺮم ﺑـﺮ ﻣﺘـﺮ ﻣﻜﻌـﺐ و
ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺛﺎﺑﺖ  0/4را ﺑﺮرﺳﻲ ﻛﺮد .اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﺑـﺎ اﻓـﺰاﻳﺶ ﭘﺮﻛﻨﻨـﺪه ﺧﻨﺜـﻲ ﺗﻨﻬـﺎ ﺗـﺎ ﺣـﺪ
ﻛﻤﻲﻣﺸﺎﻫﺪه ﺷﺪ .ﺑﻪ ﻃﻮر ﻣﺘﻮﺳﻂ ﺑﺎ  ٪66اﻓﺰاﻳﺶ ﭘﺮﻛﻨﻨﺪه ،ﻛﻤﺘﺮ از  ٪5اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ ﻓـﺸﺎري در ﺳـﻨﻴﻦ  7 ،3و
 28روزه ﻣﺸﺎﻫﺪه ﺷﺪ .در ﻣﻄﺎﻟﻌﺎت داﻣـﻮن ] [35ﺑـﺮ روي  68ﻣـﻮرد ﺧـﺎص ﻛﺎرﺑﺮدﻫـﺎي  ،SCCﺧـﻮاص ﻣﻜـﺎﻧﻴﻜﻲ
ﻣﺨﻠﻮطﻫﺎ ﻧﻴﺰ ﺑﺮرﺳﻲ ﺷﺪ .در ﺗﻤﺎم ﻣﻘﺎﻻت ﻣﺮور ﺷﺪه ﺗﻮﺳﻂ وي ،ﻣﻘﺪار ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه اراﺋﻪ ﺷﺪه ﺑـﻴﻦ 20
ﺗﺎ  100ﻣﮕﺎﭘﺎﺳﻜﺎل ﻣﺘﻐﻴﺮ ﺑﻮدهاﻧﺪ ﻛﻪ از اﻳﻦ ﻣﻴﺎن ﺣﺪود  ٪80ﻃﺮحﻫﺎي اﺧﺘﻼط داراي ﻣﻘﺎوﻣﺖ ﺑـﺎﻻﺗﺮ از )40(MPa
ﺑﻮدهاﻧﺪ .ﺑﻪ ﻋﺒﺎرت دﻳﮕﺮ ،اﻣﻜﺎن ﺗﻮﻟﻴﺪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺎ ﻣﻘﺎوﻣﺖﻫﺎي ﻣﺸﺎﺑﻪ ﺑﺎ اﻧﻮاع ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ و ﻣﻘﺎوﻣﺖ ﺑـﺎﻻ
وﺟﻮد دارد .در اﻳﻨﺠﺎ ﺑﺮ ﺧﻼف ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ ،ﻣﻘﺎوﻣﺖ اﺳﺎﺳﺎً ﺑﻪ وﺳﻴﻠﻪ ﺗﺮﻛﻴﺐ ﭼﺴﺒﺎﻧﻨﺪه ،و ﻧﻪ ﺑـﺎ ﻧـﺴﺒﺖ آب ﺑـﻪ
ﭼﺴﺒﺎﻧﻨﺪه ،ﻛﻨﺘﺮل ﻣﻲﺷﻮد .اﺟﺰاي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺴﻴﺎر ﻣـﺸﺎﺑﻪ ﺑـﺎ ﺑـﺘﻦ ﺗﻮاﻧﻤﻨـﺪ اﺳـﺖ ،اﻣـﺎ ﺗﻔـﺎوت اﺻـﻠﻲ آﻧﻬـﺎ در
اﻓﺰودﻧﻲﻫﺎي ﺧﺎﺻﻲ اﺳﺖ ﻛﻪ اﺳﺘﻔﺎده ﻣﻲﺷﻮد .ﺑﻨﺎﺑﺮاﻳﻦ اﻧﺘﻈﺎر ﻣﻲرود ﻛﻪ ﻣﺸﺨـﺼﺎت ﺑـﺘﻦ ﺳـﺨﺖﺷـﺪة ﺧـﻮدﺗﺮاﻛﻢ
ﻧﺰدﻳﻚ و ﻣﺸﺎﺑﻪ ﺑﺎ ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ ﺑﺎﺷﺪ.
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دوام ﺳﺎزهﻫﺎي ﺑﺘﻨﻲ ﺷﺪﻳﺪ ًا واﺑﺴﺘﻪ ﺑﻪ ﻧﻔﻮذﭘﺬﻳﺮي ﻻﻳﻪ ﺳﻄﺢ ﺑﺘﻦ اﺳﺖ ،ﺟـﺎﻳﻲ ﻛـﻪ ﺑﺎﻳـﺪ ورود ﻣـﻮاد ﻣﻬـﺎﺟﻢ )ﻣﺎﻧﻨـﺪ
ﻛﻠﺮﻳﺪ ،ﺳﻮﻟﻔﺎت ،آب ،دياﻛﺴﻴﺪﻛﺮﺑﻦ ،اﻛﺴﻴﮋن ،ﻗﻠﻴﺎﻳﻲﻫﺎ ،اﺳﻴﺪﻫﺎ و ﻏﻴﺮه( ﻣﺤﺪود ﺷـﻮد .در ﻋﻤـﻞ دوام ﺑـﺴﺘﮕﻲ ﺑـﻪ
اﻧﺘﺨﺎب ﻣﺼﺎﻟﺢ ،ﺗﺮﻛﻴﺐ ﺑﺘﻦ و ﻧﻈﺎرت دﻗﻴﻖ در ﺑﺘﻦرﻳﺰي ،ﺗﺮاﻛﻢ ،ﭘﺮداﺧـﺖ ﻧﻬـﺎﻳﻲ و ﻋﻤـﻞآوري دارد .ﻋـﺪم ﺗـﺮاﻛﻢ
ﻣﻨﺎﺳﺐ ﻻﻳﻪ ﺳﻄﺤﻲ ،ﺑﻪ ﻋﻠﺖ ﻣﺸﻜﻼت ﻟﺮزاﻧﺪن در ﻓﻀﺎﻫﺎي ﺗﻨﮓ ﺑﻴﻦ ﻗﺎﻟﺐ و ﻣﻴﻠﮕﺮدﻫﺎ و ﻧﻈﺎﻳﺮ آن ،ﻋﺎﻣـﻞ اﺻـﻠﻲ
دوام ﺿﻌﻴﻒ ﺑﺘﻦ ﺗﻘﻮﻳﺖﺷﺪه ،در ﻣﻌﺮض ﻋﻮاﻣﻞ ﻣﺤﻴﻄﻲ ﻣﻬﺎﺟﻢ اﺳﺖ ] .[14ﻏﻠﺒﻪ ﺑﺮاﻳﻦ ﻣﺸﻜﻞ ﻳﻜﻲ از دﻻﻳﻞ اﺻﻠﻲ
ﺗﻮﺳﻌﻪ  SCCدر ژاﭘﻦ ﺑﻮده اﺳﺖ.
در ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ )ﻳﺎ راﻳﺞ( ،ﻋﻤﻞ ﺗﺮاﻛﻢ ﺑﻪ وﺳﻴﻠﻪ ﻟﺮزاﻧﺪن ﺻﻮرت ﻣﻲﮔﻴﺮد ،ﻛﻪ ﻓﺮآﻳﻨـﺪي ﻧﺎﭘﻴﻮﺳـﺘﻪ اﺳـﺖ .در ﺣﺎﻟـﺖ
ﻟﺮزاﻧﺪن داﺧﻠﻲ ،ﺑﺎ ﻓﺮض اﻳﻦ ﻛﻪ ﻋﻤﻠﻴﺎت ﺑﻪ ﺧﻮﺑﻲ ﺻﻮرت ﮔﻴﺮد ،ﺣﺠﻢ ﺑﺘﻦ در داﺧﻞ ﻣﺤﺪودهاي ﻛﻪ ﺗﺤﺖ ﺗﺄﺛﻴﺮ ﻟﺮزاﻧﺪن
اﺳﺖ ،اﻧﺮژي ﺗﺮاﻛﻢ ﻳﻜﺴﺎﻧﻲ درﻳﺎﻓﺖ ﻧﻤﻲﻛﻨﺪ .ﺑﻪ ﻃﻮر ﻣﺸﺎﺑﻪ در ﻋﻤﻠﻴﺎت ﻟﺮزاﻧﺪن ﺧﺎرﺟﻲ ،ﺗﺮاﻛﻢ ﺑﻪ دﺳـﺖ آﻣـﺪه اﺳﺎﺳـﺎً
ﻏﻴﺮﻫﻤﮕﻦ اﺳﺖ و در ﻫﺮ ﻧﻘﻄﻪ ﺑﺴﺘﮕﻲ ﺑﻪ ﻓﺎﺻﻠﻪ از ﻣﻨﺒﻊ ﻟﺮزاﻧﺪن دارد .در ﻧﺘﻴﺠﻪ ﺑﺘﻨﻲ ﺑﺎ ﺗﺮاﻛﻢ ﻏﻴﺮﻳﻜﻨﻮاﺧـﺖ و ﺑﻨـﺎﺑﺮاﻳﻦ
ﺑﺎ ﻧﻔﻮذﭘﺬﻳﺮيﻫﺎي ﻣﺘﻔﺎوت ﺑﻪ دﺳﺖ ﻣﻲآﻳﺪ .در ﭼﻨﻴﻦ ﺣﺎﻟﺘﻲ ﻳﻚ ﻧﻮع ورود اﻧﺘﺨﺎﺑﻲ ﻋﻮاﻣﻞ ﻣﻬﺎﺟﻢ اﻳﺠـﺎد ﻣـﻲﺷـﻮد ،ﺑـﻪ
ﻋﺒﺎرت دﻳﮕﺮ ﻋﻮاﻣﻞ ﻣﻬﺎﺟﻢ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻧﺪازة ﺧﻮد ،از ﻣﻨﺎﻓﺬي ﻛﻪ اﺟﺎزه ورود ﺑﻪ آﻧﻬﺎ را ﻣﻲدﻫﺪ ،ﺑﻪ ﺑﺘﻦ ﻧﻔـﻮذ ﻣـﻲﻛﻨﻨـﺪ.
ﻋﻤﻠﻴﺎت ﻧﺎﻗﺺ ﻳﺎ ﻧﺎﺻﺤﻴﺢ ﻟﺮزاﻧﺪن ﺑﺎﻋﺚ ﻧﻮاﻗﺼﻲ ﻣﺎﻧﻨﺪ ﻻﻧﻪ زﻧﺒﻮري ،ﺟﺪاﺷـﺪﮔﻲ ،آب اﻧـﺪاﺧﺘﻦ و ﻏﻴـﺮه ﺷـﺪه ،اﺛﺮﻫـﺎي
ﻣﻨﻔﻲ ﺑﺴﻴﺎر ﺑﻴﺸﺘﺮي ﺑﺮروي ﻧﻔﻮذﭘﺬﻳﺮي و دوام ﺧﻮاﻫﺪ داﺷﺖ .اﻧﺘﻈﺎر ﻣﻲرود ﻛﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺎ ﺧﻮاص ﻣﻨﺎﺳﺐ ،ﻋﺎري
از اﻳﻦ ﻧﻮاﻗﺺ ﺑﻮده و ﻣﻨﺠﺮ ﺑﻪ ﺑﺘﻨﻲ ﺑﺎ ﻧﻔﻮذﭘﺬﻳﺮي ﭘﺎﻳﻴﻦ و ﻳﻜﻨﻮاﺧﺖ ﺷـﺪه ،ﻧﻘـﺎط ﺿـﻌﻒ ﻛﻤﺘـﺮي اﻳﺠـﺎد ﺷـﺪه و ﻣـﻮاد
ﻣﻬﺎﺟﻢ ﻛﻤﺘﺮ ﺑﺘﻮاﻧﻨﺪ اﺛﺮات ﻣﺨﺮب ﺑﺮ ﺟﺎي ﺑﮕﺬارﻧﺪ ﻛﻪ ﺑﻪ ﻣﻌﻨﺎي دوام ﺑﻴﺸﺘﺮ ﻣﻲﺑﺎﺷﺪ.
ﻣﻘﺎﻻت اوﻟﻴﻪ ﮔﺮوه اوﻛﺎﻣﻮرا ] [61روي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ )ﻛﻪ اﺑﺘـﺪا آن را ﺑـﺘﻦ ﺗﻮاﻧﻤﻨـﺪ ﻣﻌﺮﻓـﻲ ﻛـﺮده ﺑﻮدﻧـﺪ( ،ﻧـﺸﺎن
ﻣﻲدﻫﺪ ﻛﻪ ﺑﻪ اﺣﺘﻤﺎل زﻳﺎد ،ﻫﺪف اوﻟﻴﻪ آﻧﻬﺎ دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺑﺘﻨﻲ ﺑـﺎ دوام ﺑـﺎﻻ و از ﺟﻤﻠـﻪ ﻫﻤـﺮاه ﺑـﺎ ﻣﻘـﺪاري ﺧـﻮاص
ﺧﻮدﺗﺮاﻛﻤﻲﺑﻮده اﺳﺖ .اﻣﺎ ﺑﻪ اﺣﺘﻤﺎل زﻳﺎد ﭘﺲ از اﻳﻨﻜﻪ ﻫﻤﺰﻣﺎن آﻳﺘﺴﻴﻦ ] [9ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ را ﻣﻌﺮﻓﻲ ﻛﺮد ،آﻧﻬـﺎ اداﻣـﻪ
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ﻣﻄﺎﻟﻌﺎت ﺧﻮد را ﺑﻴﺸﺘﺮ روي ﺧﻮاص ﺧﻮدﺗﺮاﻛﻤﻲﻣﺘﻤﺮﻛﺰ ﻧﻤﻮدﻧﺪ.
ﺑﺎ اﻳﻦ وﺟﻮد ،ﻧﺘﺎﻳﺞ ﺗﻌﺪادي از ﭘﮋوﻫﺶﻫﺎ ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﺑﻪ ﻋﻠﺖ ﺑﺎﻻ ﺑﻮدن ﻣﻘﺪار ﭘﺮﻛﻨﻨﺪهﻫـﺎ در ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ،
ﺑﺮﺧﻲ ﺟﻨﺒﻪﻫﺎي دوام در اﻳﻦ ﻧﻮع ﺑﺘﻦ ﻣﻲﺗﻮاﻧﺪ دﭼﺎر ﺿﻌﻒﻫﺎﻳﻲ ﺷﻮد ﻛـﻪ ﺑـﺴﺘﮕﻲ ﺑـﻪ ﻧـﻮع ﭘﺮﻛﻨﻨـﺪه دارد .ﭘﺮﺷـﻮن
) [4] (Perssonﻧﺸﺎن داد ﻛﻪ ورود ﻛﻠﺮﻳﺪ ﺑﻪ ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ داراي ﭘﻮدر ﺳﻨﮓ آﻫـﻚ ﺑـﻪ ﻣﻘـﺪار ﻗﺎﺑـﻞ ﺗـﻮﺟﻬﻲ
ﺑﻴﺸﺘﺮ از ﺑﺘﻦ ﻟﺮزاﻧﺪه ﺷﺪه اﺳﺖ ﻛﻪ ﻋﻤﺪﺗﺎً ﺑﻪ دﻟﻴﻞ ﻣﻘﺪار ﻛﻤﺘﺮ ﺳﻴﻤﺎن در ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در ﻣﻘﺎﻳﺴﻪ ﺑـﺎ ﺑـﺘﻦ ﻟﺮزاﻧـﺪه
ﺷﺪه اﺳﺖ.
اﺳﺘﻔﺎده از ﻣﻘﺎدﻳﺮ ﺑﺎﻻي ﭘﻮدرﺳﻨﮓ آﻫﻚ ،ﻛﺮﺑﻨﺎﺳﻴﻮن را ﺷﺪت ﺑﺨﺸﻴﺪه و ﻣﻲﺗﻮاﻧﺪ ﺧﻮاص دوام ﺑﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ را در
ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺑﺘﻦ ﻟﺮزاﻧﺪه ﺷﺪه ﻛﺎﻫﺶ دﻫﺪ .در ﻧﻈﺮ ﮔﺮﻓﺘﻦ ﻳﻚ ﻻﻳﻪ ﻣﺤﺎﻓﻈﺖ ﻛﻨﻨﺪه ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﻟﺮزاﻧـﺪه ﺷـﺪه ،روي
ﻣﻴﻠﮕﺮدﻫﺎي ﺗﻘﻮﻳﺖ ﻛﻨﻨﺪه در ﺳﻄﺢ ﺑﻴﺮوﻧﻲ ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ در ﺷﺮاﻳﻂ ﺗﻬﺎﺟﻤﻲﻣﻲﺗﻮاﻧـﺪ ﺑـﻪ دوام اﻳـﻦ ﻧـﻮع ﺑـﺘﻦ
ﻛﻤﻚ ﻧﻤﺎﻳﺪ .ﭼﻨﺎﻧﭽﻪ ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﺑـﺎ ﻣﻘـﺪار ﭘـﻮدر ﺳـﻨﮓ آﻫـﻚ زﻳـﺎد در ﺷـﺮاﻳﻂ ﺗﻬـﺎﺟﻢ ﺳـﻮﻟﻔﺎت ﺗﺎﻣﺎﺳـﻴﺖ
) (Thaumasiteﻗﺮار ﮔﻴﺮد ،ﺧﻄﺮ زﻳﺎدي از ﻧﻈﺮ ﻛﺎﻫﺶ دوام وﺟﻮد ﺧﻮاﻫﺪ داﺷﺖ ،زﻳﺮا ﭘﻮدر ﺳﻨﮓ آﻫﻚ داراي ﺳﻄﺢ
وﻳﮋه ﺑﺎﻻﻳﻲ اﺳﺖ ﻛﻪ ﻣﻲﺗﻮاﻧﺪ ﻣﻨﺠﺮ ﺑﻪ ﺣﻞ  CO2در آب ﺣﻔﺮهاي ،ﺑﺨﺼﻮص در دﻣﺎي ﭘﺎﻳﻴﻦ ﺷﻮد .در ﺻﻮرت ﺗﻬﺎﺟﻢ
ﺗﺎﻣﺎﺳﻴﺖ در ﺑﺘﻦ ،ژل  C-S-Hدر ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﻪ ﻳﻚ ﺗﻮدة ﻛﻢ و ﺑﻴﺶ ﻣﺘﺨﻠﺨﻞ ﺗﺒﺪﻳﻞ ﺷﺪه ،ﺑﺎﻋﺚ ﺗﺨﺮﻳﺐ ﻛﺎﻣـﻞ
ﺑﺘﻦ ﻣﻲﺷﻮد .در ﭼﻨﻴﻦ ﺣﺎﻟﺘﻲ ﻧﻤﻲﺗﻮان از ﺗﻬﺎﺟﻢ ﺗﺎﻣﺎﺳﻴﺖ ﺑﺎ اﺳـﺘﻔﺎده از ﺳـﻴﻤﺎن ﻛـﻢ ﻗﻠﻴـﺎﻳﻲ ﻣﻘـﺎوم ﺑـﻪ ﺳـﻮﻟﻔﺎت،
ﭘﻴﺸﮕﻴﺮي ﻛﺮد.
ﭘﺮﺷﻮن ﻧﻤﻮﻧﻪﻫﺎي ﻣﺨﺘﻠﻒ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ و ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﻟﺮزاﻧﺪه ﺷﺪه را ﺑﺮاي  900روز در ﻣﻌﺮض ﻣﺤﻠـﻮل ﺳـﻮﻟﻔﺎت
ﺳﺪﻳﻢ ) 18 (g/lدر آب ﻣﻘﻄﺮ ،ﻗﺮار داد و دوام آﻧﻬﺎ را از ﻃﺮﻳﻖ اﻧﺪازه ﮔﻴﺮي وزن و ﻣﺪول اﻻﺳﺘﻴﻚ ،ارزﻳﺎﺑﻲ ﻛﺮد .اﺛـﺮ
روش اﺧﺘﻼط ﻧﻴﺰ ،ﺑﺎ در ﻧﻈﺮ ﮔﺮﻓﺘﻦ دو روش ﻣﺨﺘﻠﻒ ،ارزﻳﺎﺑﻲ ﺷﺪ .اول روش ﻣﻌﻤﻮﻟﻲ ﻛﻪ در آن ﺗﻤﺎم ﻣﺼﺎﻟﺢ ﺧﺸﻚ
ﺑﺎ آب ﺑﺮاي  5دﻗﻴﻘﻪ ﻣﺨﻠﻮط ﺷﺪه و ﺳﭙﺲ ﻓﻮق روان ﻛﻨﻨﺪه اﺿﺎﻓﻪ ﺷﺪه و اﺧﺘﻼط ﺑﺮاي  2/5دﻗﻴﻘﻪ دﻳﮕﺮ اداﻣﻪ ﻳﺎﻓﺖ.
در روش دوم ،اﺧﺘﻼط ﺗﻤﺎم ﻣﺼﺎﻟﺢ ﺑﻪ ﺟﺰ ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﺮاي  0/5دﻗﻴﻘﻪ و ﺳﭙﺲ اﺿﺎﻓﻪ ﻛﺮدن ﭘﻮدرﺳﻨﮓ آﻫﻚ
و اﺧﺘﻼط ﺑﻌﺪي ﺑﺮاي  2/5دﻗﻴﻘﻪ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﮔﺮﻓﺖ .روش دوم ﻣﻮﻓﻘﻴﺖ آﻣﻴﺰ ﻧﺒﻮد.
آزﻣﺎﻳﺶﻫﺎ ﻧﺸﺎن داد ﻛﻪ ﺑﻪ ﻋﻠﺖ ﺣﺴﺎﺳﻴﺖ ﺑﻴﺸﺘﺮ ﭘﻮدرﺳﻨﮓ آﻫﻚ ﺑﻪ ﺗﻬﺎﺟﻢ ﺳـﻮﻟﻔﺎت )درﻣﻘﺎﻳـﺴﻪ ﺑـﺎ ﺳـﻴﻤﺎن( ،در
ﺻﻮرت اﺳﺘﻔﺎده از ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﺑﺎ ﻣﻘﺎدﻳﺮ زﻳﺎد ﭘﻮدرﺳﻨﮓ آﻫﻚ در ﻣﻨﺎﻃﻖ داراي ﻇﺮﻓﻴﺖ ﺗﻬﺎﺟﻢ ﺳﻮﻟﻔﺎت ،دوام ﺑﺘﻦ
ﻣﻲﺗﻮاﻧﺪ ﻛﺎﻫﺶ ﻳﺎﺑﺪ .ﺑﻨﺎﺑﺮاﻳﻦ ﺑﻬﺘﺮ اﺳﺖ ﻛﻪ در ﻣﻨﺎﻃﻘﻲ ﻛﻪ ﻣﻘﺪار ﺳﻮﻟﻔﺎت در آبﻫﺎي زﻳﺮزﻣﻴﻨـﻲ ﻧـﺎﻣﻌﻠﻮم اﺳـﺖ ،از
ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﺑﺎ ﻣﻘﺪار ﺑﺎﻻي ﭘﻮدرﺳﻨﮓ آﻫﻚ اﺳﺘﻔﺎده ﻧﺸﻮد.
اﻳﺮاﺳﺎر ) [62] (Irassarاﺧﻴﺮاً ﺗﻬﺎﺟﻢ ﺳﻮﻟﻔﺎت ﺑﺮ روي ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ ﺣﺎوي ﭘﺮﻛﻨﻨﺪه ﺳـﻨﮓ آﻫـﻚ را ﻣـﺮور ﻧﻤـﻮده
اﺳﺖ .ﻣﻄﺎﻟﻌﺎت آزﻣﺎﻳﺸﮕﺎﻫﻲ روي ﻧﻤﻮﻧﻪﻫﺎي ﺧﻤﻴﺮ ،ﻣﻼت و ﺑﺘﻦ ﺑﺎ ﺗﺮﻛﻴﺒﺎت ﻣﺨﺘﻠﻒ در ﺑﺮاﺑﺮ ﺗﻬـﺎﺟﻢ ﻣﺤﻠـﻮلﻫـﺎي
ﺳﻮﻟﻔﺎت ﺳﺪﻳﻢ و ﺳﻮﻟﻔﺎت ﻣﻨﻴﺰﻳﻢ ﺑﺎ ﻏﻠﻈﺖﻫﺎي ﻣﺨﺘﻠﻒ ﻣﺮور ﺷﺪه اﺳﺖ .ﭘﻮدر ﺳﻨﮓ آﻫـﻚ ﻣـﻲﺗﻮاﻧـﺪ دوام ﺑـﺘﻦ در
ﺑﺮاﺑﺮ ﻫﺠﻮم ﺳﻮﻟﻔﺎت ﺑﻴﺮوﻧﻲ را ﻛﺎﻫﺶ دﻫﺪ .در اﻳﻦ راﺑﻄﻪ ،ﺗﻮﺻﻴﻪﻫﺎي ﮔﺮوه ﻣﺘﺨﺼﺼﻴﻦ ﺗﺎﻣﺎﺳـﻴﺖ ] [63اﺳـﺘﻔﺎده از
ﺳﻴﻤﺎنﻫﺎي ﺣﺎوي ﭘﻮدر ﺳﻨﮓ آﻫﻚ در ﺟﺎﻫﺎﻳﻲ ﻛﻪ آب زﻳﺮزﻣﻴﻨﻲ ﺣﺎوي ﺑﻴﺶ از  0/4ﮔـﺮم ﺑـﺮ ﻟﻴﺘـﺮ ﻳـﻮن ﺳـﻮﻟﻔﺎت
ﺑﺎﺷﺪ ،ﻣﻨﻊ ﻧﻤﻮده اﺳﺖ .ﻣﻜﺎﻧﻴﺴﻢ و ﺷﻴﻤﻲﺗﺸﻜﻴﻞ ﺗﺎﻣﺎﺳﻴﺖ و ﺧﻮردﮔﻲ ﻧﺎﺷﻲ از آن در ﺑﺘﻦ در ﻣﺮاﺟﻊ  64ﺗﺎ  66ﺑﺤﺚ
ﺷﺪه اﺳﺖ .اﮔﺮﭼﻪ در ﺑﻴﻦ ﻛﺎرﻫﺎي ﻣﺮور ﺷﺪه ﺗﻮﺳﻂ اﻳﺮاﺳﺎر ،ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ﻧﻴﺰ وﺟﻮد داﺷﺘﻪ اﺳﺖ ،اﻣﺎ ﺗﻤﺮﻛـﺰ ﺑﺤـﺚ
وي روي اﺛﺮ ﭘﻮدر ﺳﻨﮓ آﻫﻚ در دوام در ﺑﺮاﺑﺮ ﺳﻮﻟﻔﺎت ﺑﻮده و ﺑﺤﺚ دﻗﻴﻘﻲ روي ﺗﺮﻛﻴﺒﺎت ﺧﻮدﺗﺮاﻛﻢ ﺑﻪ ﻃﻮر ﺧﺎص
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اراﺋﻪ ﻧﻜﺮده اﺳﺖ .ﺗﺮﮔﺎرد و ﻛﺎﻟﻴﻨﻮوﺳﻜﻲ ) 67] (Trägård and Kalinowskiو  [68روي دوام ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﺑـﺎ
ﭘﻮدر ﺳﻨﮓ آﻫﻚ در ﺑﺮاﺑﺮ ﻣﺤﻴﻂﻫﺎي داراي ﺳﻮﻟﻔﺎت و ﻳﻮن ﻣﻨﻴﺰﻳﻢ ﺗﺤﻘﻴﻖ ﻛﺮدﻧﺪ .ﻧﻤﻮﻧﻪﻫﺎي داراي ﭘﺮﻛﻨﻨﺪه ﺳـﻨﮓ
آﻫﻚ داراي دوام ﻛﻤﺘﺮي ﺑﻮدﻧﺪ و ﻣﺨﻠﻮطﻫﺎي ﺑﺎ  50 kg/m3ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺿﻌﻴﻒﺗﺮ از ﻣﺨﻠﻮطﻫـﺎي ﺑـﺎ kg/m3
100و ﻳﺎ ﺑﺪون آن ﺑﻮد .ﭘﺲ از دورهﻫﺎي آزﻣﻮن ) 22و  48ﻣﺎه( ﻧﻤﻮﻧﻪﻫﺎ دﭼﺎر ﺗﺨﺮﻳﺐﻫـﺎ و ﭘﻮﺳـﺘﮕﻲﻫـﺎي ﺳـﻄﺤﻲ
ﺷﺪه و ﺗﺮﻛﻴﺒﺎت ﺗﺎﻣﺎﺳﻴﺖ ،ﮔﭻ و اﺗﺮﻧﺠﻴﺖ در آﻧﻬﺎ ﻳﺎﻓﺖ ﺷﺪ.
3
ﻓﺮﻳﺒﺮت و اﺷﺘﺎرك ) [69] (Friebert and Starkﻧﻴـﺰ روي دوام ﻧﻤﻮﻧـﻪﻫـﺎي ﺧـﻮدﺗﺮاﻛﻢ داراي  200kg/mﭘـﻮدر
ﺳﻨﮓ آﻫﻚ ﻣﻄﺎﻟﻌﻪ ﻧﻤﻮدﻧﺪ .ﻧﻤﻮﻧﻪﻫﺎ ﺑﺮاي  4ﻣﺎه در ﻣﻌﺮض ﻣﺤﻠﻮل ﺳﻮﻟﻔﺎت  33/8ﮔﺮم ﺑﺮ ﻟﻴﺘﺮ ﻗﺮار داده ﺷﺪ .ﻧﺘـﺎﻳﺞ
ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻧﺴﺒﻲ روي ﻧﻤﻮﻧﻪﻫﺎي ﺧﻮدﺗﺮاﻛﻢ و ﺷﺎﻫﺪ ﻣﺸﺎﺑﻪ ﺑﺎ ﻫﻢ و ﻣﻌﺎدل ﺗﻘﺮﻳﺒﺎً  0/7ﺑﻪ دﺳـﺖ آﻣـﺪ ﻛـﻪ ﺑـﻪ
ﻧﻔﻮذﻧﺎﭘﺬﻳﺮي ﺧﻮب ﻧﻤﻮﻧﻪ ﻧﺴﺒﺖ داده ﺷﺪ.
ﻧﻔﻮذﭘﺬﻳﺮي ﺑﻴﺸﺘﺮ و ﻛﻤﺘﺮ ﻧﺴﺒﺖ ﺑﻪ ﺑﺘﻦﻫﺎي راﻳﺞ ،ﻫـﺮ دو ﺑـﺮاي ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﮔـﺰارش ﺷـﺪه اﺳـﺖ .ژو )(Zhu
] [7069دوام ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ را در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺑﺘﻦ راﻳﺞ ﺑﺎ ﻣﻘﺎوﻣﺖ ﻣﺸﺎﺑﻪ ،از ﻃﺮﻳﻖ اﻧﺪازهﮔﻴﺮي ﻧﻔﻮذﭘﺬﻳﺮي اﻛـﺴﻴﮋن،
ﺟﺬب ﻣﻮﻳﻴﻨﻪ و ﻧﻔﻮذ ﻛﻠﺮﻳﺪ ارزﻳﺎﺑﻲ ﻛﺮده اﺳﺖ .وي دو رده  C-40و  C-60را ﺑﺎ ﻣﻘﺎوﻣـﺖﻫـﺎي ﻣﺸﺨـﺼﻪ  40و 60
ﻣﮕﺎﭘﺎﺳﻜﺎل ،ﺑﺮاي آزﻣﻮﻧﻪﻫﺎي ﻣﻜﻌﺒﻲ ،ﺗﻬﻴﻪ ﻛﺮد .ﺑﺮاي ﻫﺮ رده ،ﺳﻪ ﺳﺮي ﻣﺘﻔﺎوت از ﻣﺨﻠﻮطﻫﺎي  SCCو دو ﺳـﺮي
ﻧﻤﻮﻧﻪﻫﺎي ﺑﺘﻦ راﻳﺞ ﻟﺮزاﻧﺪه ﺷﺪه ،ﺗﻬﻴﻪ ﺷﺪ .ﻃﺮح اﺧﺘﻼطﻫﺎي ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﺷﺎﻣﻞ ﭘﻮدر ﺳﻨﮓآﻫﻚ ،ﺧﺎﻛﺴﺘﺮ ﺑﺎدي
و ﻳﻜﻲ ﻫﻢ ﺑﺪون ﭘﻮدر و ﻓﻘﻂ ﺑﺎ اﺻﻼحﻛﻨﻨﺪه ﻟﺰﺟﺖ ﺑﻮد .ﺑﺮاي ﻃﺮح اﺧﺘﻼط از آزﻣـﺎﻳﺶﻫـﺎي ﺣـﺪس و ﺧﻄـﺎ ﻳـﺎ از
روش اروﭘﺎﻳﻲ اﺳﺘﻔﺎده ﺷﺪ .ﺑﺮاي ﻧﻤﻮﻧﻪﻫﺎي ﻣﺮﺟﻊ )ﺑﺘﻦ راﻳﺞ( ﻧﻴﺰ دو ﻧﻮع ﻧﻤﻮﻧﻪ ،ﻳﻜﻲ ﺑﺎ ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ و دﻳﮕـﺮي ﺑـﺎ
ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ و ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﺎ ﻛﺎراﻳﻲ ﻣﺘﻮﺳﻂ )اﺳﻼﻣﭗ= 80mmـ (50ﺑﺎ اﺳﺘﻔﺎده از روش  [71] DOEﺗﻬﻴﻪ ﺷﺪ.
ﺟﺮﻳﺎن اﺳﻼﻣﭗ ﻧﻤﻮﻧﻪﻫﺎي  SCCو ﻣﻘﺪار اﺳﻼﻣﭗ ﻧﻤﻮﻧﻪ ﻣﺮﺟﻊ ) C60ﻛﻪ داراي ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﻮد( ﺑﺎ ﺗﻨﻈﻴﻢ ﻣﻴﺰان
ﻣﺼﺮف ﻓﻮقروانﻛﻨﻨﺪه ﺗﻨﻈﻴﻢ ﺷﺪ .ﭘﻮدرﺳﻨﮓ آﻫﻚ ﺑﺴﻴﺎر رﻳـﺰ ) ٪98<30 µو  (٪20<2 µﺑـﺎ ﺧﻠـﻮص ﺑـﺴﻴﺎرﺑﺎﻻ
) (٪99/3 CaCO3و ﺧﺎﻛﺴﺘﺮ ﺑﺎدي آﺳﻴﺎ ﺷﺪه ﻣﻄﺎﺑﻖ ﺑﺎ اﺳﺘﺎﻧﺪارد 1ـ BS3892ﺑﻪ ﻋﻨﻮان ﭘﻮدر اﺳﺘﻔﺎده ﺷﺪﻧﺪ .از ﻳﻚ
ﻧﻮع ﻓﻮقروانﻛﻨﻨﺪه ﺗﺠﺎري ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺟﺮﻳﺎن اﺳﻼﻣﭗ )650 (mmـ 600ﺑﺮاي ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﺑﻬﺮهﮔﻴـﺮي
ﺷﺪ .اﺻﻼحﻛﻨﻨﺪة ﻟﺰﺟﺖ از ﻧﻮع ﺻﻤﻎ وﻻن در آن ﻧﻮع  SCCﻛﻪ ﭘﻮدر ﻧﺪاﺷـﺖ ،اﺳـﺘﻔﺎده ﺷـﺪ .ﻧﻤﻮﻧـﻪﻫـﺎي ﻣﻜﻌـﺐ
) 150(mmو اﺳﺘﻮاﻧﻪاي  Φ150×300ﺗﻬﻴﻪ ﺷﺪ .ﻧﻤﻮﻧﻪﻫﺎ ﭘﺲ از  24ﺳـﺎﻋﺖ از ﻗﺎﻟـﺐ ﺑﻴـﺮون آورده ﺷـﺪه و ﻣﻄـﺎﺑﻖ
اﺳﺘﺎﻧﺪارد  BSﻋﻤﻞآوري ﺷﺪﻧﺪ .ﭘﺲ از  7روز ،آزﻣﻮﻧﻪﻫﺎي ) Φ100(mmاز ﻧﻤﻮﻧﻪﻫﺎي اﺳﺘﻮاﻧﻪاي ﻣﻐﺰهﮔﻴـﺮي ﺷـﺪه،
ﻣﻘﻄﻊﻫﺎي  15ﺗﺎ  20ﻣﻴﻠﻲﻣﺘﺮ از دو ﺳﺮآﻧﻬﺎ ﺟﺪا ﺷﺪ .ﻣﻐﺰه ﺑﺎﻗﻲﻣﺎﻧـﺪه ﺑـﺮاي آزﻣـﺎﻳﺶ ﻧﻔـﻮذﭘـﺬﻳﺮي ،ﻗﺎﺑﻠﻴـﺖ اﻧﺘـﺸﺎر
) ،(diffusivityﻧﻔﻮذﭘﺬﻳﺮي اﻛﺴﻴﮋن ،ﺟﺬب ﻣﻮﻳﻴﻨﻪ آب و ﻗﺎﺑﻠﻴﺖ اﻧﺘﺸﺎر ﻛﻠﺮﻳﺪ اﺳﺘﻔﺎده ﺷﺪ .ﻧﺘﺎﻳﺞ ﻧﻔﻮذﭘﺬﻳﺮي اﻛﺴﻴﮋن
ﻧﺸﺎن داد ﻛﻪ ﺑﺮاي ﻧﻤﻮﻧﻪﻫﺎي ) ،40(MPaﻫﺮ ﺳﻪ ﻧﻤﻮﻧﻪ ﺧﻮدﺗﺮاﻛﻢ ﻧﻔﻮذﭘﺬﻳﺮي ﻛﻤﺘﺮي از ﻣﺨﻠﻮطﻫـﺎي راﻳـﺞ دارﻧـﺪ.
ﺑﺨﺼﻮص ﻃﺮح اﺧﺘﻼطﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﻛﻪ درآﻧﻬﺎ ﭘﻮدرﻫﺎي ﺳﻨﮓآﻫﻚ و  PFAاﺳﺘﻔﺎده ﺷﺪ ،ﺿﺮاﻳﺐ ﻧﻔﻮذي در ﺣـﺪ
ﻓﻘﻂ  30ﺗﺎ  40درﺻﺪ ﻃﺮحﻫﺎي ﻣﺮﺟﻊ داﺷﺘﻨﺪ .ﻧﻤﻮﻧﻪﻫﺎي  SCCﺑﺎ اﻓﺰودﻧﻲ اﺻـﻼحﻛﻨﻨـﺪه ﻟﺰﺟـﺖ ﻛـﻪ داراي ﭘـﻮدر
ﻧﺒﻮدﻧﺪ ،ﺑﻪ ﻃﻮر ﻗﺎﺑﻞ ﻣﻼﺣﻈﻪاي داراي ﺿﺮﻳﺐ ﻧﻔﻮذﭘﺬﻳﺮي ﺑﺎﻻﺗﺮي ﺑﻮدﻧﺪ .ﻧﺘﺎﻳﺞ ﻗﺎﺑﻠﻴﺖ ﺟﺬب آب ﻧـﺸﺎن داد ﻛـﻪ در
ﻣﻘﺎوﻣﺖ ) ،40 (MPaﺟﺬب ﺑﻪ ﻃﻮرﻗﺎﺑﻞ ﻣﻼﺣﻈﻪاي در ﺗﻤﺎم ﻧﻤﻮﻧـﻪﻫـﺎي  SCCﻛﻤﺘـﺮ از ﻧﻤﻮﻧـﻪﻫـﺎي ﻣﺮﺟـﻊ ﺑـﻮد.
درﻣﻘﺎوﻣﺖ ) ،60 (MPaﻧﻤﻮﻧﻪ ﻣﺮﺟﻊ داراي ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ،ﺿﺮﻳﺐ ﺟﺬﺑﻲ ﺗﻘﺮﻳﺒﺎً ﻣﺸﺎﺑﻪ ﺑﺎ ﻧﻤﻮﻧﻪﻫﺎي  SCCداﺷﺖ.
رﻣﻀﺎﻧﻴﺎﻧﭙﻮر ] [60آزﻣﻮن ﻧﻔﻮذﭘﺬﻳﺮي ﻳﻮن ﻛﻠﺮاﻳﺪ ﻃﺒﻖ اﺳﺘﺎﻧﺪارد  ASTM C1202را روي ﭼﻨﺪ ﻧﻤﻮﻧﻪ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ
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اﻧﺠﺎم داد .ﻧﺘﺎﻳﺞ ﺣﺎﻛﻲ از ﺗﺄﺛﻴﺮ ﻣﺜﺒﺖ اﻓﺰاﻳﺶ ﭘﺮﻛﻨﻨﺪه ﻣﺼﺮﻓﻲ در ﻛﺎﻫﺶ ﻧﻔﻮذﭘـﺬﻳﺮي ﻳـﻮن ﻛﻠﺮاﻳـﺪ ﺑـﻮد .ﺑـﻪ ﻃـﻮر
ﻣﺘﻮﺳﻂ ﺑﺎ  66درﺻﺪ اﻓﺰاﻳﺶ ﭘﺮﻛﻨﻨﺪه ﻣﺼﺮﻓﻲ 36 ،درﺻﺪ ﻧﻔﻮذﭘﺬﻳﺮي ﻳﻮن ﻛﻠﺮاﻳﺪ در ﻧﻤﻮﻧﻪﻫﺎ ﻛﺎﻫﺶ ﻳﺎﻓـﺖ .آﻫﻨـﮓ
ﺗﻐﻴﻴﺮات ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮاﻳﺪ ﻧﺴﺒﺖ ﺑﻪ ﭘﺮﻛﻨﻨﺪه ﻣﺼﺮﻓﻲ ﺗﻘﺮﻳﺒﺎً ﺧﻄﻲ ﺑﻮد .ﻧﺘﺎﻳﺞ رﻣﻀﺎﻧﻴﺎﻧﭙﻮر و ژو ﺗﻔﺎوتﻫـﺎﻳﻲ را ﻧـﺸﺎن
ﻣﻲدﻫﻨﺪ ،اﻣﺎ روش ﻣﻘﺎﻳﺴﻪ آﻧﻬﺎ ﻧﻴﺰ ﻣﺘﻔﺎوت ﺑﻮده اﺳﺖ ،زﻳﺮا ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  28روزه ﻧﻤﻮﻧﻪﻫﺎي ﻣﺮﺟﻊ و ﺧـﻮدﺗﺮاﻛﻢ
ﺳﺎﺧﺘﻪ ﺷﺪه ﺗﻮﺳﻂ رﻣﻀﺎﻧﻴﺎﻧﭙﻮر ،ﺑﻪ ﻃﻮر ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﻣﺘﻔﺎوت ﺑﻮده اﺳـﺖ .وي ﻧـﺸﺎن داد ﻛـﻪ ﺑـﺎ اﻓـﺰاﻳﺶ ﻣﻘﺎوﻣـﺖ
ﻓﺸﺎري ﻧﻤﻮﻧﻪﻫﺎ ﻧﻔﻮذﭘﺬﻳﺮي آب و ﻳﻮن ﻛﻠﺮاﻳﺪ ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ ،ﻛﻪ اﻳﻦ ﻛﺎﻫﺶ ﺑﺎ ﺗﻘﺮﻳﺐ ﻧﺴﺒﺘﺎً ﺧﻮﺑﻲ ﺧﻄﻲ اﺳﺖ.
در ﻛﻞ ﺑﺎﻳﺪ ﮔﻔﺖ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺟﺪﻳﺪ ﺑﻮدن ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﻫﻨﻮز ﻧﻴﺎز ﺑﻪ ﺑﺮرﺳﻲﻫﺎ و ﺗﺤﻘﻴﻘﺎت ﺑﺴﻴﺎر ﺑﻴـﺸﺘﺮي ﺑـﺮ روي
ﺟﻮاﻧﺐ ﻣﺘﻌﺪد دوام آن وﺟﻮد دارد.
 -10ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ آﺗﺶ
ﻳﻜﻲ از ﻣﺸﺨﺼﺎت ﻣﻬﻢ ﺑﺘﻦ در ﺳﺎﺧﺘﻤﺎنﻫﺎ ،ﻣﻘﺎوﻣﺖ آن در ﺑﺮاﺑﺮ آﺗﺶ اﺳـﺖ .ﻣﻘﺎوﻣـﺖ ﻻزم در ﺑﺮاﺑـﺮ آﺗـﺶ ﺑـﺮاي
اﺟﺰاي ﺳﺎﺧﺘﻤﺎن ﺗﻮﺳﻂ ﻣﻘﺮرات و آﻳﻴﻦﻧﺎﻣﻪﻫﺎي ﺳﺎﺧﺘﻤﺎﻧﻲ ﺗﻌﻴﻴﻦ ﻣﻲﺷﻮد ] .[72در ﻣﻮرد ﻣﻘﺎوﻣﺖ ﺑﺘﻦﻫﺎي ﻣﻌﻤـﻮﻟﻲ
در ﺑﺮاﺑﺮ آﺗﺶ ﭘﮋوﻫﺶﻫﺎ و آزﻣﺎﻳﺶﻫﺎي ﺑـﻲﺷـﻤﺎري اﻧﺠـﺎم ﺷـﺪه اﺳـﺖ و ﻧﺘـﺎﻳﺞ آن در دﺳـﺘﺮس اﺳـﺖ .ﻫﺮﻣﺘـﻲ
 [75-73] Harmathyﺗﻐﻴﻴﺮات ﺧﻮاص ﻣﺨﺘﻠﻒ ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ و ﺳﺒﻚ در ﺷﺮاﻳﻂ آﺗـﺶﺳـﻮزي و دﻣـﺎي ﺑـﺎﻻ را
ﺑﺤﺚ ﻛﺮده اﺳﺖ .ﻧﺘﺎﻳﺞ آزﻣﻮنﻫﺎي آﺗﺶ ،ﺗﻔﺎوتﻫﺎي ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ را ﺑﻴﻦ رﻓﺘـﺎر ﺑـﺘﻦﻫـﺎي ﻣﻌﻤـﻮﻟﻲ ﺑـﺎ ﺑـﺘﻦﻫـﺎي
ﻣﻘﺎوﻣﺖ ﺑﺎﻻ ) ،(HSCﺗﻮاﻧﻤﻨﺪ ) (HPCو ﺧﻮدﺗﺮاﻛﻢ در دﻣﺎي ﺑﺎﻻ ﻧﺸﺎن داده اﺳﺖ .ﺗﻔﺎوتﻫﺎي ﻣﻬﻤـﻲﻧﻈﻴـﺮ ﻣﻘـﺎدﻳﺮ
ﻣﺨﺘﻠﻒ ﭘﻮدر ،ﻣﻘﺪار ﺗﺮاﻛﻢ و وﺟﻮد ﻣﻮاد اﻓﺰودﻧﻲ ،ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ داراي ﺧﻮاص ﺑﺴﻴﺎر ﻣﺘﻔـﺎوﺗﻲ
از ﺳﺎﻳﺮ ﺑﺘﻦﻫﺎ در ﺑﺮاﺑﺮ آﺗﺶ ﺑﺎﺷﺪ.
ﻳﻜﻲ از دﻻﻳﻞ ﻣﻬﻢ ﺷﻜﺴﺖ اﺟﺰاي ﺑﺘﻨﻲ در ﺑﺮاﺑﺮ آﺗﺶ ،ﭘﺪﻳـﺪه ﭘﻮﺳـﺘﻪﺷـﺪن اﺳـﺖ .ﭘﻮﺳـﺘﻪﺷـﺪن ﺑـﺘﻦ در ﺷـﺮاﻳﻂ
آﺗﺶﺳﻮزي ،ﺑﻪ ﻣﻌﻨﺎي ﺟﺪا ﺷﺪن ﺗﻜﻪﻫﺎي ﻛﻮﭼﻚ و ﺑﺰرگ ﺑﺘﻦ از ﺳﻄﺢ آن در دﻣﺎي ﺑﺎﻻ اﺳﺖ ﻛﻪ در اﻳـﻦ ﺻـﻮرت
ﭘﻮﺷﺶ ﺑﺘﻨﻲ روي ﻣﻴﻠﮕﺮدﻫﺎي ﻓﻮﻻدي ﺗﻘﻮﻳﺖ ﻧﻴﺰ از ﺑﻴﻦ ﻣﻲرود .اﻳﻦ ﻣﻮﺿﻮع ﻣﻨﺠﺮ ﺑﻪ ﮔﺮﻣﺎﻳﺶ ﻣﺴﺘﻘﻴﻢ ﻣﻴﻠﮕﺮدﻫـﺎ
ﺷﺪه و ﺑﺎﻋﺚ ﻛﺎﻫﺶ ﺳﺮﻳﻊ ﻇﺮﻓﻴﺖ ﺑﺎرﺑﺮي ﺑﺘﻦ ﻣﻲﺷﻮد .ﮔﺎﻫﻲ اوﻗﺎت اﺑﻌﺎد ﭘﻮﺳﺘﻪﺷﺪن ﺑﺴﻴﺎر وﺳﻴﻊ اﺳﺖ و ﺷﻜـﺴﺖ
ﻓﻮري ﺳﺎزه را ﻣﻮﺟﺐ ﻣﻲﺷﻮد .زﻣﻴﻨﻪ ﭘﻮﺳﺘﻪﺷﺪن در ﺑﺘﻦﻫﺎي ﻣﺘﺮاﻛﻢ )ﻣﺎﻧﻨﺪ ﺑﺘﻦﻫﺎي  HSC ،HPCو  (SCCﺑـﺴﻴﺎر
ﻣﺘﻔﺎوت از ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ اﺳﺖ .ﺳﺎﺧﺘﺎر ﻣﺘﺮاﻛﻢ در ﺑﺘﻦ ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ اﻧﺘﻘـﺎل ﺑﺨـﺎر و رﻃﻮﺑـﺖ در آن دﺷـﻮارﺗﺮ
ﺷﺪه و ﻓﺸﺎر ﺑﺨﺎر ﺑﺎﻻﻳﻲ در ﻧﺰدﻳﻜﻲ ﺳﻄﺢ ﺑﺘﻦ اﻳﺠﺎد ﺷﻮد .اﻳﻦ ﺑﻪ ﻣﻌﻨﺎي ﺧﻄﺮ ﺑﻴﺸﺘﺮ ﭘﻮﺳﺘﻪﺷﺪن در ﻣﻘﺎﻳﺴﻪ ﺑﺎ ﺑـﺘﻦ
ﻣﻌﻤﻮﻟﻲ اﺳﺖ .در ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﺑﺨﺎر آب ﺑﺎ ﺳﺎدﮔﻲ ﺑﻴﺸﺘﺮي ﻣﻲﺗﻮاﻧﺪ ﺑﻪ ﺳﻄﺢ ﺑﺘﻦ ﻣﻬﺎﺟﺮت ﻛﻨـﺪ و از ﻃـﺮف دﻳﮕـﺮ،
رﻃﻮﺑﺖ ﺑﻪ ﻗﺴﻤﺖﻫﺎي داﺧﻠﻲ ﻣﻨﺘﻘﻞ ﺷﻮد .اﻣﺎ در ﻧﻬﺎﻳﺖ درﺻﺪ رﻃﻮﺑﺖ ﻣﻲﺗﻮاﻧﺪ ﺑﺴﻴﺎر ﺑﺎﻻ رﻓﺘﻪ و ﻳﻚ ﭘﻮﺳـﺘﻪﺷـﺪن
اﻧﻔﺠﺎري در  20ﺗﺎ  40ﻣﻴﻠﻲﻣﺘﺮي ﺳـﻄﺢ ﺑـﺘﻦ رخ دﻫـﺪ .آﻧـﺪرﺑﺮگ ] [7676از ﺳـﻪ ﻣﻜﺎﻧﻴـﺴﻢ اﺻـﻠﻲ ﻓـﺸﺎر ﺑﺨـﺎر،
ﺗﻨﺶﻫﺎي ﺣﺮارﺗﻲ و ﺗﻐﻴﻴﺮات ﺳﺎﺧﺘﺎري ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺑﻪ ﻋﻨﻮان ﻋﻮاﻣﻞ اﺻﻠﻲ ﭘﺪﻳﺪه ﭘﻮﺳﺘﻪﺷﺪن ﻧـﺎم ﻣـﻲﺑـﺮد .ﻫـﺮﺗﺲ
] [77ﭼﻨﺪﻳﻦ ﻋﺎﻣﻞ دﻳﮕﺮ را ﻧﻴﺰ ﻧﺎم ﺑﺮده و ﺑﺤﺚ ﻛﺮده اﺳﺖ.
ﺗﻔﺎوتﻫﺎي ﺑﻴﻦ ﺑﺘﻦﻫﺎي داراي ﺗﺮاﻛﻢ ﺑﺎﻻ و ﻣﻌﻤﻮﻟﻲ از ﻧﻈﺮ رﻓﺘﺎر در ﺑﺮاﺑﺮ آﺗﺶ ﺑﻪ ﻣﻴﺰان زﻳﺎدي واﺑﺴﺘﻪ ﺑـﻪ ﺧـﻮاص
رﻳﺰﺳﺎﺧﺘﺎر آﻧﻬﺎ اﺳﺖ .ﺑﺎ اﻳﻦ وﺟﻮد اﻏﻠﺐ ﭘﮋوﻫﺶﻫﺎي آﺗﺶ روي آزﻣﻮﻧﻪﻫﺎي ﻣﻘﻴﺎس ﺑﺰرگ ﻣﺘﻤﺮﻛﺰ ﺷﺪه ،ﻓﻘﻂ ﺗﻌﺪاد
اﻧﺪﻛﻲ از ﭘﮋوﻫﺶﻫﺎ ﺑﻪ ﭘﺪﻳﺪهﻫﺎي ﺗﻐﻴﻴﺮ رﻳﺰﺳﺎﺧﺘﺎر ،ﻣﺎﻧﻨﺪ ﺗﻐﻴﻴﺮات ﺧﻠﻞ و ﻓﺮج ،ﺗﻮزﻳﻊ اﻧﺪازة ﻣﻨﻔﺬﻫﺎ و اﺗﺼﺎل ﻣﻨﻔـﺬﻫﺎ
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ﭘﺮداﺧﺘﻪاﻧﺪ .ﺑﻪ اﻳﻦ دﻟﻴﻞ ﻳﻲ ) 78] (Yeو  [79ﺗﻐﻴﻴﺮات رﻳﺰﺳﺎﺧﺘﺎر ﭼﻨﺪ ﻧﻮع ﺧﻤﻴﺮ ﺳﻴﻤﺎن ،ﺑـﺎ اﻟﻴـﺎف ﭘﻠـﻲﭘـﺮوﭘﻴﻠﻦ و
ﺑﺪون آن ،ﺑﺮ اﺛﺮ اﻓﺰاﻳﺶ دﻣﺎ را ﺑﺮرﺳﻲ ﻛﺮده اﺳﺖ .آزﻣﻮﻧﻪﻫﺎي ﺧﻤﻴﺮ ﺳـﻴﻤﺎن ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ،ﺧﻤﻴـﺮ ﺳـﻴﻤﺎن ﺑـﺘﻦ
ﺗﻮاﻧﻤﻨﺪ و ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺳﻨﺘﻲ ﺑﺎ ﻧﺴﺒﺖﻫﺎي اﺧﺘﻼط ﻳﻜﺴﺎن ﺑﺎ ﺑﺘﻦﻫﺎي ﻣﺮﺑﻮﻃﻪ ،اﻣـﺎ ﺑـﺪون ﺳـﻨﮕﺪاﻧﻪ ،ﺳـﺎﺧﺘﻪ ﺷـﺪ.
ﻣﺨﻠﻮطﻫﺎي ﺧﻤﻴﺮ ﺳﻴﻤﺎن  SCCاﺳﺘﻔﺎده ﺷﺪه در اﻳﻦ ﻣﻄﺎﻟﻌﻪ ﺑﺎ ﺳـﻴﻤﺎن ﭘﺮﺗﻠﻨـﺪ ﻧـﻮع  CEM I 52/5ﺑـﺎ ﭘﻮدرﺳـﻨﮓ
آﻫﻚ اﺿﺎﻓﻪ ﺷﺪه ﺑﻪ ﻋﻨﻮان ﭘﺮﻛﻨﻨﺪه ﺗﻬﻴﻪ ﺷﺪ .ﻧﺘﺎﻳﺞ اﻳﻦ ﭘﮋوﻫﺶ ،ﻣﻔﻴﺪ ﺑـﻮدن اﻟﻴـﺎف  PPﺑـﺮاي ﺑﻬﺒـﻮد رﻓﺘـﺎر ﺑـﺘﻦ
ﺧﻮدﺗﺮاﻛﻢ در ﺑﺮاﺑﺮ آﺗﺶ را ﻧﺸﺎن داد .ﺧﻮاص رﻳﺰﺳﺎﺧﺘﺎر ،ﻳﻌﻨﻲ ﺧﻠﻞ و ﻓﺮج ،ﺗﻮزﻳﻊ اﻧﺪازة ﻣﻨﻔﺬ و ﺗﻮزﻳﻊ ﻓﺎز )ﺗﺨﻠﺨـﻞ،
 Ca(OH)2 ،CSHو ﻣﻐﺰه ﻫﻴﺪراﺗﻪ ﻧﺸﺪه ﺳﻴﻤﺎن( ﺑﺎ اﺳـﺘﻔﺎده از ﺗﺨﻠﺨـﻞﺳـﻨﺞ ﺟﻴـﻮهاي و ﻣﻴﻜﺮوﺳـﻜﻮپ اﻟﻜﺘﺮوﻧـﻲ
روﺑﺸﻲ ) (SEMﺑﺮرﺳﻲ ﺷﺪ .ﺗﺨﺮﻳﺐ ﺷﻴﻤﻴﺎﻳﻲ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺧﻮدﺗﺮاﻛﻢ در دﻣﺎﻫﺎي ﻣﺨﺘﻠﻒ ﺑﻪ وﺳﻴﻠﻪ آﻧـﺎﻟﻴﺰ ﺣﺮارﺗـﻲ
وزنﺳﻨﺠﻲ ) (TGﺗﻌﻴﻴﻦ ﺷﺪ .اﺛﺮ ﻣﻘﺪار اﻟﻴﺎف ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ روي ﺗﻐﻴﻴﺮ رﻳﺰﺳﺎﺧﺘﺎر ﺑﺮرﺳﻲ ﮔﺮدﻳﺪ .ﻧﺘﺎﻳﺞ ﺗﺠﺮﺑـﻲ ﺧﻤﻴـﺮ
ﺧﻮدﺗﺮاﻛﻢ ﺑﺎ ﺧﻤﻴﺮﻫﺎي ﺗﻮاﻧﻤﻨﺪ و ﺳﻨﺘﻲ ﻣﻘﺎﻳﺴﻪ ﺷﺪ .ﻫﻤﻪ ﻧﻤﻮﻧﻪﻫﺎ در ﻣﻌﺮض دﻣﺎي ﺑﺎﻻ در ﻳﻚ ﻛﻮره اﻟﻜﺘﺮﻳﻜـﻲ ﺑـﺎ
ﺳﺮﻋﺖ ﮔﺮم ﺷﺪن  10درﺟﻪ ﺳﻠﺴﻴﻮس ﺑﺮ دﻗﻴﻘﻪ ﻗﺮار داده ﺷﺪﻧﺪ .ﺣﺪاﻛﺜﺮ دﻣﺎي ﺑﻪ دﺳﺖ آﻣﺪه در ﻛﻮره  950 oCﺑـﻮد.
ﻫﻴﭻﻳﻚ از آزﻣﻮﻧﻪﻫﺎ ﻧﺸﺎﻧﻪاي از ﭘﻮﺳﺘﻪﺷﺪن اﻧﻔﺠﺎري ﻧﺸﺎن ﻧﺪادﻧﺪ ،اﻣﺎ ﺗﺮكﻫﺎي زﻳﺎدي در آﻧﻬﺎ ﻣﺸﺎﻫﺪه ﺷـﺪ .ﻋـﺪم
ﭘﻮﺳﺘﻪﺷﺪن ﻧﻤﻮﻧﻪﻫﺎ ﺑﻪ دﻟﻴﻞ اﻧﺪازه ﻛﻮﭼﻚ آزﻣﻮﻧﻪﻫﺎ و ﻣﻬﻤﺘﺮ از آن ﺳﺮﻋﺖ ﻛﻢ اﻓﺰاﻳﺶ دﻣﺎ اﺳﺖ .ﻗﺎﺑـﻞ ذﻛـﺮ اﺳـﺖ
ﻛﻪ در آزﻣﺎﻳﺶﻫﺎي اﺳﺘﺎﻧﺪارد آﺗﺶ ،دﻣﺎ در دﻗﺎﻳﻖ اول ﺑﺎ ﺳﺮﻋﺖ ﺑﺴﻴﺎر زﻳﺎد اﻓﺰاﻳﺶ و در ﻛﻤﺘﺮ از  20دﻗﻴﻘﻪ ﺑـﻪ 800
درﺟﻪ ﺳﻠﺴﻴﻮس ﻣﻲرﺳﺪ .ﻣﺸﺎﻫﺪه ﺷﺪ ﻛﻪ ﻧﻤﻮﻧﻪﻫﺎي ﺧﻤﻴﺮ ﺧـﻮدﺗﺮاﻛﻢ اﻟﮕـﻮي ﻣﺘﻔـﺎوﺗﻲ در ﻣﻘﺎﻳـﺴﻪ ﺑـﺎ ﺧﻤﻴﺮﻫـﺎي
ﺗﻮاﻧﻤﻨﺪ و ﺳﻨﺘﻲ ﻧﺸﺎن ﻣﻲدﻫﺪ.
ﻗﺒﻼً ﻧﻴﺰ ﺗﺤﻘﻴﻘﺎت زﻳﺎدي اﺳﺘﻔﺎده از اﻟﻴﺎف ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ را ﻣﻮﻓﻘﻴﺖآﻣﻴﺰ ﻧﺸﺎن داده ﺑﻮد ] .[85-80اﻟﻴﺎف ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ در
 170 oCذوب ﻣﻲﺷﻮﻧﺪ ،درﺣﺎﻟﻲﻛﻪ ﺗﺮﻛﻴﺪن ﺑﺘﻦ در دﻣﺎي ﺑﻴﻦ  190 oCﺗﺎ  250 oCرخ ﻣـﻲدﻫـﺪ ] .[86ذوب ﺷـﺪن
اﻟﻴﺎف و ﺟﺬب ﺟﺰﺋﻲ آن ﺗﻮﺳﻂ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﻣﺴﻴﺮﻫﺎﻳﻲ ﺑـﺮاي ﻋﺒـﻮر ﮔـﺎز اﻳﺠـﺎد ﺷـﻮد .ﺑـﺎ اﻳﺠـﺎد
ﺷﺒﻜﻪاي از اﻳﻦ ﻣﺴﻴﺮﻫﺎ ،ﮔﺎزﻫﺎي اﻳﺠﺎد ﺷﺪه در داﺧﻞ ﺑﺘﻦ ،ﻣـﻲﺗﻮاﻧـﺪ ﺑـﻪ ﺑﻴـﺮون راه ﻳﺎﻓﺘـﻪ و از ﺑـﺎﻻ رﻓـﺘﻦ ﻓـﺸﺎر
ﺟﻠﻮﮔﻴﺮي ﻧﻤﺎﻳﺪ.
اﺳﺘﻔﺎده از اﻟﻴﺎف ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ ﺑﺮاي ﺟﻠﻮﮔﻴﺮي از ﺗﺮﻛﻴﺪن ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ در دﻣﺎﻫﺎي ﺑﺎﻻ ،اوﻟﻴﻦ ﺑـﺎر در ﺳـﺎل 1982
ﺗﻮﺳﻂ ﻫﺮﺑﺮت ﻛﺮﺷﻨﺮ ) (Herbert Krechnerﭘﻴﺸﻨﻬﺎد ﺷﺪه ﺑﻮد ،اﻣﺎ ﻫﺮﺗﺲ ] [7777در آن ﻫﻨﮕﺎم ،آن را اﺳﺎﺳﺎً ﺑـﻪ
ﻋﻨﻮان ﻳﻚ ﻣﻮﺿﻮع ﺗﺤﻘﻴﻘﺎﺗﻲ رد ﻛﺮد ،زﻳﺮا ﺑﻨﺎ ﺑﻪ ﻧﻈﺮ وي اوﻻً ﭼﮕﻮﻧﮕﻲ ﺧﺮوج ﻓﺎز ﻣﺬاب ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ از ﻣﺤﻞ آن در
ﺑﺘﻦ ﺟﺎي ﺗﺮدﻳﺪ داﺷﺘﻪ و ﺛﺎﻧﻴﺎً ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﺗﺌﻮريﻫﺎي ﻣﻮﺟﻮد ،ﺗﺮﻛﻴﺪن اﻧﻔﺠﺎري از رﻳﺰﺳﺎﺧﺘﺎر ﺑﺘﻦ آﻏﺎز ﻣـﻲﺷـﻮد ﻛـﻪ
ﺑﺴﻴﺎر ﻛﻮﭼﻜﺘﺮ از ﻓﺎﺻﻠﻪ ﺑﻴﻦ اﻟﻴﺎف اﺳﺖ .ﻣﻌﻬﺬا ﺗﺠﺮﺑﻴـﺎت ﻣﺨﺘﻠـﻒ ،ﺳـﻮدﻣﻨﺪي اﺳـﺘﻔﺎده از اﻟﻴـﺎف ﭘﻠـﻲﭘـﺮوﭘﻴﻠﻦ در
ﺟﻠﻮﮔﻴﺮي از ﺗﺮﻛﻴﺪن ﺑﺘﻦ را ﻧﺸﺎن داده اﺳﺖ و ﻋﻘﻴﺪه ﻛﻠﻲ ﺑﺮ اﻳﻦ اﺳﺖ ﻛﻪ ﺣﻔﺮات ﺑﻪ ﺟـﺎي ﻣﺎﻧـﺪه از ذوب ﺷـﺪن و
ﺗﺠﺰﻳﻪ ﺷﺪن اﻟﻴﺎف ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ ﺑﺎﻋﺚ اﻳﺠﺎد ﺣﻔﺮات اﺿﺎﻓﻲ در ﺑﺘﻦ ﻣﻲﺷﻮد ﻛـﻪ ﻓـﻀﺎﻫﺎي اﺿـﺎﻓﻲ ﺑـﺮاي ﻓـﺎز ﺑﺨـﺎر
ﻣﻬﺎﺟﺮت ﻛﺮده را اﻳﺠﺎد ﻣﻲﻛﻨﺪ.
ﭘﮋوﻫﺶﻫﺎ ﻧﺸﺎن داده اﺳﺖ ﻛﻪ در ﻧﺴﺒﺖ آب ﺑﻪ ﭘﻮدر ﻳﻜﺴﺎن ،ﺧﻠـﻞ و ﻓـﺮج و ﺗﻮزﻳـﻊ اﻧـﺪازه ﻣﻨﺎﻓـﺬ ﺧﻤﻴـﺮ ﺳـﻴﻤﺎن
ﺧﻮدﺗﺮاﻛﻢ ﺷﺒﻴﻪ ﺑﻪ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺗﻮاﻧﻤﻨﺪ اﺳﺖ .ﺑﻨﺎﺑﺮاﻳﻦ ﺑﻪ ﻧﻈﺮ ﻣﻲآﻳﺪ ﻛﻪ اﮔﺮ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در ﻣﻌﺮض دﻣﺎﻫﺎي ﺑﺎﻻ
ﻗﺮار ﮔﻴﺮد ،اﺣﺘﻤﺎﻻً ﺑﺎﻳﺪ ﺧﻄﺮ ﭘﻮﺳﺘﻪﺷﺪن و ﺷﻜﺴﺖ آن ﻣﺸﺎﺑﻪ ﺑﺎ ﺑـﺘﻦ ﺗﻮاﻧﻤﻨـﺪ ﺑﺎﺷـﺪ .ﺑـﺎ اﻳـﻦ وﺟـﻮد ﻣـﺸﺎﻫﺪات ﺑـﺎ
ﻣﻴﻜﺮوﺳﻜﻮپ اﻟﻜﺘﺮوﻧﻲ  SEMو اﻧﺪازهﮔﻴﺮيﻫﺎي  DTA / TGAﻧﺸﺎن داد ﻛﻪ ﺗﺮﻛﻴﺐ ﻓﺎز ﺧﻤﻴﺮﻫـﺎي ﺧـﻮدﺗﺮاﻛﻢ و
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ﺗﻮاﻧﻤﻨﺪ ﻣﺘﻔﺎوت اﺳﺖ ].[79
وﺟﻮد ﭘﻮدرﻫﺎي ﭘﺮﻛﻨﻨﺪه ،ﻣﺎﻧﻨﺪ ﭘﻮدر ﺳﻨﮓ آﻫﻚ ،از ﻣﻮارد ﻣﻬﻤﻲاﺳﺖ ﻛﻪ ﺑﺎﻋﺚ ﺗﻔﺎوت رﻓﺘﺎر ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در ﺑﺮاﺑـﺮ
آﺗﺶ ﺑﺎ ﺳﺎﻳﺮ ﺑـﺘﻦﻫـﺎ ﻣـﻲﮔـﺮدد ] .[62ﺑﻮﺳـﺘﺮوم ] [Error! Reference source not found.ﺧـﻮاص ﺑﺮﺧـﻲ
ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ در ﺑﺮاﺑﺮ آﺗﺶ را ﺑﺮرﺳﻲ ﻛﺮده اﺳﺖ .ﺷﺎﻧﺰده ﻧﻤﻮﻧﻪ ﺑﺘﻨـﻲ ﺷـﺎﻣﻞ  4ﻧﻤﻮﻧـﻪ ﻣﻌﻤـﻮﻟﻲ و  12ﻧﻤﻮﻧـﻪ
ﺧﻮدﺗﺮاﻛﻢ ﺗﺤﺖ آزﻣﻮن ﻣﻘﻴﺎس ﺑﺰرگ ﻣﻄﺎﻟﻌﻪ ﺷﺪ .ﻧﻤﻮﻧﻪﻫﺎ ﺑﻪ ﺷﻜﻞ ﻣﻜﻌﺐ ﻣـﺴﺘﻄﻴﻠﻲ ﺑـﺎ اﺑﻌـﺎد 0/2 × 0/2 × 2 m
ﺳﺎﺧﺘﻪ و ﺑﻪ ﻧﺤﻮي در ﻛﻮره ﻗﺮار داده ﺷﺪﻧﺪ ﻛﻪ از  4ﻃﺮف ﺟﺎﻧﺒﻲ در ﻣﻌﺮض دﻣـﺎي ﺑـﺎﻻي ﻛـﻮره ﺑﺎﺷـﻨﺪ .ﻧﻤﻮﻧـﻪﻫـﺎ
ﭘﻴﺶﺗﻨﻴﺪه ﺷﺪﻧﺪ و ﺑﺎر ﻣﻜﺎﻧﻴﻜﻲ دﻳﮕﺮي در ﺣﻴﻦ آزﻣﻮن روي آﻧﻬﺎ وارد ﻧﺸﺪ .ﻧﺴﺒﺖﻫﺎي آب ﺑﻪ ﺳـﻴﻤﺎن ﻣﻌـﺎدل ،0/4
 0/55و  0/7ﺑﺮرﺳﻲ ﺷﺪ .ﻛﻠﻴﻪ ﻧﻤﻮﻧﻪﻫﺎ ﺑﺮاي  6ﻣﺎه ،ﺗﻌﺪادي در زﻳﺮ آب و ﺗﻌﺪادي دﻳﮕﺮ در ﻫـﻮا ،ﻋﻤـﻞآوري ﺷـﺪﻧﺪ.
ﺑﺮاي ﻧﻤﻮﻧﻪﻫﺎي ﺧﻮدﺗﺮاﻛﻢ از دو ﻧﻮع ﭘﺮﻛﻨﻨﺪه ،ﻳﻜﻲ ﭘﻮدر ﺳﻨﮓ آﻫﻚ و دﻳﮕﺮي ﭘﻮدر ﺷﻴﺸﻪ ،اﺳﺘﻔﺎده ﺷﺪ .ﺑـﻪ ﺑﺮﺧـﻲ
از ﻧﻤﻮﻧﻪﻫﺎ اﻟﻴﺎف ﭘﻠﻲﭘﺮوﭘﻴﻠﻦ ﺑﺎ ﻣﻘﺎدﻳﺮ  2و  4ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ اﻓﺰوده ﺷﺪ .ﺳﺘﻮنﻫﺎ در ﻣﻌﺮض دو رژﻳـﻢ آﺗـﺶ
ﻫﻴﺪروﻛﺮﺑﻨﻲ و اﺳﺘﺎﻧﺪارد ﻗﺮار داده ﺷﺪﻧﺪ.
ﺗﻤﺎم ﻧﻤﻮﻧﻪﻫﺎ دﭼﺎر ﭘﻮﺳﺘﻪﺷﺪﮔﻲ ﺷﺪﻧﺪ ﻛﻪ ﻣﻮارد زﻳﺮ از اﻳﻦ ﻧﻈﺮ ﻗﺎﺑﻞ ذﻛﺮ اﺳﺖ:
 -1ﭘﻮﺳﺘﻪﺷﺪﮔﻲ ﺑﺮاي ﺗﻤﺎم ﻧﻤﻮﻧﻪﻫﺎ در ﻫﻤﺎن دﻗﺎﻳﻖ اﺑﺘﺪاﻳﻲ )از  2ﺗـﺎ  7دﻗﻴﻘـﻪ( رخ داد و ﺑـﻴﻦ  3ﺗـﺎ  34درﺻـﺪ
ﻛﺎﻫﺶ وزن در ﻧﻤﻮﻧﻪﻫﺎ ﻣﺸﺎﻫﺪه ﺷﺪ.
 -2ﻣﻘﺪار ﭘﻮﺳﺘﻪﺷﺪﮔﻲ ﻧﻤﻮﻧﻪﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﺑﺴﻴﺎر ﺑﻴﺸﺘﺮ از ﻧﻤﻮﻧﻪﻫﺎي ﻣﻌﻤﻮﻟﻲ ﺑﻮد.
 -3ﺑﺎ اﻓﺰاﻳﺶ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ،ﭘﻮﺳﺘﻪﺷﺪﮔﻲ در ﻧﻤﻮﻧﻪﻫﺎ ﻛﺎﻫﺶ ﻧﺸﺎن داد.
 -4ﺑﺎ اﻓﺰاﻳﺶ اﻟﻴﺎف ،ﭘﻮﺳﺘﻪﺷﺪﮔﻲ در ﻧﻤﻮﻧﻪﻫﺎ ﻛﺎﻫﺶ ﻧﺸﺎن داد.
 -5رﻓﺘﺎر ﻧﻤﻮﻧﻪﻫﺎي ﭘﻮﺳﺘﻪﺷﺪﮔﻲ ﺣﺎوي ﭘﺮﻛﻨﻨﺪه ﺷﻴﺸﻪ ﺑﻬﺘﺮ از ﻧﻤﻮﻧﻪﻫﺎي ﺣﺎوي ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﻮد.
 -6ﺑﺪﺗﺮﻳﻦ رﻓﺘﺎر از ﻧﻈﺮ ﭘﻮﺳﺘﻪﺷﺪﮔﻲ ،ﻣﺮﺑﻮط ﺑﻪ ﻧﻤﻮﻧﻪﻫﺎي ﺣﺎوي ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﺎ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن  0/4ﺑﻮد.
ﻛﻼً ﺑﻪ ﻋﻠﺖ ﺟﺪﻳﺪ ﺑﻮدن ﻣﻮﺿﻮع ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﻫﻨﻮز ﺗﻌﺪاد اﻧﺪﻛﻲ ﻛﺎرﻫﺎي ﭘﮋوﻫﺸﻲ ﺑﺮ روي ﺧﻮاص اﻳﻦ ﻧـﻮع ﺑـﺘﻦ
در ﺑﺮاﺑﺮ آﺗﺶ ﺻﻮرت ﮔﺮﻓﺘﻪ اﺳﺖ ،ﻛﻪ اﻳﻦ ﻛﺎرﻫﺎ ﻧﻴﺰ ﻧﻴﺎز ﺑﻪ ﺗﺤﻘﻴﻘﺎت ﺑﻴﺸﺘﺮ ﺑﺮ روي رﻓﺘـﺎر و ﻣﻘﺎوﻣـﺖ اﻳـﻦ ﺑـﺘﻦ در
ﺑﺮاﺑﺮ آﺗﺶ را ﻧﺸﺎن ﻣﻲدﻫﺪ .آزﻣﺎﻳﺶﻫﺎي ﻣﺤﺪود وﺟﻮد زﻣﻴﻨﻪ ﭘﻮﺳﺘﻪﺷﺪﮔﻲ ﺑﺴﻴﺎر ﺑﻴﺸﺘﺮ ﺑـﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﻧـﺴﺒﺖ ﺑـﻪ
ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ را ﻧﺸﺎن داده اﺳﺖ .اﺛﺮات ﭘﺮﻛﻨﻨﺪه ،ﺳﻦ ﺑﺘﻦ ،وﺟﻮد اﻟﻴﺎف ،ﻧﻮع اﻟﻴﺎف ،ﻣﻘﺪار رﻃﻮﺑﺖ ،ﺷﺮاﻳﻂ ﺑﺎرﻫﺎي
روي ﺑﺘﻦ و ﻣﺴﺎﺋﻞ ﻣﺘﻌﺪد دﻳﮕﺮ ﺑﺮاي ﺷﻨﺎﺧﺖ رﻓﺘﺎر ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در ﺑﺮاﺑﺮ آﺗﺶ ﻧﻴﺎز ﺑﻪ ﺗﺤﻘﻴﻘﺎت وﺳﻴﻊ دارد.
ﻧﺘﻴﺠﻪﮔﻴﺮي
 -1ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﺑﻪ ﻋﻠﺖ ﺧﻮاص ﻋﺎﻟﻲ آن در ﺑﺴﻴﺎري از زﻣﻴﻨﻪﻫﺎ ،ﺷﺎﻣﻞ ﻫﺮ دو ﮔﺮوه ﺑﺘﻦﻫـﺎي ﭘـﻴﺶﺳـﺎﺧﺘﻪ و
درﺟﺎ ،ﮔﺴﺘﺮش ﺑﻴﺸﺘﺮي در ﺻﻨﻌﺖ ﺳﺎﺧﺘﻤﺎن ﻣﻲﻳﺎﺑﺪ .ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲﻻزم اﺳﺖ ﺗﺎ ﺑﺎ اﺳـﺘﻔﺎده از
ﻣﻮاد اﻓﺰودﻧﻲ و ﭘﻮدرﻫﺎي ﻣﻌﺪﻧﻲ ،ﺗﻌﺎدل ﻣﻨﺎﺳﺐ ﺑﻴﻦ ﺟﺮﻳﺎنﭘﺬﻳﺮي و ﻟﺰﺟﺖ ﺑﺘﻦ ﺑﺮﻗﺮار ﻧﻤﻮد.
 -2ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ،ﻣﻔﻬﻮم ﻣﻬﻤﻲدر دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲاﺳﺖ .اﻓﺰاﻳﺶ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ،ﻣﻘﺎوﻣﺖ و ﻛﺎراﻳﻲ ﺑـﺘﻦ را
ﺑﻬﺒﻮد ﻣﻲدﻫﺪ و ﻗﺎﺑﻠﻴﺖ ﺟﺮﻳﺎن ﻳﺎﻓﺘﻦ ﺧﻤﻴﺮ ﺑﻬﺘﺮ ﻣﻲﺷﻮد .ﻫﻤﭽﻨﻴﻦ ﭼﺴﺒﻨﺪﮔﻲ ﺧﻤﻴﺮ ﺳﻴﻤﺎن ﺑﻬﺒـﻮد ﻳﺎﻓﺘـﻪ ،در
ﻧﺘﻴﺠﻪ ﻣﻘﺎوﻣـﺖ ﺑـﺘﻦ در ﺑﺮاﺑـﺮ ﺟﺪاﺷـﺪﮔﻲ اﻓـﺰاﻳﺶ ﻣـﻲﻳﺎﺑـﺪ .اﻳـﻦ ﻣﺸﺨـﺼﺎت ،ﺑـﻪ دﺳـﺘﻴﺎﺑﻲ ﺑـﻪ ﺧﺎﺻـﻴﺖ
ﺧﻮدﺗﺮاﻛﻤﻲﻛﻤﻚ زﻳﺎدي ﻣـﻲﻧﻤﺎﻳـﺪ .اﺳـﺘﻔﺎده از ﭘﻮدرﻫـﺎي ﺑـﺴﻴﺎر رﻳـﺰ و ﺑـﺎ اﻧـﺪازهﻫـﺎي ﻣﺘﻔـﺎوت در ﻃـﺮح
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اﺧﺘﻼطﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﺑﻪ ﻧﺤﻮ ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ ﺑﻬﺒﻮد ﻳﺎﻓﺘﻪ و در دﺳـﺘﻴﺎﺑﻲ ﺑـﻪ دو
ﺧﺎﺻﻴﺖ ﺟﺮﻳﺎنﭘﺬﻳﺮي و ﻋﺪم ﺟﺪاﺷﺪﮔﻲ ﺗﺄﺛﻴﺮ ﺑﻪ ﺳﺰاﻳﻲ دارد .ﻣﺤﺪودﻳﺖ درﺻﺪ ﺣﺠﻤﻲﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ و
رﻳﺰ ﻧﻴﺰ ،ﻋﻼوه ﺑﺮ ﺗﻨﻈﻴﻢ ﻗﺎﺑﻠﻴﺖ ﻋﺒﻮر از ﺑﻴﻦ ﻣﻮاﻧﻊ ،ﺑﺎ ﻣﻔﻬﻮم ﭼﮕﺎﻟﻲ ﺗﺮاﻛﻢ ﻗﺎﺑﻞ ﺗﻔﺴﻴﺮ اﺳﺖ .ﻫـﺮ ﭼـﻪ ﻣﻘـﺪار
ﺳﻨﮕﺪاﻧﻪﻫﺎي رﻳﺰ اﻓﺰاﻳﺶ ﻳﺎﺑﺪ ،ﻣﻘﺪار آب آزاد ﺑﻴﺸﺘﺮي ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﺧﻮدﺗﺮاﻛﻤﻲﻻزم اﺳﺖ.
 -3ﺣﺠﻢ زﻳﺎدي از ﭘﻮدرﻫﺎي ﻣﻌﺪﻧﻲ در ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ اﺳﺘﻔﺎده ﻣﻲﺷﻮد ﻛـﻪ اﺛﺮﻫـﺎي ﻣﺘﻌـﺪدي روي ﺧـﻮاص
دارد .ﺣﺘﻲ ﭘﻮدرﻫﺎي ﺧﻨﺜﻲ ﻣﺎﻧﻨﺪ ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﺑﺎﻋـﺚ اﻓـﺰاﻳﺶ ﺣـﺮارت ﻫﻴﺪراﺳـﻴﻮن ﻣـﻲﺷـﻮﻧﺪ .ﻣﻘﺎﻳـﺴﻪ
ﭘﮋوﻫﺶﻫﺎي اﻓﺮاد ﻣﺨﺘﻠﻒ ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﺗﺌﻮرﻫـﺎي ﺗﺒـﺪﻳﻞ ذرات اﻳـﻦ ﭘﻮدرﻫـﺎ ﺑـﻪ ﻫـﺴﺘﻪﻫـﺎي واﻛـﻨﺶ
ﻫﻴﺪراﺳﻴﻮن ﻗﻮت ﺑﻴﺸﺘﺮي از اﺣﺘﻤﺎل واﻛﻨﺶﭘﺬﻳﺮ ﺑﻮدن آﻧﻬﺎ دارﻧﺪ .ﭘﻮدرﻫﺎ اﺛﺮ ﺑﺴﻴﺎر ﻣﻬﻤﻲﻧﻴﺰ ﺑﺮ روي دوام ﺑـﻪ
ﺳﻮﻟﻔﺎت ،ﻛﺮﺑﻨﺎﺳﻴﻮن و ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ آﺗﺶ دارﻧﺪ .ﭘﻮدر ﺳﻨﮓ آﻫﻚ ﻣﻲﺗﻮاﻧﺪ ﺑﺎﻋﺚ ﻛـﺎﻫﺶ ﻗﺎﺑـﻞ ﻣﻼﺣﻈـﻪ
دوام ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در ﺑﺮاﺑﺮ ﺳﻮﻟﻔﺎت ﺷﻮد ﻛﻪ ﺑﻪ ﻋﻠﺖ ﺗﺸﻜﻴﻞ ﺗﺮﻛﻴﺒﺎﺗﻲ ﻧﻈﻴﺮ ﮔﭻ ،اﺗﺮﻧﺠﻴﺖ و ﺗﺎﻣﺎﺳﻴﺖ اﺳﺖ.
ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ در ﺑﺮاﺑﺮ آﺗﺶ ،ﻣﺘﻔﺎوت از ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ و ﺣﺘﻲ ﺗﻮاﻧﻤﻨﺪ اﺳـﺖ ﻛـﻪ ﭘﻮدرﻫـﺎ در اﻳـﻦ
ﻣﻴﺎن ﻧﻘﺶ ﻣﻬﻤﻲدارﻧﺪ .ﺣﺴﺎﺳﻴﺖ ﺑﻴﺸﺘﺮ ﺑﺘﻦﻫﺎي ﺧﻮدﺗﺮاﻛﻢ ﻧﺴﺒﺖ ﺑﻪ ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ﺑﺎﻋﺚ ﻣﻲﺷﻮد ﺗﺎ ﻣﻘﺎوﻣـﺖ
اﻳﻦ ﻧﻮع ﺑﺘﻦ در ﺑﺮاﺑﺮ آﺗﺶ ﺳﺮﻳﻌﺘﺮ ﻛﺎﻫﺶ ﻳﺎﻓﺘـﻪ و اﺳـﺘﻔﺎده از ﻧﺘـﺎﻳﺞ آزﻣـﻮن و ﺗﺠﺮﺑﻴـﺎت ﻣﻮﺟـﻮد روي ﺑـﺘﻦ
ﻣﻌﻤﻮﻟﻲ ﺑﺮاي اﻳﻦ ﻧﻮع ﺑﺘﻦ را ﻧﺎﻣﻤﻜﻦ ﻣﻲﺳﺎزد.
 -4ﺑﻪ ﻋﻠﺖ ﺟﺪﻳﺪ ﺑﻮدن ﺑﺘﻦ ﺧﻮدﺗﺮاﻛﻢ ،ﺣﻮزهﻫﺎي وﺳﻴﻌﻲ از ﭘﮋوﻫﺶﻫﺎ ﺑﺮ روي آن ﻧﻴﺎز اﺳﺖ .ﻧﻴﺎز ﺑﻪ ﺣﺠﻢ ﺑﺎﻻي
ﭘﻮدر ،ﺣﻮزهﻫﺎي وﺳﻴﻌﻲ از ﭘﮋوﻫﺶ را ﺑﺮاي اﻳﻦ ﻧﻮع ﺑﺘﻦ ﺑﺎز ﻣﻲﻧﻤﺎﻳﺪ ﻛﻪ از ﺟﻤﻠﻪ اﺳـﺘﻔﺎده از اﻧـﻮاع ﭘﻮدرﻫـﺎي
ﻣﻌﺪﻧﻲ ﻣﺤﻠﻲ و ﺿﺎﻳﻌﺎت ﺻﻨﺎﻳﻊ را ﻣﻲﺗﻮان ﻧﺎم ﺑﺮد .ﺑﺴﻴﺎري از ﺧﻮاص ﺑﺘﻦ ﺧـﻮدﺗﺮاﻛﻢ ﻣﺘﻔـﺎوت از ﺑـﺘﻦﻫـﺎي
ﻣﻌﻤﻮﻟﻲ و ﺗﻮاﻧﻤﻨﺪ اﺳﺖ و ﺧﺼﻮﺻﺎً ﺟﻨﺒﻪﻫﺎﻳﻲ ﻧﻈﻴﺮ دوام ﺑﻪ ﺷﺮاﻳﻂ ﺗﻬﺎﺟﻤﻲو ﻣﻘﺎوﻣﺖ در ﺑﺮاﺑﺮ آﺗﺶ ،ﺑﺴﺘﻪ ﺑـﻪ
ﻃﺮح اﺧﺘﻼط و ﻣﻮاد اﻓﺰودﻧﻲ ﭘﻮدري ﻣﻮرد اﺳﺘﻔﺎده ﻧﻴﺎز ﺑﻪ ﭘﮋوﻫﺶﻫﺎي دﻗﻴﻖ دارد.
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ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ ﻧﺴﻞ ﺟﺪﻳﺪ
2

ﻃﻴﺒﻪ ﭘﺮﻫﻴﺰﻛﺎر ،1اﻣﻴﺮﻣﺎزﻳﺎر رﺋﻴﺲ ﻗﺎﺳﻤﻲ
 .1ﻋﻀﻮ ﻫﺌﻴﺖ ﻋﻠﻤﻲﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن وﻣﺴﻜﻦ،ﺗﻬﺮان
 .2ﭘﮋوﻫﺸﮕﺮ ﻣﺮﻛﺰ ﺗﺤﻘﻴﻘﺎت ﺳﺎﺧﺘﻤﺎن وﻣﺴﻜﻦ ،ﺗﻬﺮان

ﺧﻼﺻﻪ
ﺑﺘﻦﻫﺎي ﻣﻌﻤﻮﻟﻲ ﻛﻪ ﺑﺎ روشﻫﺎي ﺳﻨﺘﻲ ،ﻃﺮاﺣﻲ ،ﻣﺨﻠﻮط ،ﺣﻤﻞ و ﻋﻤﻞآوري ﻣﻲﺷﻮﻧﺪ ،ﻧﻤﻲﺗﻮاﻧﻨﺪ ﺟﻬـﺖ دﺳـﺘﻴﺎﺑﻲ
ﺑﻪ ﻣﺸﺨﺼﺎت ﻣﻮرد ﻧﻈﺮ ﺑﺮاي ﻛﺎرﺑﺮدﻫﺎي وﻳﮋه و ﻳﺎ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ اﻟﺰاﻣﺎت ﺧﺎص ،ﻛﺎرﺑﺮد داﺷﺘﻪ ﺑﺎﺷﻨﺪ ،ﻟﺬا ﻛـﺎرﺑﺮد
ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ ) ،(HPCﺑﺮاي رﻓﻊ اﻳﻦ ﻣﺸﻜﻼت رو ﺑﻪ ﮔﺴﺘﺮش ﻣﻲﺑﺎﺷﻨﺪ .ﺑﺮاي ﺳﺎﺧﺖ اﻳﻦ ﻧﻮع ﺑـﺘﻦﻫـﺎي وﻳـﮋه
ﻣﻌﻤﻮﻻً از ﻣﺼﺎﻟﺢ راﻳﺞ وﻟﻲ ﺑﺎ ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻛﻢ و ﻣﻘﺪار ﺳﻴﻤﺎن زﻳﺎد ،اﺳﺘﻔﺎده ﻣﻲﻛﻨﻨﺪ.
ﻣﻮاد اﻓﺰودﻧﻲ ﺷﻴﻤﻴﺎﻳﻲ و ﻣﻌﺪﻧﻲ )ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن( ﻣﻲﺗﻮاﻧﺪ ﺳﺒﺐ ﻛﺎﻫﺶ ﻋﻴﺎر ﺳﻴﻤﺎن ﺷﻮد .اﻣﺎ از آﻧﺠﺎﻳﻲﻛـﻪ روش
ﻃﺮح ﻣﺨﻠﻮط ﺧﺎﺻﻲ ﺑﺮاي اﻳﻦ ﻧﻮع ﺑﺘﻦﻫﺎ وﺟﻮد ﻧﺪارد و ﺑﻪ دﻟﻴﻞ ﻛﻢ ﺑﻮدن ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ،ﺗﻌﻴـﻴﻦ ﻧﻘﻄـﻪ
ﺑﻬﻴﻨﻪ ﻣﻘﺪار ﺳﻴﻤﺎن و آب و از ﻃﺮف دﻳﮕﺮ ﺗﺮاﻛﻢﭘﺬﻳﺮي و ﻣﻴﺰان رواﻧﻲ ﺑﻪ ﺳﺎدﮔﻲ اﻣﻜﺎن ﭘﺬﻳﺮ ﻧﺒﻮده و ﻋﻤﻮﻣﺎً در اﻳـﻦ
ﻧﻮع ﺑﺘﻦﻫﺎ از ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻧﺴﺒﺘﺎً زﻳﺎد اﺳﺘﻔﺎده ﻣﻲﺷﻮد ﻛﻪ اﻳﻦ اﻣﺮﻋﻼوه ﺑﺮ ﮔﺮان ﺷﺪن ،ﺳﺒﺐ اﻓﺰاﻳﺶ ﺟﻤﻊﺷـﺪﮔﻲ و
اﺣﺘﻤﺎل ﻛﺎﻫﺶ دوام ﻧﻴﺰ ﻣﻲﺷﻮد.
روش ﭘﻴﺸﻨﻬﺎدي در اﻳﻦ ﻣﻘﺎﻟﻪ ،ﻛﻪ ﺑﺨﺸﻲ از ﻧﺘﺎﻳﺞ ﺗﺤﻘﻴﻖ اﻧﺠﺎم ﺷﺪه روي ﻧﻮﻋﻲ ﻃﺮح ﻣﺨﻠﻮط ﺑـﺘﻦ ﻣـﻲﺑﺎﺷـﺪ ،ﺑـﺮ
اﺳﺎس ﻓﻠﺴﻔﻪ دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺣﺪاﻛﺜﺮ ﺗﺮاﻛﻢ ﻣﻲﺑﺎﺷﺪ .در اﻳﻦ روش ،ﻧﺤﻮه ﺗﻮزﻳﻊ داﻧﻪﻫﺎ ﺑﮕﻮﻧﻪاي اﻧﺘﺨـﺎب ﻣـﻲﺷـﻮد ﻛـﻪ
ﺑﺘﻦ داراي ﻧﻔﻮذﭘﺬﻳﺮي ﺑﺴﻴﺎر ﻛﻢ ﺑﻮده و در ﺿﻤﻦ ﻣﻴﺰان ﺳﻴﻤﺎن ﻧﻴﺰ )ﺗﺎ  40درﺻﺪ(ﻛـﺎﻫﺶ ﻳﺎﺑـﺪ .ﻛـﺎرﺑﺮد اﻳـﻦ روش
ﻃﺮح ﻣﺨﻠﻮط ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ ،ﻧﻪﺗﻨﻬﺎ ﺳﺒﺐ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ و دوام ﻧﺴﺒﺖ ﺑﻪ ﺑﺘﻦﻫﺎي  HPCﻣﺸﺎﺑﻪ ﻣﻲﺷﻮد ،ﺑﻠﻜـﻪ
ﺳﺒﺐ ﻛﺎﻫﺶ ﻣﺼﺮف ﺳﻴﻤﺎن ﻧﻴﺰ ﻣﻲﮔﺮدد.
ﻛﻠﻴﺪواژه :ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ ،ﻣﻮاد ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن ،دوام ،ﺣﺪاﻛﺜﺮ ﺗﺮاﻛﻢ ،ﻧﻔﻮذﭘﺬﻳﺮي ،ﻣﻨﺤﻨﻲ ﺗﻮزﻳﻊ داﻧﻪﻫﺎ
 -1ﻣﻘﺪﻣﻪ
ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ ) ،(High Performance Concreteﺑﺮ اﺳﺎس ﻣﺸﺨﺼﺎت ﻣﻮاد و ﻣﺼﺎﻟﺢ ﻣﻮﺟﻮد و ﺑﺮاي دﺳـﺘﻴﺎﺑﻲ
ﺑﻪ ﻳﻚﺳﺮي ﺧﻮاص ﻣﻮرد ﻧﻈﺮ ،روﻳﺎروﻳﻲ ﺑﺎ ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ ،اﻓﺰاﻳﺶ دوام و ﻋﻤﺮ ﻣﻔﻴﺪ و در ﻧﻬﺎﻳﺖ ﻗﺎﺑﻞ ﺗﻮﺟﻴﻪ ﺑﻮدن
از ﻧﻈﺮ اﻗﺘﺼﺎدي ،ﻃﺮاﺣـﻲ ﻣـﻲﺷـﻮﻧﺪ ] .[1اﻣـﺮوزه ﺑـﺘﻦﻫـﺎي ﺗﻮاﻧﻤﻨـﺪ ﻛﺎرﺑﺮدﻫـﺎي ﻣﺘﻨـﻮﻋﻲ از ﺟﻤﻠـﻪ اﺳـﺘﻔﺎده در
ﺳﺎﺧﺘﻤﺎنﻫﺎﻳﻲ ﻛﻪ در ﺷﺮاﻳﻂ اﻗﻠﻴﻤﻲﻣﻬﺎﺟﻢ ﻣﻲﺑﺎﺷﻨﺪ ،اﺳﻜﻠﻪﻫﺎ ،ﺑﻨﺎدر ،ﺗﻮﻧﻞﻫﺎ ،ﻗﻄﻌﺎت ﭘـﻴﺶ ﺳـﺎﺧﺘﻪ ،ﭘـﻞ و ﻏﻴـﺮه،
داﺷﺘﻪ و ﻛﺎرﺑﺮد آﻧﻬﺎ ﻧﻴﺰ رو ﺑﻪ اﻓﺰاﻳﺶ ﻣﻲﺑﺎﺷﺪ ]2و.[3
ﺑﻄﻮر ﻣﻌﻤﻮل ﺗﻔﺎوت ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ و ﺑﺘﻦ ﻣﻌﻤﻮﻟﻲ ،در ﻛﺎرﺑﺮد ﻣﻮاد اﻓﺰودﻧﻲ ﺷـﻴﻤﻴﺎﻳﻲ و ﻣﻌـﺪﻧﻲ )ﺟـﺎﻳﮕﺰﻳﻦ ﺳـﻴﻤﺎن( و
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ﻛﺎﻫﺶ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﻣﻲﺑﺎﺷﺪ .اﺳﺘﻔﺎده از اﻳﻦ ﻣﻮاد ،اﻣﻜﺎن ﻛﺎﻫﺶ ﻧﺴﺒﺖ آب ﺑﻪ ﺳـﻴﻤﺎن و ﻣﻘـﺪار ﺳـﻴﻤﺎن را
ﺑﻮﺟﻮد آورده و در ﺣﻴﻦ ﺣﺎل ﺳﺒﺐ اﻓﺰاﻳﺶ دوام ﻧﻴﺰ ﻣﻲﺷﻮﻧﺪ ] .[4ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﻋﻤﻮﻣـﺎً ﻣـﻮاد ﺟـﺎﻳﮕﺰﻳﻦ ﺳـﻴﻤﺎن
ﻣﻮادي ارزان ﻗﻴﻤﺖ ﻫﺴﺘﻨﺪ )ﻳﺎ ﻣﺤﺼﻮل ﺟﺎﻧﺒﻲ ﻛﺎرﺧﺎﻧﻪ ﻣﻲﺑﺎﺷﻨﺪ و ﻳﺎ ﺑﺼﻮرت ﻃﺒﻴﻌﻲ وﺟﻮد دارﻧﺪ( ،اﺳﺘﻔﺎده ﺗﻮام ﻣﻮاد
ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن و ﻣﻮاد اﻓﺰودﻧﻲ ﺷﻴﻤﻴﺎﻳﻲ ﺳﺒﺐ اﻗﺘﺼﺎدي ﺷﺪن ﻧﻴﺰ ﻣﻲﮔﺮدد ].[5
ﻳﻜﻲ از ﻣﻮاد ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن ﻛﻪ در اﻛﺜﺮ ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﻣﻲﮔﻴﺮد ،ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﻣﻲﺑﺎﺷﺪ .اﮔﺮ ﭼﻪ اﻳﻦ
ﻣﺎده داراي ﻓﻌﺎﻟﻴﺖ ﭘﻮزوﻻﻧﻲ زﻳﺎدي ﻧﺒﻮده و ﺑﻪ ﻟﺤﺎظ ﺧﻮاص و ﻣﺸﺨﺼﺎت ﮔﺎﻫﺎً ﻣﺘﻐﻴﺮ ﻣﻲﺑﺎﺷﺪ ،وﻟﻲ ﺑﻪ ﻋﻠﺖ داﺷﺘﻦ ﺷﻜﻞ
ﻛﺮوي داﻧﻪﻫﺎ و اﻓﺰاﻳﺶ رواﻧﻲ ﺑﺘﻦ و ﻫﻤﭽﻨﻴﻦ ارزان ﺑﻮدن و در دﺳﺘﺮس ﺑﻮدن آن در اﻛﺜﺮ ﻧﻘﺎط ﺟﻬﺎن ،در ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ
ﺑﻜﺎر ﻣﻲرود ] .[6دوده ﺳﻴﻠﻴﺲ ﻧﻴﺰ از ﻣﻮاد ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن ﻣﻲﺑﺎﺷـﺪ ﻛـﻪ ﺑـﺮﺧﻼف ﺧﺎﻛـﺴﺘﺮ ﺑـﺎدي داراي ﻓﻌﺎﻟﻴـﺖ زﻳـﺎد
ﻣﻲﺑﺎﺷﺪ .رﻳﺰي ﺑﺴﻴﺎر زﻳﺎد و ﺷﻜﻞ داﻧﻪﻫﺎي دوده ﺳﻴﻠﻴﺲ ،ﺳﺒﺐ ﻣﻲﺷﻮد ﻣﻘﺪار آب ﻣﻮرد ﻧﻴـﺎز ﺑـﺮاي دﺳـﺘﻴﺎﺑﻲ ﺑـﻪ رواﻧـﻲ
ﻣﻨﺎﺳﺐ ،اﻓﺰاﻳﺶ ﻳﺎﺑﺪ ] .[1اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ و دوام از ﻳﻚ ﻃﺮف و اﻓﺰاﻳﺶ ﺳﺮﻋﺖ ﻫﻴﺪراﺳﻴﻮن و اﺣﺘﻤﺎل ﺑﺮوز ﺗـﺮكﻫـﺎي
ﻧﺎﺷﻲ از ﺟﻤﻊﺷﺪﮔﻲ )ﭘﻼﺳﺘﻴﻚ و ﻧﺎﺷﻲ از ﺧﺸﻚ ﺷﺪن( در ﻫﻨﮕﺎم اﺳﺘﻔﺎده از دوده ﺳﻴﻠﻴﺲ ﺑﺎﻳﺪ ﻣﻮرد ﺗﻮﺟﻪ ﻗﺮار ﮔﻴﺮد.
ﻣﻬﻤﺘﺮﻳﻦ ﻧﻜﺘﻪ ﺑﻌﺪ از اﻧﺘﺨﺎب ﻧﻮع ﻣﺎده ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن ،ﺗﻌﻴﻴﻦ درﺻﺪ اﺧﺘﻼط ﻣﻮاد ﺳﻴﻤﺎﻧﻲ و ﻫﻤﭽﻨﻴﻦ دﻳﮕﺮ اﺟﺰاي
ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ .اﺳﺘﻔﺎده از روشﻫﺎي ﺳﻨﺘﻲ ﻋﻤﻮﻣﺎً ﻧﻴﺎز ﺑﻪ ﺳﺎﺧﺖ ﻣﺨﻠـﻮطﻫـﺎي آزﻣﺎﻳـﺸﻲ ﻣﺘﻌـﺪدي دارد و ﺑـﻪ ﻋﻠـﺖ
ﻣﺤﺪودﻳﺖﻫﺎﻳﻲ ﻛﻪ دارد ﻧﻤﻲﺗﻮاﻧﻨﺪ ﭘﺎﺳﺨﮕﻮي ﻧﻴﺎزﻫﺎ ﺑﺎﺷﻨﺪ ] .[13ﻋﻤﺪه ﺗﺮﻳﻦ ﻣﺸﻜﻞ اﻳـﻦ روشﻫـﺎ ﻋـﺪم اﻣﻜـﺎن
رﺳﻴﺪن ﺑﻪ ﻧﻘﻄﻪ ﺑﻬﻴﻨﻪ ﻣﻘﺪار ﺳﻴﻤﺎن ،ﻣﻮاد ﺟﺎﻳﮕﺰﻳﻦ ،ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ و در ﻧﻬﺎﻳـﺖ دﺳـﺘﻴﺎﺑﻲ ﺑـﻪ رواﻧـﻲ و
ﺗﺮاﻛﻢ ﭘﺬﻳﺮي ﻣﻮرد ﻧﻈﺮ ،ﻣﻲﺑﺎﺷﺪ ] 8 ،4و .[9ﻳﻜﻲ از ﻛﺎرﻫﺎي اﻧﺠﺎم ﺷـﺪه ،ﭘﻴـﺸﻨﻬﺎد ﺿـﺮﻳﺐ ﺗـﺄﺛﻴﺮ ﻣـﻮاد اﻓﺰودﻧـﻲ
ﻣﻲﺑﺎﺷﺪ .اﺳﻤﻴﺖ ] ،[7ﺑﺮاي اﺻﻼح ﺗﺄﺛﻴﺮ ﻣﻮاد ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن ،ﻓﺎﻛﺘﻮر  kرا ﭘﻴﺸﻨﻬﺎد داد .ﺑـﺎ ﺿـﺮب ﻓـﺎﻛﺘﻮر ) kﻛـﻪ
ﺑﺴﺘﻪ ﺑﻪ ﻧﻮع ﻣﺎده ﺟﺎﻳﮕﺰﻳﻦ ﻣﺘﻐﻴﺮ ﻣﻲﺑﺎﺷﺪ( در ﻣﻘﺪار ﻣﺎده ﺟﺎﻳﮕﺰﻳﻦ ) (k.fدر ﺣﻘﻴﻘﺖ ﻣﻘـﺪار ﻣﻌـﺎدل ﻣـﻮاد ﺟـﺎﻳﮕﺰﻳﻦ
ﺳﻴﻤﺎن ﺑﺪﺳﺖ ﻣﻲآﻳﺪ ﻛﻪ ﺑﺎ ﺟﻤﻊ ﻛﺮدن اﻳﻦ ﻣﻘﺪار ﺑﺎ ﻣﻘﺪار ﺳﻴﻤﺎن ) ،(C+kfﻣﻘﺪار ﺳﻴﻤﺎن ﻣﻌﺎدل ﺣﺎﺻﻞ ﻣﻲﮔﺮدد .از
اﻳﻦ ﻣﻘﺪار ﺑﺮاي ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ اﺳﺘﻔﺎده ﻣﻲﺷﻮد .اﮔﺮﭼﻪ ﻣﺤﻘﻘﻴﻦ و ﻣﺮاﺟﻊ ﻣﺨﺘﻠﻒ ﻣﻘﺎدﻳﺮ ﻣﺨﺘﻠﻔﻲ
ﺑﺮاي  kاراﺋﻪ دادهاﻧﺪ ] 10اﻟﻲ  [12وﻟﻲ اﻣﺮوزه اﺳﺘﻔﺎده از ﻓﺎﻛﺘﻮر ﺗﺄﺛﻴﺮ  kﻣﻮرد ﺗﻮاﻓﻖ ﻫﻤﻪ ﻣﻲﺑﺎﺷﺪ .در اﻳﻦ ﺗﺤﻘﻴـﻖ
ﻣﻘﺪار ﻓﺎﻛﺘﻮر ﺗﺄﺛﻴﺮ ﺑﺮ اﺳﺎس اﺳﺘﺎﻧﺪارد  EN 206-1در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪ.
ﻋﺎﻣﻞ دﻳﮕﺮي ﻛﻪ ﻛﻤﺘﺮ ﻣﻮرد ﺗﻮﺟﻪ ﻗﺮار ﮔﺮﻓﺘﻪ وﻟﻲ ﻋﺎﻣﻞ ﺑﺴﻴﺎر ﻣﻬﻤﻲدر اﻓﺰاﻳﺶ ﺗـﺮاﻛﻢ ﭘـﺬﻳﺮي و دوام ﻣـﻲﺑﺎﺷـﺪ،
ﻧﺤﻮه ﺗﻮزﻳﻊ داﻧﻪﻫﺎ )اﻋﻢ از ﺳﻨﮕﺪاﻧﻪﻫﺎ و دﻳﮕﺮ ﻣﺼﺎﻟﺢ ﺟﺎﻣﺪ داﻧﻪاي( ﻣﻲﺑﺎﺷﺪ .اﺳﺘﻔﺎده از ﻣﻨﺤﻨﻲﻫﺎي اﻳﺪهآل ﻣﻲﺗﻮاﻧﺪ
در اﻓﺰاﻳﺶ ﺗﺮاﻛﻢ ،ﻛﺎﻫﺶ ﺗﺨﻠﺨﻞ و ﻫﻤﭽﻨﻴﻦ ﻛﺎراﻳﻲ ﺑﺘﻦ ﺑﺴﻴﺎر ﻣﺆﺛﺮ ﺑﺎﺷﺪ .در اداﻣﻪ اﻧﺘﺨﺎب ﻧﺤﻮه ﺗﻮزﻳﻊ داﻧـﻪﻫـﺎ و
ﻓﻠﺴﻔﻪ ﻣﻮرد اﺳﺘﻔﺎده ﺑﻪ ﺗﻔﺼﻴﻞ اراﺋﻪ ﺷﺪه اﺳﺖ.
 -2ﻣﺒﺎﻧﻲ و اﺻﻮل ﻃﺮح اﺧﺘﻼط
ﭼﻨﺎنﭼﻪ اﺷﺎره ﺷﺪ ،اﮔﺮ ﺑﺘﻮان ﺑﺎ اﻓﺰاﻳﺶ ﺗﺮاﻛﻢ ﺳﻨﮕﺪاﻧﻪﻫﺎ ،ﻓﻀﺎي ﺑﻴﻦ داﻧـﻪﻫـﺎ را ﺑـﻪ ﺣـﺪاﻗﻞ ﻣﻤﻜـﻦ ﻛـﺎﻫﺶ داد،
ﻧﻔﻮذﭘﺬﻳﺮي ﻛﺎﻫﺶ ﭘﻴﺪا ﻛﺮده و در ﻧﺘﻴﺠﻪ دوام ﺑﺘﻦ اﻓﺰاﻳﺶ ﺧﻮاﻫﺪ ﻳﺎﻓﺖ .در اﻳﻦ راﺳﺘﺎ ﺑﺎ ﺗﻮﺟـﻪ ﺑـﻪ ﺗﺤﻘﻴﻘـﺎت ﻫﻴﻠـﻪ
ﻣﺎﻳﺮ ] ،[14ﺟﻬﺖ ﻛﺎﻫﺶ ﻧﻔﻮذﭘﺬﻳﺮي ﻛﻪ ﺑﺮ اﺳﺎس ﻧﻈﺮﻳﻪ  Fuller & Thompsonﺑﺎ اﺳـﺘﻔﺎده از ﺗﻮزﻳـﻊ داﻧـﻪﺑﻨـﺪي
ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ اﻧﺠﺎم ﺷﺪهاﺳﺖ ،ﺗﻮزﻳﻊ داﻧﻪﻫﺎ ﺑﻪ ﮔﻮﻧﻪاي اﺻﻼح ﮔﺮدﻳﺪ ﻛﻪ ﺿﻤﻦ ﺣﻔﻆ ﻛﺎرآﻳﻲ ﻣﻼت و ﻳﺎ ﺑـﺘﻦ ،دوام
آن در ﻣﻘﺎﺑﻞ ﻋﻮاﻣﻞ ﺷﻴﻤﻴﺎﻳﻲ ﻣﻬﺎﺟﻢ اﻓﺰاﻳﺶ ﻳﺎﺑﺪ.
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ﺟﻬﺖ ﻛﺎﻫﺶ ﺿﻌﻒﻫﺎي ﻧﺎﺣﻴﻪ اﻧﺘﻘﺎل ﻛﻪ ﺑﻴﺸﺘﺮ در اﻃﺮاف ﺳﻨﮕﺪاﻧﻪﻫﺎي درﺷﺖ دﻳﺪه ﻣﻲﺷﻮد ﻣﻲﺗﻮان ﻧﺴﺒﺖ رﻳﺰداﻧﻪﻫـﺎ
را ﻧﻴﺰ اﻓﺰاﻳﺶ داد .ﻫﻤﺰﻣﺎن ﺑﻪﻣﻨﻈﻮر ﻛﺎﻫﺶ ﻧﻔﻮذﭘﺬﻳﺮي در ﺧﻤﻴﺮ ﺳﻴﻤﺎن ،ﺑﺎﻳﺪ ﺿﻤﻦ ﻛﺎﻫﺶ ﺗﺨﻠﺨﻞ ،ﺗﻮزﻳﻊ ﺣﻔﺮات ﺑـﻪ
ﻧﺤﻮي اﺻﻼح ﮔﺮدد ﻛﻪ دوام ﺑﺘﻦ ﻳﺎ ﺧﻤﻴﺮ ،در ﺑﺮاﺑﺮ ﻋﻮاﻣﻞ ﻣﻬﺎﺟﻢ اﻓﺰاﻳﺶ ﻳﺎﺑﺪ .ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ داﻧﻪﺑﻨـﺪي ﺳـﻴﻤﺎن ﺑـﻪ
ﻧﺤﻮي اﺳﺖ ﺣﺎوي ذرات ﺑﺴﻴﺎر رﻳﺰ )ﻣﻴﻜﺮوﻧﻲ( ﻧﻤﻲﺑﺎﺷﺪ ،اﺳﺘﻔﺎده از ﻓﻴﻠﺮ ﺑﺎ ﻗﻄﺮي ﻛﻮﭼﻜﺘﺮ از ﻣﻴﺎﻧﮕﻴﻦ ﻗﻄـﺮ داﻧـﻪﻫـﺎي
ﺳﻴﻤﺎن ﺟﻬﺖ ﺑﺎﻻ ﺑﺮدن ﺟﺮم ﺣﺠﻤﻲﺧﺸﻚ ،ﻻزم ﺑﻪ ﻧﻈﺮ ﻣﻲرﺳﺪ ،ﭼﺮا ﻛﻪ اوﻻً ذرات رﻳﺰ اﺛﺮ ﭘﺮﻛﻨﺪﮔﻲ داﺷﺘﻪ و ﺗﺨﻠﺨـﻞ
را ﻛﺎﻫﺶ ﻣﻲدﻫﻨﺪ ،ﺛﺎﻧﻴﺎً ﺗﻮزﻳﻊ ﺣﻔﺮات ﻣﻨﺎﺳﺐﺗﺮ ﺷﺪه و ﺛﺎﻟﺜﺎً در ﺻﻮرﺗﻲﻛﻪ ﻓﻴﻠﺮ ،داراي ﺳﻴﻠﻴﺲ واﻛﻨﺶزا ﺑﺎﺷﺪ ﻣـﻲﺗﻮاﻧـﺪ
ﺳﺮﻋﺖ ﻫﻴﺪراﺳﻴﻮن را اﻓﺰاﻳﺶ داده و ﻗﺴﻤﺘﻲ از ﻫﻴﺪروﻛﺴﻴﺪ ﻛﻠﺴﻴﻢ آزاد را ،ﺑﻪ ﻣﺼﺮف ﺑﺮﺳﺎﻧﺪ.
ﻣﻨﺤﻨﻲﻫﺎي داﻧﻪﺑﻨﺪي ﻣﻄﻠﻮب ،ﻋﻤﻮﻣﺎً ﺑﺮ اﺳﺎس آزﻣﺎﻳﺶﻫﺎي ﺗﺠﺮﺑﻲ و ﻣﺤﺎﺳﺒﺎت ﺗﺌﻮري ،اراﺋـﻪ ﮔﺮدﻳـﺪهاﻧـﺪ .از اﻳـﻦ
ﺟﻤﻠﻪ ﻣﻲﺗﻮان ﺑﻪ ﻣﻨﺤﻨﻲﻫﺎي  Graf ،Fuller ،Bolomeyو  Risselاﺷﺎره ﻛﺮد ﻛﻪ در اﻳـﻦ ﺑـﻴﻦ ،ﻣﻨﺤﻨـﻲ Fuller
ﻧﺘﺎﻳﺞ ﺑﻬﺘﺮي را اراﺋﻪ داده اﺳﺖ ].[15
از ﻃﺮف دﻳﮕﺮ ،ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺑﺘﻨﻲ ﺑﺎ ﻧﻔﻮذﭘﺬﻳﺮي ﻛﻢ و دوام زﻳﺎد ،ﺑﺎﻳﺪ ﺑﺎ ﻛﺎﻫﺶ ﺧﻠﻞ و ﻓـﺮج و اﻓـﺰاﻳﺶ ﺗـﺮاﻛﻢ،
ﺟﺮم ﺣﺠﻤﻲﺧﺸﻚ ﺑﺘﻦ ﺣﺪاﻛﺜﺮ ﮔﺮدد .اﻳﻦ ﻣﻮﺿﻮع اﺳﺎس ﻧﻈﺮﻳﻪ ﻣﻮرد ﺑﺮرﺳﻲ در اﻳﻦ ﺗﺤﻘﻴﻖ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﺑﺘﻨﻲ
ﺑﺎ ﺣﺪاﻛﺜﺮ ﺗﺮاﻛﻢ ﺑﺎ اﺳﺘﻔﺎده از ﺣﺪاﻗﻞ ﻣﻴﺰان ﻣﻮاد ﭼﺴﺒﺎﻧﻨﺪه ﻣﻲﺑﺎﺷﺪ ،ﺑﻪﮔﻮﻧﻪاي ﻛـﻪ ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري و ﻛـﺎرآﻳﻲ آن
ﻛﺎﻫﺶ ﻧﻴﺎﺑﺪ .در اﻳﻦ راﺳﺘﺎ ﺑﺎ اﺳﺘﻔﺎده از رواﺑﻂ رﻳﺎﺿﻲ ،ﺗﻮزﻳﻊ داﻧﻪﻫﺎ )اﻋـﻢ از ﻣـﺼﺎﻟﺢ ﺳـﻨﮕﻲ و ﻣـﺼﺎﻟﺢ ﭼـﺴﺒﺎﻧﻨﺪه(
ﺑﻪﮔﻮﻧﻪاي اﻧﺘﺨﺎب ﻣﻲﮔﺮدد ،ﻛﻪ ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ رﻳﺰداﻧﻪ و ﻣﺼﺎﻟﺢ ﭼﺴﺒﻨﺪه ،ﺑﺎ ﭘﺮ ﻧﻤـﻮدن ﻓـﻀﺎي ﺧـﺎﻟﻲ ﺑـﻴﻦ ﻣـﺼﺎﻟﺢ
ﺳﻨﮕﻲ درﺷﺖداﻧﻪ ﺑﺎﻋﺚ ﺗﺮاﻛﻢ ﺑﻴﺸﺘﺮ ﻣﺨﻠﻮط ﮔﺮدد .ﺷﺎﻳﺎن ذﻛﺮ اﺳﺖ در ﻋﻤﻞ ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻣﻌﻤﻮل )اﺳﺘﺎﻧﺪارد(
ﻗﺴﻤﺖ رﻳﺰداﻧﻪ )داﻧﻪﻫﺎي ﻛﻮﭼﻜﺘﺮ از  (0/150 mmرا در ﺑﺮ ﻧﻤﻲﮔﻴﺮد .در ﺻﻮرﺗﻲﻛﻪ ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﻳﻚ داﻧﻪﺑﻨﺪي
ﺑﻬﻴﻨﻪ و ﻣﺘﺮاﻛﻢ ﺣﺎﺋﺰ اﻫﻤﻴﺖ ﻣﻲﺑﺎﺷﺪ.
اﺳﺘﻔﺎده از ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي  Fuller & Thompsonاﮔﺮﭼﻪ داراي ﻣﺰاﻳﺎي اﺷﺎره ﺷـﺪه در ﻓـﻮق ﻣـﻲﺑﺎﺷـﺪ ،وﻟـﻲ
ﺑﻪﻋﻠﺖ ﺑﺮﺧﻲ ﻣﺤﺪودﻳﺖﻫﺎ ،ﻣﺎﻧﻨﺪ ،ﻋﺪم ﮔﺮدﮔﻮﺷﻪ ﺑﻮدن ﻛﺎﻣﻞ ﺗﻤﺎم داﻧﻪﻫﺎ ،ﻛﺎﻫﺶ ﻛﺎراﺋﻲ و اﺳﺘﻔﺎده از ﻳﻚ ﻣﻨﺤﻨـﻲ
ﺗﻘﺮﻳﺒﺎً ﮔﺴﺴﺘﻪ ،ﺑﺎ اﺻﻼﺣﺎﺗﻲ )ﺗﻮﺳﻂ ﻫﻴﻠﻪ ﻣﺎﻳﺮ ] ([14ﻣﺪﻧﻈﺮ ﻗﺮار ﮔﺮﻓﺖ .در ﺷـﻜﻞ  1و ﺷـﻜﻞ  2ﻣﻨﺤﻨـﻲ  F&Tو
ﻣﻨﺤﻨﻲ اﺻﻼح ﺷﺪه آن در دو ﺣﺎﻟﺖ )ﻣﻘﻴﺎس ﺧﻄﻲ و ﻟﮕﺎرﻳﺘﻤﻲ( ﻧـﺸﺎن دادهﺷـﺪهاﺳـﺖ .ﻫﻤـﺎنﮔﻮﻧـﻪ ﻛـﻪ ﻣـﺸﺎﻫﺪه
ﻣﻲﺷﻮد در ﺑﺨﺶ درﺷﺖداﻧﻪ و ﻣﻴﺎنداﻧﻪ )ﺑﺰرﮔﺘﺮ از  2ﻣﻴﻠﻴﻤﺘﺮ( ﻣﻨﺤﻨﻲ اﺻﻼح ﺷﺪه داراي ﻣﻘﺎدﻳﺮ ﺑﻴﺸﺘﺮي ،ﻧﺴﺒﺖ ﺑﻪ
ﻣﻨﺤﻨﻲ  F&Tﻣﻲﺑﺎﺷﺪ و ﺑﺎﻟﻌﻜﺲ ﺑﺮاي داﻧﻪﻫﺎي ﻛﻮﭼﻜﺘﺮ از  2ﻣﻴﻠﻴﻤﺘﺮ داراي ﻣﻘـﺎدﻳﺮ رﻳﺰداﻧـﻪ ﻛﻤﺘـﺮي ﻧـﺴﺒﺖ ﺑـﻪ
ﻣﻨﺤﻨﻲ  F&Tﻣﻲﺑﺎﺷﺪ ].[19
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ﺷﻜﻞ  -2ﻣﻨﺤﻨﻲﻫﺎي داﻧﻪﺑﻨﺪي  F&Tو اﺻﻼح ﺷﺪه ،در ﻣﻘﻴﺎس ﻟﮕﺎرﻳﺘﻤﻲ

ﻣﺰاﻳﺎي داﻧﻪﺑﻨﺪي  F&Tو اﺻﻼح ﺷﺪه آن ،ﺑﻪﺷﺮح زﻳﺮ ﻣﻲﺑﺎﺷﺪ ] 16اﻟﻲ :[19
 .1اﻳﻦ ﻧﻮع داﻧﻪ ﺑﻨﺪي ﺑﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﺮاﺑﺮ در ﻣﻘﺎﻳﺴﻪ ﺑﺎ داﻧﻪ ﺑﻨﺪي ﭘﻴﻮﺳﺘﻪ ﻧﻴﺎز ﺑﻪ ﺳﻴﻤﺎن ﻛﻤﺘﺮي دارد.
 .2در ﺣﻘﻴﻘﺖ ﺑﺎ ﻛﺎﻫﺶ ﻧﺴﺒﻲ ﻗﻄﺮ ﺳﻨﮕﺪاﻧﻪ ﻣﺼﺎﻟﺢ رﻳﺰداﻧﻪ ﻧﻘﺶ ﭘﺮﻛﻨﻨﺪﮔﻲ از ﺧﻮد ﻧﺸﺎن ﻣﻲدﻫﻨﺪ.
 .3ﻗﺎﺑﻠﻴﺖ ﺗﺮاﻛﻢ ﭘﺬﻳﺮي ﻣﺨﻠﻮط در اﺛﺮ ﻛﺎﻫﺶ درﺻﺪ ﻣﻴﺎن داﻧﻪﻫﺎ ،ﺑﻪﻃﻮر ﻣﺤﺴﻮس اﻓﺰاﻳﺶ ﻣﻲﻳﺎﺑﺪ .زﻳﺮا
رﻳﺰداﻧﻪﻫﺎ ﺑﺎ درﺻﺪ ﺣﺠﻤﻲﺑﻴﺸﺘﺮ ،در درﺷﺖداﻧﻪﻫﺎ ﺟﺎﺑﺠﺎ ﻣﻲﺷﻮﻧﺪ .ﺑﺪﻳﻦ ﺗﺮﺗﻴﺐ ﺑﺎ دﺳﺘﮕﺎه ﻟﺮزاﻧﻨﺪه ،ﺗﺮاﻛﻢﭘﺬﻳﺮي
ﺑﻴﺸﺘﺮي ﺣﺎﺻﻞ ﻣﻲﺷﻮد و ﻫﻮاي داﺧﻞ ﻓﻀﺎي ﺑﻴﻦ ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺗﺨﻠﻴﻪ ﻣﻲﮔﺮدد.
 .4ﻗﺮارﮔﻴﺮي ﺳﻨﮕﺪاﻧﻪﻫﺎ در اﻳﻦ ﻧﻮع ﻣﺨﻠﻮط ﺑﺘﻨﻲ ﻗﺎﺑﻠﻴﺖ ﻧﮕﻬﺪاري آب را اﻓﺰاﻳﺶ ﻣﻲدﻫﺪ.
 .5ﻣﻮارد  2و  ،3ﺑﺎﻋﺚ ﻋﻤﻞ آوري ﺑﻬﺘﺮ ﺑﺘﻦ ﻣﻲﮔﺮدﻧﺪ و درﺻﺪ آب ﻣﻮرد ﻧﻴﺎز ﻧﻴﺰ ﻣﺘﻌﺎﻗﺒﺎً ﻛﺎﻫﺶ ﻣﻲﻳﺎﺑﺪ.
 .6از ﻧﻈﺮ ﻛﺎﻫﺶ ﻫﺰﻳﻨﻪﻫﺎي ﻛﺎرﮔﺎﻫﻲ ﻧﻴﺰ ﻛﺎﻫﺶ ﺣﺠﻢ ﻣﻴﺎن داﻧﻪﻫﺎ ،ﻣﻨﺎﺳﺐ ﺑﻮده زﻳﺮا ﻣﺸﻜﻼت ﺣﻤﻞ،
اﻧﺒﺎر ،اﻟﻚ ﻧﻤﻮدن و ﻋﻤﻞ آوري ﺑﺘﻦ ﺗﻘﻠﻴﻞ ﻣﻲﻳﺎﺑﺪ.
ﻳﻜﻲ از ﻣﻬﻤﺘﺮﻳﻦ وﻳﮋﮔﻲ اﺳﺘﻔﺎده از اﻳﻦ ﻣﻨﺤﻨﻲ ،ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ ﺣﺠﻤﻲﻛﻠﻴﻪ داﻧﻪﻫﺎي ﻣﻮﺟﻮد در ﺑﺘﻦ ،اﻋﻢ از ﺳـﻨﮕﺪاﻧﻪ
و ﻣﻮاد ﭼﺴﺒﺎﻧﻨﺪه ﻣﻲﺑﺎﺷﺪ .ﺑﺮ اﺳﺎس اﻳﻦ ﻣﻨﺤﻨﻲ ﻣﻲﺗﻮان ﺳﻬﻢ ﻫﺮ ﻳﻚ از ﻣﻮاد ﺟﺎﻣﺪ ﺗﺸﻜﻴﻞ دﻫﻨـﺪه ﺑـﺘﻦ را ﺗﻌﻴـﻴﻦ
ﻧﻤﻮد ،ﺑﻪﻋﻨﻮان ﻣﺜﺎل درﺻﺪ ﻣﺸﺨﺺ ﺷﺪه ﺑﺮاي داﻧﻪﻫﺎي ﻛﻮﭼﻜﺘﺮ از  0/063ﻣﻴﻠﻴﻤﺘﺮ ،ﺑﻴﺎﻧﮕﺮ ﻣﻘـﺪار ﻣـﻮاد ﭼـﺴﺒﺎﻧﻨﺪه
ﺧﻮاﻫﺪ ﺑﻮد )ﺑﻪﻋﻼوه ﻣﻮاد رﻳﺰداﻧﻪي ﻣﻮﺟﻮد در ﺳﻨﮕﺪاﻧﻪﻫﺎ(.
 -3ﻣﻄﺎﻟﻌﺎت آزﻣﺎﻳﺸﮕﺎﻫﻲ
 -1-3ﻣﺼﺎﻟﺢ ﻣﺼﺮﻓﻲ
 -1-1-3ﻣﺼﺎﻟﺢ ﭼﺴﺒﺎﻧﻨﺪه
در اﻧﺘﺨﺎب ﻣﻮاد ﭼﺴﺒﺎﻧﻨﺪه )ﻣﻮاد ﺳﻴﻤﺎﻧﻲ( دو ﻣﺸﺨﺼﻪ ﻣﺪ ﻧﻈﺮ ﻗﺮار ﮔﺮﻓﺖ .اول از دﻳﺪﮔﺎه ﺗﻮزﻳﻊ داﻧـﻪﻫـﺎ در ﻣﻨﺤﻨـﻲ
داﻧﻪ ﺑﻨﺪي  ،F&Tﻛﻪ در آن ﺑﺎﻳﺪ ﺗﻤﺎﻣﻲﻣﺼﺎﻟﺢ اﻋﻢ از ﺳﻨﮕﺪاﻧﻪ ﻳﺎ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﮕﻮﻧﻪاي داﻧﻪﺑﻨﺪي و ﻳﺎ اﻧﺘﺨﺎب ﺷﻮﻧﺪ
ﻛﻪ ﺗﻮزﻳﻊ داﻧﻪﻫﺎ ﺗﺎ ﺣﺪ ﻣﻤﻜﻦ ﻧﺰدﻳﻚ ﺑﻪ ﻣﻨﺤﻨﻲ اﻳﺪهآل ﺑﺎﺷﺪ .از ﺟﻬﺖ دﻳﮕﺮ ﺑﺎﻳﺪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﻪﮔﻮﻧﻪاي اﻧﺘﺨـﺎب و
ﺑﺎ ﻳﻜﺪﻳﮕﺮ ﻣﺨﻠﻮط ﮔﺮدﻧﺪ ﻛﻪ ﺗﺮﻛﻴﺐ ﺷﻴﻤﻴﺎﻳﻲ آﻧﻬﺎ ﺧﻮاص ﻣﻜﺎﻧﻴﻜﻲ و ﻓﻴﺰﻳﻜـﻲ و ﻫﻤﭽﻨـﻴﻦ دوام ﺧﻤﻴـﺮ ﺳـﻴﻤﺎن را
ﺑﺮآورده ﻧﻤﺎﻳﺪ .در اﻳﻦ راﺳﺘﺎ ﻛﺎﻫﺶ ﻣﻘﺪار آب ﻻزم ﺑﻪ ﺣﺪاﻗﻞ ﻣﻘﺪار ﻣﻤﻜﻦ )ﻛﺎﻫﺶ ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ( ﻧﻴـﺰ
ﻳﻜﻲ از ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺆﺛﺮ ﺑﺎﺷﺪ.
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ﺳﻴﻤﺎن  :ﺳﻴﻤﺎن ﻣﺼﺮﻓﻲ از ﻧﻮع  2و ﻣﺤﺼﻮل ﻛﺎرﺧﺎﻧﻪ ﺳﻴﻤﺎن ﺗﻬﺮان ﺑﻮده و ﻣﺸﺨﺼﺎت ﺷﻴﻤﻴﺎﻳﻲ آن در ﺟـﺪول 1
اراﺋﻪ ﺷﺪه اﺳﺖ .روش اﻧﺠﺎم آزﻣﻮن ،اﺳﺘﺎﻧﺪارد ﻣﻠﻲ اﻳﺮان ﺑﻪ ﺷﻤﺎره  389ﻣﻲﺑﺎﺷﺪ.
ﺧﺎﻛﺴﺘﺮ ﺑﺎدي :ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ در ﺣﺎل ﺣﺎﺿﺮ در داﺧﻞ ﻛﺸﻮر ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺗﻮﻟﻴﺪ ﻧﻤﻲﺷﻮد ،ﺧﺎﻛـﺴﺘﺮ ﺑـﺎدي ﻣـﻮرد
اﺳﺘﻔﺎده در اﻳﻦ ﭘﺮوژه از ﻛﺸﻮر آﻟﻤﺎن ﺗﻬﻴﻪ ﮔﺮدﻳﺪ .اﻳﻦ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي از ﻧﻮع ﺑﺴﻴﺎر رﻳﺰ ) (Ultra fineﺑﻮده و داﻧـﻪ ﺑﻨـﺪي
آن ﻛﻪ ﺑﻪ روش  particle size analyserاﻧﺠﺎم ﺷﺪه در ﻧﻤﻮدار ﺷﻜﻞ  3اراﺋﻪ ﺷﺪه اﺳـﺖ .ﺑـﻪ ﻣﻨﻈـﻮر ﺗﻌﻴـﻴﻦ ﺧـﻮاص
ﻣﻜﺎﻧﻴﻜﻲ ،ﻓﻴﺰﻳﻜﻲ و ﺷﻴﻤﻴﺎﻳﻲ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي از روش اﺳﺘﺎﻧﺪارد EN 196-21و  ASTM C 311اﺳﺘﻔﺎده ﮔﺮدﻳﺪ.
دوده ﺳﻴﻠﻴﺲ :دوده ﺳﻴﻠﻴﺲ ﻣﺼﺮﻓﻲ در اﻳﻦ ﭘﺮوژه ﺗﻮﻟﻴﺪ داﺧﻞ ﻛﺸﻮر و از ﻛﺎرﺧﺎﻧﻪ ازﻧﺎ ﺗﻬﻴﻪ ﺷﺪه اﺳﺖ .آزﻣﻮنﻫﺎي
ﻣﺮﺑﻮط ﺑﻪ ﺗﻌﻴﻴﻦ ﺧﻮاص ﺷﻴﻤﻴﺎﻳﻲ دوده ﺳﻴﻠﻴﺲ ﻣﻮرد اﺳﺘﻔﺎده ﻛﻪ ﻃﺒﻖ اﺳـﺘﺎﻧﺪارد  ASTM C 1240اﻧﺠـﺎم ﮔﺮﻓﺘـﻪ
اﺳﺖ در ﺟﺪول  1اراﺋﻪ ﺷﺪه اﺳﺖ.
در ﻃﺮح ﻣﺨﻠﻮط ﭘﻴﺸﻨﻬﺎدي ،ﻛﻪ از ﺳﻴﻤﺎن ،دودهﺳﻴﻠﻴﺲ ،ﺧﺎﻛﺴﺘﺮ ﺑﺎدي و ﻓﻴﻠﺮ اﺳﺘﻔﺎده ﺷﺪهاﺳﺖ ،ﺑﺎ ﺗﻮﺟﻪ ﺑـﻪ ﺗﻮزﻳـﻊ
ذرات ﺳﻴﻤﺎن ،ﺧﺎﻛﺴﺘﺮ ﺑﺎدي و دوده ﺳﻴﻠﻴﺲ ﻣﻮرد ﻣـﺼﺮف در اﻳـﻦ ﭘـﺮوژه )ﺣـﺪود  80درﺻـﺪ ذرات ﺳـﻴﻤﺎن داراي
ﻗﻄﺮي ﺑﻴﻦ  10ﺗﺎ  100ﻣﻴﻜﺮوﻣﺘﺮ 50 ،درﺻﺪ ذرات ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﻴﻦ  5ﺗـﺎ  20ﻣﻴﻜﺮوﻣﺘـﺮ و  60درﺻـﺪ ذرات دوده
ﺳﻴﻠﻴﺲ داراي ﻗﻄﺮي ﻛﻤﺘﺮ از  1ﻣﻴﻜﺮوﻣﺘﺮ ،ﻣﻄﺎﺑﻖ ﺷﻜﻞ  3ﺑﻮدهاﻧﺪ( ،و ﻫﻤﭽﻨﻴﻦ ﺑﻪدﻟﻴﻞ ﺧﻮاص ﺷﻴﻤﻴﺎﻳﻲ ﻫﺮ ﻳﻚ از
اﻳﻦ ﻣﻮاد و ﻫﻤﭽﻨﻴﻦ ﺧﻮاص ﻣﻜﺎﻧﻴﻜﻲ ،ﻓﻴﺰﻳﻜﻲ و دوام ﺑﺘﻦ ،درﺻﺪ ﻫﺮ ﻳﻚ از اﻳﻦ ﻣﻮاد ﺑﺸﺮح ذﻳﻞ اﻧﺘﺨﺎب ﮔﺮدﻳﺪ:
½ ﺳﻴﻤﺎن  70 :درﺻﺪ وزﻧﻲ
½ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺑﺴﻴﺎر رﻳﺰ  20 :درﺻﺪ وزﻧﻲ
½ دوده ﺳﻴﻠﻴﺲ  10 :درﺻﺪ وزﻧﻲ
ﺟﺪول  :1ﺗﺠﺰﻳﻪ ﺷﻴﻤﻴﺎﻳﻲ ﺳﻴﻤﺎن و ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ
ﺗﺮﻛﻴﺐ
ﺷﻴﻤﻴﺎﻳﻲ

ﺳﻴﻤﺎن

SiO2

20/96
4/2
4/6

)(%
AL2O3
Fe2O3

ﻣﻴﻜﺮوﺳﻴﻠﻴ

ﺗﺮﻛﻴﺐ

س

ﺷﻴﻤﻴﺎﻳﻲ )(%

95/1
0/6
1/1

MgO
CaO
SO3

ﺳﻴﻤﺎن

ﻣﻴﻜﺮوﺳﻴﻠﻴﺲ

ﺗﺮﻛﻴﺐ ﺷﻴﻤﻴﺎﻳﻲ )(%

ﺳﻴﻤﺎن

3/4
61/88
1/79

0/6
1/02
1/2

C3 S

52/74
20/31
3/35
1/47

C2 S
C3 A
Na2o + O.658 K2O

 -2-1-3ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ
ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ ﻣﻮرد اﺳﺘﻔﺎده از ﻧﻮع ﺳﻴﻠﻴﺴﻲ ،ﺑﺎ ﺣﺪاﻛﺜﺮ اﻧﺪازه اﺳﻤﻲ 16 mmاﻧﺘﺨﺎب ﺷﺪ .ﺳﻨﮕﺪاﻧﻪﻫﺎ ﺷﻜﺴﺘﻪ ،و ﺑـﻪ
ﺻﻮرت ﺑﺨﺶﻫﺎي ﻣﺠﺰا روي ﻫﺮ اﻟﻚ ﺗﻬﻴﻪ ﺷﺪ .ﻟﺬا اﻣﻜﺎن داﻧﻪﺑﻨﺪي ﺑﺮاﺳﺎس ﻣﻨﺤﻨﻲﻫﺎي ﻣﺨﺘﻠﻒ ،ﺑﺎ دﻗـﺖ ﻛـﺎﻓﻲ
ﻓﺮاﻫﻢ ﺑﻮد .ﻣﺸﺨﺼﺎت ﻓﻴﺰﻳﻜﻲ و ﺷﻴﻤﻴﺎﺋﻲ ﻣﺼﺎﻟﺢ ﻓﻮق در ﺟﺪول  2اراﺋﻪ ﺷﺪه اﺳﺖ.
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ﺷﻜﻞ  -3ﻣﻨﺤﻨﻲﻫﺎي ﺗﻮزﻳﻊ ذرات ﺳﻴﻤﺎن ،ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ،دودهﺳﻴﻠﻴﺲ و ﭘﻮدر ﻛﻮارﺗﺰ ﻣﻴﻜﺮوﻧﻴﺰه
ﺟﺪول  :2ﻣﺸﺨﺼﺎت ﻓﻴﺰﻳﻜﻲ و ﺷﻴﻤﻴﺎﻳﻲ ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ
ﻣﺼﺎﻟﺢ
ﺳﻨﮕﻲ
ﺷﻦ
ﻣﺎﺳﻪ
ﻓﻴﻠﺮ

وزن ﻣﺨﺼﻮص

ﺟﺬب

درﺣﺎﻟﺖ SSD

آب)(%

)(g/cm3

2/64
2/71
4/0

2/53
2/56
2/57

ﻋﺒﻮري از اﻟﻚ
ﺷﻤﺎره 200
)(%
2/6
2/46
0/7

ﻛﻠﺮﻳﺪ

ﺳﻮﻟﻔﺎت

)(%

)(%

0/001

0/001
0/002
-

0/001
0/002

واﻛﻨﺶ ﻗﻠﻴﺎﻳﻲ ﺑﻪ روش
ﺗﺴﺮﻳﻊ ﺷﺪه )درﺻﺪ
اﻧﺒﺴﺎط ﺑﻌﺪاز 14روز(
0/087
0/09
-

 -3-1-3ﻣﺎده اﻓﺰودﻧﻲ ﺷﻴﻤﻴﺎﻳﻲ
ﻓﻮق روان ﻛﻨﻨﺪه ﻣﺼﺮﻓﻲ ﺑﺮ ﭘﺎﻳﻪ ﻛﺮ ﺑﻮﺳﻴﻼتﻫﺎ و ﺑـﺎ ﻧـﺎم ﺗﺠـﺎري  structuro 335ﺑـﻮده اﺳـﺖ ،اﻳـﻦ ﻧـﻮع ﻓـﻮق
روانﻛﻨﻨﺪهﻫﺎ از ﻧﺴﻞ ﺟﺪﻳﺪ ﻣﻮاد اﻓﺮودﻧﻲ ﻣﻲﺑﺎﺷﻨﺪ .از ﻣﻬﻤﺘﺮﻳﻦ ﻣﺰاﻳﺎي اﻳﻦ ﻧﻮع ﻓﻮق روان ﻛﻨﻨﺪهﻫﺎ ،اﻓﺰاﻳﺶ ﺑـﺴﻴﺎر
زﻳﺎد رواﻧﻲ ﺑﺪون ﺟﺪاﺷﺪﮔﻲ اﺟﺰاء ﺑﺘﻦ ﻣﻲﺑﺎﺷﻨﺪ ،ﻫﻤﭽﻨﻴﻦ ﻗﺎﺑﻠﻴﺖ ﺣﻔﻆ رواﻧﻲ در ﻣﺪت زﻣﺎن ﻃﻮﻻﻧﻲﺗﺮ ﻧﻴﺰ از ﺟﻤﻠـﻪ
اﻳﻦ ﻣﻮارد ﻣﻲﺑﺎﺷﺪ .ﻣﺸﺨﺼﺎت اﻳﻦ ﻓﻮقروان ﻛﻨﻨﺪه د رﺟﺪول  3اراﺋﻪ ﺷﺪهاﺳﺖ.
ﺟﺪول  :3ﻣﺸﺨﺼﺎت ﻓﻴﺰﻳﻜﻲ و ﺷﻴﻤﻴﺎﻳﻲ ﻓﻮق روان ﻛﻨﻨﺪه
وﺿﻌﻴﺖ ﻇﺎﻫﺮي

ﻣﺎﻳﻊ ﺑﺎ رﻧﮓ زرد روﺷﻦ

وزن ﺣﺠﻤﻲ
ﻣﻴﺰان ﻛﻠﺮ ﻣﻮﺟﻮد
ﻣﻴﺰان ﻗﻠﻴﺎﻳﻲ ﻣﻮﺟﻮد

6/5
 1/06 Kg/litدر دﻣﺎي 20 oC
ﻛﻤﺘﺮ از  0/1درﺻﺪ
ﺑﻄﻮر ﻣﻌﻤﻮل ﻛﻤﺘﺮ از  1/5ﮔﺮم ﻣﻌﺎدل  Na2Oدر ﻫﺮ ﻟﻴﺘﺮ

pH

 -2-3ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ اﺧﺘﻼط ﺳﻨﮕﺪاﻧﻪﻫﺎ )رﻳﺰ ،درﺷﺖ و ﻓﻴﻠﺮ(
ﻫﻤﺎنﮔﻮﻧﻪ ﻛﻪ اﺷﺎره ﺷﺪ ،ﻳﻜﻲ از ﺗﻔﺎوتﻫﺎي اﺻﻠﻲ اﻳﻦ ﻧﻮع ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ ﺑﺎ اﻧﻮاع راﻳﺞ آن ،اﺳﺘﻔﺎده از روش دﺳـﺘﻴﺎﺑﻲ
ﺑﻪ ﺣﺪاﻛﺜﺮ ﺗﺮاﻛﻢ ) ،(Dense Packingﺑﺎ اﺻﻼح ﻧﺤﻮه ﺗﻮزﻳﻊ داﻧﻪﻫﺎ )اﻋـﻢ از ﻣـﺼﺎﻟﺢ ﺳـﻨﮕﻲ و ﻣـﺼﺎﻟﺢ ﭼـﺴﺒﺎﻧﻨﺪه(
ﻣﻲﺑﺎﺷﺪ ،ﻛﻪ ﺑﻪ اﻳﻦ ﻣﻨﻈﻮر از ﻣﻨﺤﻨﻲ اﺻﻼح ﺷﺪه ﻓﻮﻟﺮ و ﺗﺎﻣﺴﻮن اﺳﺘﻔﺎده ﮔﺪﻳـﺪ .ﻫﻤﭽﻨـﻴﻦ ﺟﻬـﺖ اﻣﻜـﺎن ارزﻳـﺎﺑﻲ
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ﻋﻤﻠﻜﺮد اﻳﻦ ﻧﻮع ﺑﺘﻦ ﺑﺎ ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ راﻳﺞ ،ﻃﺮحﻫﺎﻳﻲ ﻧﻴﺰ ﺑﺮ اﺳﺎس روش ﺳﻨﺘﻲ ﺳﺎﺧﺘﻪ ﺷﺪ.
ﺑﺮاي ﻃﺮح ﭘﻴﺸﻨﻬﺎدي ،دو ﻃﺮح ﺑﺎ ﺷﻨﺎﺳﻪﻫﺎي  FSPDو  SPDو ﺑﺮاي ﻃﺮحﻫﺎي ﺳﻨﺘﻲ ﻧﻴﺰ دو ﻃﺮح ﺑﺎ ﺷﻨﺎﺳـﻪﻫـﺎي
 SNو  FSNﺳﺎﺧﺘﻪ ﺷﺪ .ﻧﺴﺒﺖ اﺧﺘﻼط ﺳﻨﮕﺪاﻧﻪاي دو ﻃﺮح اول ﻣﻄﺎﺑﻖ ﺑﺎ ﻣﻨﺤﻨﻲ اﺻﻼح ﺷـﺪه ﻓـﻮﻟﺮ و ﺗﺎﻣـﺴﻮن و
ﺑﺮاي دو ﻃﺮح ﺳﻨﺘﻲ ﻧﻴﺰ از ﻣﻨﺤﻨﻲ ﺗﺮﻛﻴﺒﻲ اﺳﺘﺎﻧﺪارد  BSاﺳﺘﻔﺎده ﺷﺪهاﺳﺖ ،ﻣﻨﺤﻨﻲ داﻧﻪﺑﻨﺪي ﻃـﺮحﻫـﺎ در ﺷـﻜﻞ 4
اراﺋﻪ ﺷﺪهاﺳﺖ.

ﺷﻜﻞ  -4ﻣﻨﺤﻨﻲ داﻧﻪﺑﻨﺪي ﻣﺠﻤﻮع ﺳﻨﮕﺪاﻧﻪﻫﺎ )رﻳﺰ و درﺷﺖ(

 -3-3ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ در ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﺴﻴﺎر ﭘﺎﻳﻴﻦ ﻣﻲﺑﺎﺷﺪ ،ﺗﺎ دوام ﺑـﺘﻦ در ﺑﺮاﺑـﺮ ﻋﻮاﻣـﻞ
ﻣﻬﺎﺟﻢ ﺧﺼﻮﺻﺎً ﻛﻠﺮﻳﺪ ،ﺳﻮﻟﻔﺎت و ﻣﻮاد اﺳﻴﺪي اﻓﺰاﻳﺶ ﻳﺎﺑﺪ ،و ﻫﻤﭽﻨﻴﻦ ﻃﺒﻖ آﻳـﻴﻦﻧﺎﻣـﻪ ﺑـﺘﻦ اﻳـﺮان )آﺑـﺎ( ﺣـﺪاﻛﺜﺮ
ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن )ﻳﺎ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ( ﺑﺮاي ﺷﺮاﻳﻄﻲ ﻛﻪ اﺣﺘﻤﺎل ﺗﻬﺎﺟﻢ ﻛﻠﺮﻳﺪي و ﺧﻮردﮔﻲ ﻣﻴﻠﮕﺮد وﺟﻮد دارد0/4 ،
و ﺣﺪاﻗﻞ ﺳﻴﻤﺎن  350 kg/m3و در ﺷﺮاﻳﻄﻲ ﻛﻪ اﺣﺘﻤـﺎل ﺗﻬـﺎﺟﻢ ﺳـﻮﻟﻔﺎﺗﻲ )ﻓـﻮقاﻟﻌـﺎده ﺷـﺪﻳﺪ( ﻣـﻲﺑﺎﺷـﺪ ،ﺑـﺮاي
ﺷﺎﻟﻮدهﻫﺎي ﺑﺘﻨﻲ ﺣﺠﻴﻢ ﻳﺎ ﻗﻄﻌﺎت ﭘﻴﺶ ﺳﺎﺧﺘﻪ ،ﺣﺪاﻛﺜﺮ ﻧﺴﺒﺖ آب ﺑﻪ ﺳـﻴﻤﺎن  0/4و ﺣـﺪاﻗﻞ ﺳـﻴﻤﺎن 400 kg/m3
ﺗﻮﺻﻴﻪ ﺷﺪه اﺳﺖ ،در اﻳﻦ ﺗﺤﻘﻴﻖ ﻧﻴﺰ ﺳﻌﻲ ﺷﺪه اﺳﺖ ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮا ﺳﻴﻤﺎن ﻣـﻮﺛﺮ ﺑـﻪ  0/4ﻣﺤـﺪود ﺷـﻮد .اﻟﺒﺘـﻪ
ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن اراﺋﻪ ﺷﺪه در آﺑﺎ ،ﻧﺴﺒﺖ آب ﺑﻪ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻣﻮﺛﺮ ﻧﻤﻲﺑﺎﺷﺪ.
در ﻣﻮاردي اﺳﺖ ﻛﻪ از ﻣﻮاد اﻓﺰودﻧﻲ ﻣﻌﺪﻧﻲ )دوده ﺳﻴﻠﻴﺲ ﻳﺎ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي( اﺳﺘﻔﺎده ﻣﻲﺷﻮد ،ﺑﺮاي اﺻﻼح ﺗﺎﺛﻴﺮ اﻳﻦ
ﻣﻮاد از ﻓﺎﻛﺘﻮر ﺗﺎﺛﻴﺮ اﺳﺘﻔﺎده ﻣﻲﺷﻮد .در اﻳﻦ ﺗﺤﻘﻴﻖ ﻣﻘﺪار ﻓﺎﻛﺘﻮر اﺻـﻼح ) (kﻃﺒـﻖ اﺳـﺘﺎﻧﺪارد EN 206-1:2000
اﻧﺘﺨﺎب ﮔﺮدﻳﺪ .ﺑﺮ اﻳﻦ اﺳﺎس ،ﺑﺮاي ﺧﺎﻛﺴﺘﺮ ﺑﺎدي )ﺑﺎ ﻛﻴﻔﻴﺖ اﺳﺘﺎﻧﺪارد ﻣﻄﺎﺑﻖ  (EN 450در ﺻﻮرت ﺗﺮﻛﻴـﺐ ﺷـﺪن
ﺑﺎ ﺳﻴﻤﺎﻧﻲ ﺑﺎ رده ﻣﻘﺎوﻣﺘﻲ  ،32/5 MPaﺿﺮﻳﺐ  kﺑﺮاﺑﺮ ﺑﺎ  0/2و ﺑﺮاي ﺳﻴﻤﺎﻧﻲ ﺑـﺎ ﻣﻘﺎوﻣـﺖ  42/5 MPaو ﺑﻴـﺸﺘﺮ،
اﻳﻦ ﺿﺮﻳﺐ ﺑﺮاﺑﺮ ﺑﺎ  0/4در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد .ﻫﻤﭽﻨﻴﻦ ﺑﺮاي دوده ﺳﻴﻠﻴﺲ ﻣﻘﺪار  kﺑﺮاﺑﺮ ﺑﺎ  2ﺗﻮﺻﻴﻪ ﺷﺪهاﺳﺖ.
روش اﻋﻤﺎل اﻳﻦ ﺿﺮﻳﺐ در ﺗﺼﺤﻴﺢ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﺑﺎ ﻛﻤﻚ راﺑﻄﻪ زﻳﺮ اﻧﺠﺎم ﻣﻲﺷﻮد:
water
))cement + ( K × (silica fume or fly ash

= ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ﻣﺆﺛﺮ
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ﻛﻪ در آن :
 : Waterوزن آب آزاد،
 : Cementوزن ﺳﻴﻤﺎن ﻣﺼﺮﻓﻲ،
 : Fly ashوزن ﺧﺎﻛﺴﺘﺮ ﺑﺎدي،
 : Silica fumeوزن دوده ﺳﻴﻠﻴﺲ ﻣﻲﺑﺎﺷﺪ.
 -4-3ﺗﻌﻴﻴﻦ ﻧﺴﺒﺖ اﺧﺘﻼط
ﻣﺨﻠﻮطﻫﺎ ﺑﺮ اﺳﺎس دو ﻧﻈﺮﻳﻪ ﻃﺮاﺣﻲ ﺷﺪهاﻧﺪ .ﺳﺮي اول ،ﺷﺎﻣﻞ ﻣﺨﻠﻮطﻫﺎﻳﻲ ﻣﻲﺑﺎﺷﻨﺪ ﻛـﻪ ﺣـﺎوي دودهﺳـﻴﻠﻴﺲ و
ﺧﺎﻛﺴﺘﺮﺑﺎدي و ﻳﺎ ﺑﺪون ﺧﺎﻛﺴﺘﺮﺑﺎدي ﺑﻮده ،و ﻃﺒﻖ روشﻫﺎي ﻃﺮح ﻣﺨﻠﻮط راﻳﺞ ﺑﺮاي ﺳـﺎﺧﺖ ﺑـﺘﻦﻫـﺎي ﺗﻮاﻧﻤﻨـﺪ،
ﻃﺮاﺣﻲ ﺷﺪهاﻧﺪ .ﺳﺮي دوم ،ﻣﺨﻠﻮطﻫﺎﻳﻲ ﻣﻲﺑﺎﺷﻨﺪ ﻛﻪ ﻃﺒﻖ روش ﺟﺪﻳﺪ )اﺳـﺘﻔﺎده از ﻣﻨﺤﻨـﻲ اﺻـﻼح ﺷـﺪه ﻓـﻮﻟﺮ و
ﺗﺎﻣﺴﻮن و اﻋﻤﺎل ﻓﺎﻛﺘﻮر اﺻﻼح ﻣﻮاد ﺟﺎﻳﮕﺰﻳﻦ ﺳﻴﻤﺎن( ،ﻃﺮاﺣﻲ ﺷﺪهاﻧﺪ .در اﻳـﻦ ﻃـﺮحﻫـﺎ از دودهﺳـﻴﻠﻴﺲ ،ﻓﻴﻠـﺮ و
ﺧﺎﻛﺴﺘﺮﺑﺎدي و ﻫﻤﭽﻨﻴﻦ ﻳﻚ ﻃﺮح ﻫﻢ ﺑﺪون ﺧﺎﻛﺴﺘﺮﺑﺎدي ،اﺳﺘﻔﺎده ﺷﺪهاﺳﺖ .ﻋﻠﺖ اﻳﻦﻛﻪ دو ﻃﺮح ﺑﺎ ﺧﺎﻛﺴﺘﺮﺑﺎدي
و دو ﻃﺮح ﻧﻴﺰ ﺑﺪون ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺳﺎﺧﺘﻪﺷﺪ ،اﻳﻦ اﺳﺖ ﻛـﻪ ،در روش ﭘﻴـﺸﻨﻬﺎدي ﺑـﺮاي ﻃـﺮح ﻣﺨﻠـﻮط ﺑـﺘﻦﻫـﺎي
ﺗﻮاﻧﻤﻨﺪ ﻧﺴﻞ ﺟﺪﻳﺪ ،ﺑﺮاي دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﻣﻨﺤﻨﻲ ﺗﻮزﻳﻊ اﻳﺪهآل ،ﻛﺎراﺋﻲ ﻣﻨﺎﺳﺐ و ﺑﺘﻦ ﻣﻘﺎوم در ﺑﺮاﺑﺮ ﻋﻮاﻣﻞ ﻣﻬﺎﺟﻢ ،ﻧﻴﺎز
ﺑﻪ اﺳﺘﻔﺎده از ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﻧﻴﺰ ﻣﻲﺑﺎﺷﺪ ،وﻟﻲ از آﻧﺠﺘﻴﻲﻛﻪ ﺧﺎﻛﺴﺘﺮﺑﺎدي در اﻳﺮان ﺗﻮﻟﻴﺪ ﻧﻤﻲﺷـﻮد ،ﻃـﺮحﻫـﺎﻳﻲ ﻧﻴـﺰ
ﺑﻪﻋﻨﻮان ﺟﺎﻳﮕﺰﻳﻦ ،ﺑﺪون ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﺳﺎﺧﺘﻪﺷﺪ .اﮔﺮﭼﻪ ﻣﻤﻜﻦ اﺳﺖ اﻳﻦ ﻃﺮحﻫـﺎي ﻧﻴـﺰ ﺟـﺰ ﺑـﺘﻦﻫـﺎي ﺗﻮاﻧﻤﻨـﺪ
ﻣﺤﺴﻮب ﺷﻮﻧﺪ ،وﻟﻲ ﻃﺮح ﺑﻬﻴﻨﻪ ﺑﺎ دوام ﻧﻤﻲﺑﺎﺷﻨﺪ.
در ﺟﺪول  4ﻣﺸﺨﺼﺎت ﻃﺮح ﻣﺨﻠﻮطﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه اراﺋﻪ ﺷﺪه اﺳﺖ .ﻃﺮح ﻣﺨﻠﻮط ﭘﻴﺸﻨﻬﺎدي ﺑﺎ ﺷﻨﺎﺳﻪ  FSPDو ﻃﺮح
ﺑﺪون ﺧﺎﻛﺴﺘﺮ ﺑﺎدي آن ﺑﺎ ﺷﻨﺎﺳﻪ  ،SPDﻃﺮحﻫﺎي ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ راﻳﺞ ﻧﻴﺰ ﺑﺎ ﺷﻨﺎﺳﻪﻫﺎي  SNو  FSNاراﺋﻪ ﺷﺪه اﺳﺖ.
در ﺷﻨﺎﺳﻪ ﻣﺨﻠﻮطﻫﺎ ﺣﺮف " "Fﻧﺸﺎن دﻫﻨﺪه اﺳﺘﻔﺎده از ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ،ﺣﺮف " "Sﻣﻌﺮف اﺳـﺘﻔﺎده از دوده ﺳـﻴﻠﻴﺲ،
ﺣﺮف " "Pﺑﻴﺎﻧﮕﺮ ﻣﺼﺮف ﭘﻮدر ﻛﻮارﺗﺰ ﺑﻌﻨﻮان ﻓﻴﻠﺮ ،ﺣﺮف " "Nﻧﺸﺎن دﻫﻨﺪه ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨـﺪي ﺳـﻨﮕﺪاﻧﻪﻫـﺎ ﻃﺒـﻖ
ﻣﻨﺤﻨﻲ ﻣﻌﻤﻮل و ﺣﺮف " "Dﻧﻴﺰ ﻣﻌﺮف اﺳﺘﻔﺎده از ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي اﺻﻼح ﺷﺪه ﻓﻮﻟﺮ و ﺗﺎﻣﺴﻮن ﻣﻲﺑﺎﺷﺪ.
ﺟﺪول  – 4ﻧﺴﺒﺖ اﺧﺘﻼط اﺟﺰاي ﺑﺘﻦ در ﻃﺮحﻫﺎي ﻣﺨﺘﻠﻒ

ﺷﻨﺎﺳﻪ

ﺳﻴﻤﺎن

ﺧﺎﻛﺴﺘﺮ

دوده

ﻧﺴﺒﺖ

ﺑﺎدي

ﺳﻴﻠﻴﺲ

آب ﺑﻪ

)-0/25

)(0/25 -0

 (16م م

مم

Kg/m3

Kg/m3

Kg/m3

ﻣﻮﺛﺮ

Kg/m3

Kg/m3

Kg/m3

372
220
245
315

0
63
70
0

28
31/5
35
35

0/4
0/4
0/4
0/4

1830
1955
1808
1808

56/5
60/5
61
61

0
0
138
138

ﻣﺨﻠﻮط

SN
FSN
FSPD
SPD

ﺳﻨﮕﺪاﻧﻪ

ﻓﻴﻠﺮ ﺳﻨﮕﺪاﻧﻪ

ﻓﻴﻠﺮ ﭘﻮدر ﺳﻴﻠﻴﺲ

ﺳﻴﻤﺎن

) (0/25-0م م

ﻓﻮق
روان

آب

ﻛﻨﻨﺪه
) ٪وزن
ﺳﻴﻤﺎن(
0/6
0/64
0/6
0/6

Kg/m3

170
124
135
135

 -1-4-3اﺧﺘﻼط ﺑﺘﻦ
ﭘﺲ از اﻋﻤﺎل ﺗﺼﺤﻴﺢ ﻣﻘﺪار رﻃﻮﺑﺖ ﻣﻮﺟﻮد در ﺳﻨﮕﺪاﻧﻪ ﻫﺎ ،ﻫﺮ ﻳﻚ از اﺟﺰاء ﺑﺘﻦ ﺑﻪ ﺗﻔﻜﻴﻚ ﺗـﻮزﻳﻦ ﺷـﺪه و ﺳـﭙﺲ
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اﺑﺘﺪا ﺳﻨﮕﺪاﻧﻪﻫﺎ و ﺑﻌﺪ ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ ،آب و در اﻧﺘﻬﺎ ﻣﺎده اﻓﺰودﻧﻲ ﻓﻮق روان ﻛﻨﻨﺪه ﺑﻪ داﺧﻞ ﻣﺨﻠـﻮط ﻛـﻦ رﻳﺨﺘـﻪ
ﺷﺪه ﺟﻬﺖ اﻧﺠﺎم اﺧﺘﻼط از ﻳﻚ ﻣﺨﻠﻮطﻛﻦ ﺗﻐﺎري ) (Pan mixerاﺳﺘﻔﺎده ﮔﺮدﻳﺪ .ﻇﺮﻓﻴﺖ اﺳﻤﻲﻣﺨﻠﻮطﻛـﻦ 250
ﻟﻴﺘﺮ و ﭼﺮﺧﺶ ﺗﻴﻐﻪﻫﺎي آن ﺑﺼﻮرت ﻋﻤﻮدي و در ﺟﻬﺖ ﻋﻜﺲ ﺣﺮﻛﺖ دﻳﮓ ﺑﻮده اﺳﺖ.
 -2-4-3ﺳﺎﺧﺖ و ﻋﻤﻞآوري آزﻣﻮﻧﻪﻫﺎ
ﭘﺲ از ﺗﻮزﻳﻦ و اﺧﺘﻼط اﺟﺰاء ﺑﺘﻦ ،آﻣﻮﻧﻪﻫﺎي ﺑﺘﻨﻲ ﺳﺎﺧﺘﻪ ،ﻧﮕﻬﺪاري و ﻋﻤﻞآوري ﮔﺮدﻳﺪﻧﺪ .ﺑﺮ اﺳﺎس اﺳﺘﺎﻧﺪارد EN
 ،12390-2:2000ﺑﺘﻦ در ﻗﺎﻟﺐﻫﺎي ﻣﻮرد ﻧﻈﺮ ﺟﺎﻳﺪﻫﻲ و ﻣﺘﺮاﻛﻢ ﮔﺮدﻳﺪ ،آزﻣﻮﻧﻪﻫـﺎ ﭘـﺲ از ﻳـﻚروز ﻧﮕﻬـﺪاري در
ﺷﺮاﻳﻂ اﺳﺘﺎﻧﺪارد )اﻃﺎق ﻣﺮﻃﻮب( ،از ﻗﺎﻟﺐ ﺧﺎرج و ﺑﻪ داﺧﻞ ﺣﻮﺿﭽﻪ ﻋﻤﻞآوري ﺑﺎ دﻣﺎي  23 °Cﻣﻨﺘﻘـﻞ و ﺗـﺎ زﻣـﺎن
اﻧﺠﺎم آزﻣﺎﻳﺶ در ﺷﺮاﻳﻂ ﻣﺬﻛﻮر ﻋﻤﻞآوري ﺷﺪﻧﺪ.
 -5-3آزﻣﺎﻳﺶﻫﺎي ﺑﺘﻦ ﺗﺎزه
ﺟﻬﺖ ﺗﻌﻴﻴﻦ ﺧﻮاص ﺑﺘﻦ ﺗﺎزه )ﺳﺨﺖ ﻧﺸﺪه( آزﻣﻮنﻫﺎي ﺗﻌﻴﻴﻦ وزن ﻣﺨﺼﻮص ،درﺻﺪ ﻫﻮاي ﻣﻮﺟﻮد ،رواﻧﻲ ﺑﻪ روش
اﺳﻼﻣﭗ ،و ﺗﻌﻴﻴﻦ دﻣﺎي ﺑﺘﻦ اﻧﺠﺎم ﮔﺮدﻳﺪ ﻛﻪ ﻧﺘﺎﻳﺞ آن در ﺟﺪول  5اراﺋﻪ ﺷﺪهاﺳﺖ.
ﺟﺪول  :5ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي ﺑﺘﻦ ﺗﺎزه
ﺷﻨﺎﺳﻪ

دﻣﺎي ﺑﺘﻦ

اﺳﻼﻣﭗ

ﻣﺨﻠﻮط
SN
FSN
FSPD
SPD

وزن ﻣﺨﺼﻮص
3

ﻫﻮاي ﻣﺤﺒﻮس

)درﺟﻪ(

)(Cm

) (Kg/m

)(٪

21
22
25
21

4
0
12
10

2391
2466
2505
2533

3/8
2/0
1/0
1/5

 -6-3ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶﻫﺎي ﺑﺘﻦ ﺳﺨﺖ ﺷﺪه
 -1-6-3ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
ﺑﻪ ﻣﻨﻈﻮر ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري و ﺑﺮرﺳﻲ روﻧﺪ اﻓﺰاﻳﺶ آن ،آزﻣﻮﻧﻪﻫﺎي ﻣﻜﻌﺒﻲ ﺑﺎ اﺑﻌﺎد  100ﻣﻴﻠﻲﻣﺘﺮ ﺗﻬﻴﻪ ﮔﺮدﻳﺪﻧﺪ.
آزﻣﻮﻧﻪﻫﺎ )در ﻫﺮ ﺳﻦ ،ﺳﻪ آزﻣﻮﻧﻪ( در ﺳﻨﻴﻦ  28 ،7و 90روز ﻣﻮرد آزﻣﻮن ﻗﺮار ﮔﺮﻓﺘﻨﺪ .اﻧﺪازهﮔﻴﺮي ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري
آزﻣﻮﻧﻪﻫﺎ ﺑﺮ اﺳﺎس اﺳﺘﺎﻧﺪارد  EN 12390-3:2000اﻧﺠﺎم و ﻧﺘﺎﻳﺞ آن در ﺷﻜﻞ  5اراﺋﻪ ﮔﺮدﻳﺪه اﺳﺖ.

ﺷﻜﻞ  -5ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
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 -2-6-3ﻧﻔﻮذﭘﺬﻳﺮي ﻳﻮن ﻛﻠﺮﻳﺪ ﺑﻪ روش ﺗﺴﺮﻳﻊ ﺷﺪه
ﺑﻬﺒﻮد ﭘﺎراﻣﺘﺮﻫﺎي ﻧﻔﻮذﭘﺬﻳﺮي ﺑﺘﻦ در اﻓﺰاﻳﺶ دوام آن ﺑﺴﻴﺎر ﺣﺎﺋﺰ اﻫﻤﻴﺖ ﻣﻲﺑﺎﺷـﺪ .آزﻣـﻮن ﻧﻔﻮذﭘـﺬﻳﺮي ﻛﻠﺮﻳـﺪ ،ﺑـﻪ
ﻣﻨﻈﻮر ﻃﺮاﺣﻲ و ﺑﺮرﺳﻲ ﻋﻤﺮ ﻣﻔﻴﺪ )ﺳﺮوﻳﺲدﻫﻲ( ﺑﺘﻦ در ﻣﻘﺎﺑﻞ ﻧﻔﻮذ ﻳﻮن ﻛﻠﺮﻳﺪ ﻣﻨﺎﺳﺐ ﻣﻲﺑﺎﺷﺪ .اﻳـﻦ آزﻣـﻮن ﺑـﺮ
اﺳﺎس اﺳﺘﺎﻧﺪارد  ASTM C 1202-97روي آزﻣﻮﻧﻪﻫﺎي اﺳﺘﻮاﻧﻪاي ﺑﻪ ﻗﻄﺮ  100ﻣﻴﻠﻴﻤﺘـﺮ و ﺿـﺨﺎﻣﺖ  50ﻣﻴﻠﻴﻤﺘـﺮ
اﻧﺠﺎم ﻣﻲﺷﻮد ،ﻛﻪ در اﻳﻦ ﭘﺮوژه ﺑﺎ اﺳﺘﻔﺎده از آزﻣﻮﻧﻪﻫﺎي اﺳﺘﻮاﻧﻪاي  200× 100و ﺑﺮش آﻧﻬﺎ ﺑﻪ اﺑﻌـﺎد اﺳـﺘﺎﻧﺪارد ،در
ﺳﻨﻴﻦ  28و  90روز ﻣﻮرد آزﻣﻮن ﻗﺮار ﮔﺮﻓﺘﻨﺪ .ﻧﺘﺎﻳﺞ آزﻣﻮن در ﺷﻜﻞ  6اراﺋﻪ ﮔﺮدﻳﺪه اﺳﺖ.

ﺷﻜﻞ  -6ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﻧﻔﻮذﭘﺬﻳﺮي ﻳﻮن ﻛﻠﺮﻳﺪ ﺑﻪ روش ﺗﺴﺮﻳﻊ ﺷﺪه

 -3-6-3ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻧﻔﻮذ آب ﺗﺤﺖ ﻓﺸﺎر
ﻳﻜﻲ از ﻣﻬﻤﺘﺮﻳﻦ ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺆﺛﺮ ﺑﺮ اﻓﺰاﻳﺶ دوام ﺑﺘﻦ در ﺑﺮاﺑﺮ ﺗﻬﺎﺟﻢ ﻣﻮاد ﻣﻀﺮ )ﻛﻪ از ﻣﺤـﻴﻂ ﻧﻔـﻮذ ﻣـﻲﻧﻤﺎﻳﻨـﺪ(،
ﻛﺎﻫﺶ ﻧﻔﻮذﭘﺬﻳﺮي ﺑﺘﻦ ﻣﻲﺑﺎﺷﺪ .در اﻳﻦ راﺳﺘﺎ آزﻣﻮن ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻧﻔﻮذ آب ،ﺟﻬﺖ ﺑﺮرﺳـﻲ ﻧﻔﻮذﭘـﺬﻳﺮي ﺑـﺘﻦ ﺗﺤـﺖ
ﻓﺸﺎر آب ﻣﻲﺑﺎﺷﺪ .اﻳﻦ آزﻣﻮن ﻃﺒﻖ اﺳـﺘﺎﻧﺪارد  EN 12390-8:2000و روي آزﻣﻮﻧـﻪﻫـﺎي ﻣﻜﻌﺒـﻲ ﺑـﻪ ﺿـﻠﻊ 150
ﻣﻴﻠﻲﻣﺘﺮو در ﺳﻨﻴﻦ  28و  90روز اﻧﺠﺎم ﮔﺮدﻳﺪ ﻛﻪ ﻧﺘﺎﻳﺞ آن در ﺟﺪول  6اراﺋﻪ ﮔﺮدﻳﺪه اﺳﺖ.
ﺟﺪول  :6ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻧﻔﻮذ آب ﺗﺤﺖ ﻓﺸﺎر
ﺷﻨﺎﺳﻪ ﻣﺨﻠﻮط
SN
FSN
FSPD
SPD

ﻋﻤﻖ ﻧﻔﻮذ آب )(mm
 28روز

 90روز

12
10
0
4

23
24
2
5

 -4-6-3ﺗﻐﻴﻴﺮات ﻃﻮل ﻣﻨﺸﻮرﻫﺎي ﺑﺘﻨﻲ در ﻣﻌﺮض ﻣﺤﻠﻮل ﺳﻮﻟﻔﺎت
ﺑﻪ ﻣﻨﻈﻮر ﺑﺮرﺳﻲ ﻋﻤﻠﻜﺮد ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻨﻲ در ﻣﻌﺮض ﺳﻮﻟﻔﺎت ،از ﻣﺤﻠﻮل ﺳﻮﻟﻔﺎت ﺳﺪﻳﻢ  5درﺻﺪ اﺳﺘﻔﺎده ﮔﺮدﻳـﺪ.
ﺑﺪﻳﻦ ﻣﻨﻈﻮر ﻣﻨﺸﻮرﻫﺎي ﺑﺘﻨﻲ ﺑﺎﺑﻌﺎد  75×75×285ﻣﻴﻠﻴﻤﺘﺮ ﻛﻪ در دو اﻧﺘﻬﺎي آﻧﻬﺎ ﭘﻴﻦﻫﺎي ﻣﺨـﺼﻮص ﻛـﺎر ﮔﺬاﺷـﺘﻪ
ﺷﺪه ﺑﻮد ،ﺳﺎﺧﺘﻪ و ﭘﺲ از  28روز ﻋﻤﻞآوري ،در ﻣﺤﻠﻮل ﺳﻮﻟﻔﺎت ﻗﺮار داده ﺷﺪﻧﺪ .ﺟﻬـﺖ ﺗﻨﻈـﻴﻢ  pHو ﺛﺎﺑـﺖ ﻧﮕـﻪ
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داﺷﺘﻦ آن در ﻃﻮل زﻣﺎن آزﻣﺎﻳﺶ ،از اﺳﻴﺪ ﺳﻮﻟﻔﻮرﻳﻚ رﻗﻴﻖ اﺳﺘﻔﺎده ﮔﺮدﻳﺪ ،ﺿـﻤﻦ آﻧﻜـﻪ در ﺳـﻨﻴﻦ اوﻟﻴـﻪ ﻣﺤﻠـﻮل
ﺳﻮﻟﻔﺎت ﻧﻴﺰ ﭼﻨﺪﻳﻦ ﻣﺮﺗﺒﻪ ﺗﻌﻮﻳﺾ ﺷﺪ.
ﺗﻐﻴﻴﺮ ﻃﻮل و وزن آزﻣﻮﻧﻪﻫﺎ در ﻓﻮاﺻﻞ زﻣﺎﻧﻲ ﻣﺸﺨﺺ ،ﺗﺎ  6ﻣﺎه ﺑﻌﺪ از زﻣﺎن در ﻣﻌﺮض ﻗﺮارﮔﻴﺮي ﺗﻌﻴﻴﻦ ﮔﺮدﻳﺪ ،ﻛـﻪ
ﻧﺘﺎﻳﺞ آن در ﺷﻜﻞ  7اراﺋﻪ ﺷﺪه اﺳﺖ.

ﺷﻜﻞ  -7ﻧﺘﺎﻳﺞ اﻧﺒﺴﺎط ﻧﻤﻮﻧﻪدر ﻣﻌﺮض ﺳﻮﻟﻔﺎت ﺳﺪﻳﻢ

 -4ﻧﺘﻴﺠﻪ ﮔﻴﺮي
ﻫﻤﺎﻧﮕﻮﻧﻪ ﻛﻪ اﺷﺎره ﮔﺮدﻳﺪ ،در اﻳﻦ ﺗﺤﻘﻴﻖ ﻃﺮح ﻣﺨﻠـﻮط ﺑـﺘﻦ ﺗﻮاﻧﻤﻨـﺪ ﻧـﺴﻞ ﺟﺪﻳـﺪ ﻛـﻪ ﺑـﺎ ﺗﻐﻴﻴـﺮ در داﻧـﻪ ﺑﻨـﺪي
ﺳﻨﮕﺪاﻧﻪﻫﺎ ،اﺳﺘﻔﺎده از ﺧﺎﻛﺴﺘﺮ ﺑﺎدي و ﻫﻤﭽﻨﻴﻦ ﻳﻚ ﻧﻤﻮﻧﻪ ﭘﻮدر ﻛﻮارﺗﺰ ،اراﺋﻪ ﺷـﺪه اﺳـﺖ .اﻳـﻦ ﻧـﻮع ﺑـﺘﻦ ﺗﻮاﻧﻤﻨـﺪ
ﺑﻪﻋﻠﺖ ﺗﺮاﻛﻢ زﻳﺎد و ﺣﺪاﻗﻞ ﺗﺨﻠﺨﻞ ،ﻧﻔﻮذﭘﺬﻳﺮي ﺑﺴﻴﺎر ﻛﻢ و ﻣﻘـﺎوم در ﺑﺮاﺑـﺮ ﺷـﺮاﻳﻂ ﻣﻬـﺎﺟﻢ )اﺳـﻴﺪ ﺳـﻮﻟﻔﻮرﻳﻚ،
ﺳﻮﻟﻔﺎت ﺳﺪﻳﻢ ،ﻛﻠﺮﻳﺪ و (...دارد ،ﺿﻤﻦ آنﻛﻪ ﻣﻴﺰان ﺳﻴﻤﺎن ﻧﻴﺰ در آن ﻛﺎﻫﺶ و ﻛﺎراﺋﻲ ﻣﺨﻠﻮط اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ اﺳﺖ.
ﺑﺪﻳﻦ ﻣﻨﻈﻮر آزﻣﺎﻳﺶﻫﺎي ﺗﻌﻴﻴﻦ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﺗﻌﻴﻴﻦ ﻋﻤﻖ ﻧﻔﻮذ آب ﺗﺤﺖ ﻓﺸﺎر ،ﻧﻔﻮذﭘﺬﻳﺮي ﻳﻮن ﻛﻠﺮﻳﺪ ﺑﻪ روش
ﺗﺴﺮﻳﻊ ﺷﺪه ،اﻧﺒﺴﺎط ﻧﺎﺷﻲ از ﺗﻬﺎﺟﻢ ﺳﻮﻟﻔﺎت ،ﺑﻌﻨﻮان ﺑﺮﻧﺎﻣﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ ﻣﺪ ﻧﻈﺮ ﻗﺮار ﮔﺮﻓﺖ.
 -1ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺶ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﺸﺎن ﻣﻲدﻫﺪ ،ﻧﻤﻮﻧﻪﻫـﺎي ﻣﺨﻠـﻮط  SPDﻛـﻪ در آن از ﻣﻨﺤﻨـﻲ داﻧـﻪ ﺑﻨـﺪي
اﺻﻼح ﺷﺪه  F&Tاﺳﺘﻔﺎده ﺷﺪه و ﺑﺪون ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﻣﻲﺑﺎﺷﺪ ،داراي ﺑﻴﺸﺘﺮﻳﻦ ﻣﻘﺎوﻣﺖ در ﺳـﻨﻴﻦ ﻣﺨﺘﻠـﻒ
ﺑﻮدهاﻧﺪ .ﻃﺮح  FSPDﻛﻪ ﻣﺸﺎﺑﻪ ﻃﺮح  SPDﺑﻮده و ﻓﻘﻂ در آن ﺧﺎﻛﺴﺘﺮ ﺑﺎدي ﻧﻴﺰ ) 20درﺻﺪ ﺑﻌﻨﻮان ﺟﺎﻳﮕﺰﻳﻦ
ﺳﻴﻤﺎن( اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ ،اﮔﺮ ﭼﻪ در ﺳﻨﻴﻦ  7و  28روز داراي ﻣﻘﺎوﻣﺖﻫﺎي ﺑﻪ ﻧﺴﺒﺖ ﻛﻤﺘﺮي در ﻣﻘﺎﻳﺴﻪ ﺑـﺎ
 SPDﺑﻮده ،وﻟﻲ در ﺳﻦ  90روز ﺑﺎ آﻫﻨﮓ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ  90ﺑﻪ  28روزي ﻣﻌﺎدل  24درﺻﺪ ،داراي ﻣﻘﺎوﻣﺖ
 90/5 N/mm2ﺑﻮده اﺳﺖ ،در ﺻﻮرﺗﻴﻜﻪ ﻣﺨﻠﻮط  SPDﺑﺎ آﻫﻨﮓ اﻓـﺰاﻳﺶ ﻣﻘﺎوﻣـﺖ  90ﺑـﻪ  28روزي ﻣﻌـﺎدل
 9/2درﺻﺪ ،در ﺳﻦ  90روز داراي ﻣﻘﺎوﻣﺖ  95 N/mm2ﺑﻮده اﺳﺖ .اﻳﻦ ﻛﻨﺪي آﻫﻨـﮓ اﻓـﺰاﻳﺶ ﻣﻘﺎوﻣـﺖ در
ﺳﻨﻴﻦ اوﻟﻴﻪ ،در ﻃﺮحﻫﺎي  FSNو  FSDﻧﻴﺰ ﻛﻪ داراي ﺧﺎﻛﺴﺘﺮي ﺑﺎدي ﻣﻲﺑﺎﺷﻨﺪ ،ﻣﺸﻬﻮد ﻣﻲﺑﺎﺷﺪ .در ﻣﻘﺎﺑـﻞ
ﻃﺮحﻫﺎي  SNو  FSNﻛﻪ ﺑﻪﻋﻨﻮان ﺑﺘﻦﻫﺎي ﺗﻮاﻧﻤﻨﺪ راﻳﺞ ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺘﻪاﻧﺪ ،اﮔﺮﭼﻪ داراي ﻣﻘﺎوﻣـﺖ
 90روزهاي ﺑﻴﺶ از  50 N/mm2ﺑﻮدهاﻧﺪ وﻟﻲ ﻧﺴﺒﺖ ﺑﻪ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ ﺗﻮاﻧﻤﻨﺪ ﭘﻴﺸﻨﻬﺎدي داراي اﻓﺖ ﻣﻘـﺎوﻣﺘﻲ
ﺣﺪود  60درﺻﺪ ﻣﻲﺑﺎﺷﻨﺪ.
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.ﺑﺘﻦﻫﺎي ﺑﺎ دوام ﺗﻠﻘﻲ ﻧﻤﻮد
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ABSTRACT
Constructional industry as the largest consumer of natural materials produces the
most portion of the wastes in the country. Concrete being the most commonly used
building material in Iran that can have pronounced effect on the production of the
waste. Concrete is composed of sand, gravel, crushed rock or other aggregates held
together by a hardened paste of hydraulic cement and water. Therefore, evaluation
of effects of concrete industry on environment is one of the important cases to be
considered. In this paper environmental impact assessment (EIA) of concrete
industry is performed, and appropriate recommendations to minimize the effect of
environmental impact are given.
Keywords: concrete, environmental impact assessment, sustainable development,
IRAN
1. INTRODUCTION
Sustainable development involves meeting present needs without compromising
the ability of future generations to meet their needs [1].
The ecological criteria for sustainable development are the preservation of
biodiversity and adoption of human activities to the natural resources and tolerance
of nature [2]. For this purpose there is increasing concern now that the choice of
construction materials must also be governed by ecological considerations.
At the beginning of the 20th Century, the world population was 1.5 billion; by the
end of that Century it had risen to 6 billion. Considering that it took 10,000 years
after the last ice age for the population to rise to the 1.5 billion mark, the rate of
growth from 1.5 to 6 billion people is remarkable [1]. Unfortunately, our choices
for technology have turned out to be wasteful, because decisions are based on short
term and narrow goals of enterprise rather than a holistic view of the full range of
consequences from the use of a technology. Only 6% of the total global production
of materials, some 500 billion tons a year, actually ends up in consumer products,
whereas much of the virgin materials are being returned to the environment in the
form of harmful solids, liquids, and gaseous wastes. The greatest environmental
challenge today is that of the human-made climate change due to global warming
caused by steadily rising concentration of green-house gases in the earth's
atmosphere during the past 100 years [3].
An (EIA) is an assessment of the possible impact (positive or negative) that a

1106 / Environmental Impact Assessment of ….

–––––––––––––––––––––––

project may have on the natural environment. The environmental impact of
building products consists of procurement of raw materials, the manufacturing
process and also the use of energy resources during transportation – all of which to
some extent burden the environment. Environmental burdens of the cement
industry consist of limestone quarrying, burning and grinding of clinker.
Extraction, excavation, manufacturing and transportation of aggregates and
distribution of the final products are elements for EIA of concrete industry [2].
After water, concrete is the second most widely consumed substance on earth.
Using concrete minimizes the depletion of our natural resources. Its ingredients
come directly from readily available materials: water, aggregate (sand and gravel
or crushed stone), and cement. Cement is composed of 75% limestone, the most
common mineral on earth. Although extracting any raw material from the earth
takes a toll on the environment, extracting the raw materials for concrete has a
lower impact than that of other construction materials. Because the ingredients for
concrete are so plentiful, supplies are virtually inexhaustible
The goal of this paper is to identify the environmental impacts of concrete and its
products which in-turn can lead to determining options for improving
environmental effects.
2. EIA OF CONCRETE INDUSTRY IN IRAN
I.R. Iran is located in the center of the Middle East and bridges the Caspian Sea to
the Persian Gulf and the east of Asia to the west of Asia. Because of its strategic
location it is one of the important countries in the region. Iran has complex climate
ranging from subtropical to sub polar and that it is possible at the same time to
witness the climatic conditions of all four seasons in the different parts of its
territory. The building industry is one of the most important industries in Iran,
concrete being the most widely used material. Therefore the concrete industry is
very important from the point of view of EIA.
2.1. Concrete Components
Ordinary, concrete typically contains about 12 percent cement, 8 percent mixing
water, and 80 percent aggregate by mass. The 11.5 billion tones-a-year concrete
industry is thus the largest user of natural resources in the world. The demand for
concrete is expected to grow to approximately 18 billion tons (16 billion tones) a
year by 2050 [4]. This means that, in addition to 50 million tones of cement
(current annual production of cement in Iran), the concrete industry in Iran is
consuming annually 137 million tones of fine and coarse aggregate together with
15 billion liters of mixing water.
2.1.1. Cement
The examination of concrete manufacturing shows that the cement, which usually
makes up 10–15% of concrete, is the main environmental polluter. Cement
manufacturing covers material and energy flows during the extraction of materials,
and the production processing such as raw meal, clinker burning, grinding and
transportation of the product. Because of the high temperatures used during cement
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production and the decomposition of calcium carbonate, the cement accounts for
over 60% of energy used in concrete manufacturing. The amount of cement
production and consumption per capita in Iran is shown in figure 1. Estimated
world cement production and CO2 emission in cement manufactures are shown in
figure 2 and 3 respectively [2].
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Figure 1. Cement production and consumption per capita in IRAN (1963-2007) [5]
Oceania
11
Europe
270
Asia
1,060

Former
USSR
65

America
215
Africa
75

2002 (1.7 billion tons)

Europe
290
Asia
1,317

Former
USSR
154

America
259
Africa
99

2020 (2.13 billion tons)
Estimated
Figure 2. World Cement Production

1108 / Environmental Impact Assessment of ….

–––––––––––––––––––––––

1
0.8
0.6
0.4

Iran

E. Europe

Former USSR

India

Rep. of Korea

SE. Asia

China

Australia & NZ

W. Europe

Canada

USA

Japan

0

Africa

0.2
S. and L. America

Unit-based CO2 emissions
(kg-CO2/kg-cement)

1.2

Figure 3. Unit-based CO2 Emission in Cement Manufactures

The most serious problem with cement industry is that it is a major CO2 emitter
causing global warming. With every ton of cement produced, almost a ton of CO2
is emitted [6]. About 0.5 tons comes from the decomposition of limestone and the
balance is generated by power plant supplying electricity to turn the kiln and ball
mills to grind the cement plus the fuel burned to fire the kiln. All other sources of
CO2 emission such as operating ready mix trucks adds only a minor. In terms of
conventional concrete mixtures (not containing fly ash, slag or silica fume), about
480 kg of CO2 is emitted per cubic meter of concrete or 20 kg of CO2 per 100 kg of
concrete produced. All of this amounts to about 7% of the total CO2 generated
worldwide [7]. Enhanced efficiency is not likely to change this but the replacement
of some of the cement by a supplementary cementing material not associated with
CO2 emissions can substantially reduce these emissions.
• Nitrous Oxide Emissions
Nitrous oxide emissions come from burning gasoline, coal or other fossil fuels.
Ozone is formed when nitrogen oxides and volatile organic compounds mix in
sunlight. The volatile organic compounds come from sources ranging from
industrial solvents to volatile resins in trees. Ozone near the ground can cause a
number of health problems such as asthma attack, sore throat, coughing and other
health difficulties. In addition, nitrous oxide, carbon dioxide and methane are the
most important greenhouse gases [8].
The Nox emissions from Canadian cement kilns range from 1.5 to 9.5 kg/tones of
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clinker produced with a proposed limit of 2.3 kg of Nox per tone [6]. Using 2.3 kg
of Nox per tone, the world release of Nox by the 2130 million tones of cement
produced in the year 2020 would be 4.85 million tones of Nox. This is a fifth of the
Nox released in all of continental Asia in a year [9]. Reduction in nitrous oxides is
normally achieved by reducing the burning temperature or by injecting ammonia
compounds into the high temperature exhaust stream [6]. This seems like a good
idea but when these actions are taken to reduce the Nox in coal fired electric power
generating stations, it adversely affects the quality of the fly ash produced. The fly
ash then needs to be treated to remove the unburnt coal and ammonia gas before it
can be used in concrete mixtures and several plants doing this are in operation.
• Particulate Air Emissions
Particulate emissions from the exhaust gases range from 0.3 to 1.0 kg/tone. It is
normally very rich in sodium and potassium which have vaporization temperatures
of only 883°C and 774°C respectively. In the past, before there was a concerted
effort to capture the particulate emission, the sodium and potassium plume from
cement plant chimneys settled over the countryside where it helped to combat acid
rain. Now it is mainly carried out in the clinker stream where it creates problems
with alkali aggregate reaction [10].
2.1.2. Aggregate
The coarse and fine aggregate content in concrete products is approximately 80%
and it covers < 3 % of emissions and energy used. The environmental burdens from
procurement of aggregate consist of:
using raw-materials;
using land; and
using energy (in extraction, excavation and crushing of stone materials and in
transportation) which causes emissions into air.
Besides these, crushing causes dust emission and quarrying causes land and stone
waste. The energy used in gravel excavation and crushing is much less than in
production of building materials where heating or grinding is employed (i.e.,
cement production). Energy used in stone crushing depends on the desired size
fraction. Table 1 shows an example of energy used for gravel excavation and Table
2 in quarrying and crushing.
Table 1: Energy used in gravel excavation [2]
Gravel excavation
0.02 MJ/kg
70%
Gravel transport (10 km)
0.01 MJ/kg
30%
Total
0.03 MJ/kg
100 %
Table 2: Energy used in gravel production [2]
Quarrying + Crushing
0.05 MJ/kg
80%
Removal and transportation
0.01 MJ/kg
20%
Total
0.06 MJ/kg
100 %
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2.1.3. Water
The water shortage in Iran is a serious problem and this intensified by seasonal
rainfalls. Only 10 percent of the country receives adequate rainfall for agriculture;
most of this area is in western Iran.
Concrete manufacturing uses normal tap water to make up about 0.06 – 0.10 kg/kg
concrete. The total water supply system consumes very little energy for water
purifying and delivery so the overall environmental impact remains small [2].
On average of each ready mix about half cubic meter of concrete remains in the
truck per day. After concrete is discharged there is still about 300 kg of solids
(cement, sand and stone) that it is necessary to washed out, with about 1000 liters
of water. In the past the returned concrete and the solids were dumped in a pit at
the job site or at the plant. Considering that this represents 2 to 4% of the total
concrete produced, it is now considered too valuable to waste and can be recycled
or reclaimed as sand and gravel. To reclaim the sand and gravel a “reclaimer” is
used. It involves adding water to the returned concrete and then agitating it
followed by wet screening to obtain the sand and gravel. Also, the cement-water
slurry from the reclaimer, the wash out water, water to clean the outside of the
truck, plus any stormwater in the past usually was directed into somewhat
inefficient settling basins and then into a local water course [11-12].
2.1.4. Chemical Admixtures
The most common admixtures in concrete are plasticizers and air entrainers. The
plasticizers used include lignosulphonate salts, hydroxyl-carboxylic acid, modified
melamine, naphthalene and polymers. These are synthetic organic compounds
which have a deflocculating and dispersing effect. They act on the forces between
solid particles suspended in water by reducing the surface tension of water.
Plasticizer content in concrete is typically very low 0.002 – 0.1% (by weight of
cement) so their effect on energy use and emissions of concrete products is very
low. Plasticizers are non-volatile compounds which mean that their effect on the
indoor climate is also inconsequential. Air entraining admixtures are invariably
organic substances which help to generate microscopic bubbles of air in the fresh
concrete to improve concrete frost resistance. Air entraining agents are based on
carboxyl acid salts, alkyl sulphonates, and phenolethoksylates. The most common
air entraining agents are made from pine oil and they are alkali metal salts. Pine oil
consists of fat and resin acid compounds, which are produced from sulphate pulp
processing. Air entraining admixture content in concrete is also typically very low
0.002 – 0.02% (by weight of cement) so their effect on energy use and emissions of
concrete products is very low [2].
2.1.5. Mineral Admixtures
• Fly Ash
Substitution of cement or natural aggregates with industrial by-products can be
done in concrete production. From an environmental point-of-view this result is
saving our natural resources and land. It is possible to substitute concrete aggregate
with wastes from metal productions, mining industry or mineral stone industry by-
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products such as ferrochrome slag or blast-furnace slag. In some cases when using
by-products the crushing and transportation can consume more energy than in
procurement of the natural resources.
Fly ash from power plants can be used as a substitute for cement or filler. Ash
which contains desulphurization products rich in sulphate or sulphite is not suited
for making concrete. By using fly ash the environmental profile of concrete or
concrete products can be affected only by the ash transport burden. Approximately
10–30% of cement content can be substituted by fly ash without much effect on
concrete properties [2]. Currently in Iran fly ash is not produced but natural
pozzolanic materials and silica fume are available and can be used.
• Blast-furnace slag
Cement can also be substituted by ground granulated blast-furnace slag. Blastfurnace slag is a by-product of crude iron production and its economical value is
negligible compared to the crude iron. As such blast-furnace slag is not suited for
use as concrete binder because to achieve hydraulic properties it needs to be cooled
fast, dried and ground to typical cement fineness. Blast-furnace slag processing
uses less energy and causes considerably less emissions than cement
manufacturing, so already a small amount of cement substitution with blast-furnace
slag lowered environmental burdens. Blast-furnace cement has 10% blast-furnace
slag addition but it could be increased to approximately 70% of the total binder
content. Compared to concrete composed of 100% cement, the appropriate use of
blast-furnace slag in concrete products as a cement substitute decreases
environmental effects [2]. The bad quality of blast-furnace slag in Iran limited its
content in concrete to 10-15%.
2.2. Durability of Concrete for Eia
One of the most important considerations in the concrete industry is the durability
of concrete. When a concrete structure has inadequate durability it causes solid
waste generation sooner than it is expected. From an environmental point of view it
is essential that every concrete structure should continue to perform its intended
functions, which are maintaining its required strength and serviceability during the
specified or traditionally expected service life. Improving concrete durability can
cause a decrease in solid waste generation in building industry. Therefore quality
control of concrete in the Persian Gulf environment has a long record of stigma
attached for its harsh climate, desert features and saline waters that do not render
the longevity of concrete is very important [13]. Use of supplementary
cementitious materials such as silica fume and blast furnace slag with Portland
cement has increased durability of concrete in the Persian Gulf region and therefore
decreased solid waste form short-lived concrete.
2.3. Recycle of Industrial and Building Wastes for Use in Concrete
Recycled aggregate concrete has become the focus in the past decades due to its
great environmental effect. In the USA, about 30 million tons of concrete has to be
discarded each year. This number increased from 55 million tons in 1980 to 162
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million tons in 2005, approximately tripled in less than 30 years. China faces a
more serious problem to cope with discarded concrete with the increasingly rapid
urbanization process. For example, Shanghai City alone, wastes concrete 20
million tons annually. Other reasons may also lead to waste concrete. An 8.0
magnitude earthquake in Sichuan province, China on 12th May, 2008 caused
collapse of at least four millions houses, which produced tremendous discarded
concrete. Similar problems are presented in Iran. Recycling of concrete is,
therefore, becoming increasingly important to ensure sustainable development both
in world [14].
Waste management and disposal is a major environmental concern in many
countries and increasingly becoming a significant environmental, health, and
aesthetic problem that is not easily solved [15]. Therefore due to the increasingly
serious environmental problems presented by hazardous industrial wastes, the
feasibility of burying these materials as aggregate in concrete would be of great
interests.
3. CONCLUSION & DISCUSSION
• Constructional industry as the largest consumer of natural materials produces
the most portion of the wastes in the country. The concrete industry has
potential for environmental pollution.
• With the exception of CO2 and NOx emissions, by using our current
technology all the perceived environmental problems with concrete can be
effectively resolved. The concrete industry needs to focus on these two
greenhouse gases.
• In the concrete industry the easiest and most effective way to reduce green
house gases is to increase the use of such silica rich by-products as slag and
silica fume and natural pozzolanes, thereby reducing the amount of cement
used per cubic meter of concrete.
• Concrete industry generates about 7% of the total CO2 generated globally and
if we assume that only 18.5% of the cement can be replaced with slag or fly
ash, then the CO2 reduction would be 300 million tons per year world wide.
• Over the past decade the average annual increase in CO2 emissions has been
1.3 percent or nearly 300 million tons a year. Therefore our industry could
greatly help in easily reducing global warming and at the same time enhance
the properties of the concrete.
• Improvement in the durability of concrete in corrosive environments such as
the Persian Gulf that has a long record of stigma attached for its harsh climate,
desert features and saline waters, can help to reduce solid waste generated
from short-lived concrete in these regions.
• The recycling of industrial and building wastes for use in concrete can have
significant effect for the environment.
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ABSTRACT
The use of recycled aggregates in concrete opens a whole new range of
possibilities in the reuse of materials in the building industry. The utilization of
recycled aggregates is a good solution to the problem of an excess of waste
material, provided that the desired final product quality is reached. The studies on
the use of recycled aggregates have been going on for 50 years. In fact, none of the
results showed that recycled aggregates are unsuitable for structural use. Using the
recycled aggregate is a cost-affective and environmental friendly solution which is
required general waste concrete management knowledge. This paper is focusing on
waste cement and concrete management for optimizing the construction costs. The
ways for reducing the green house gases (GHG) at cement and batch plants are
suggested. A comparison among Iran industrial utilized cement volume and other
countries was performed. Finally, it can be concluded that application of recycling
concrete could reduce the costs by reducing truck traffic, providing the NonRenewable Resource, Better Trucking Utilization (Reduced Costs), Allow down to
10% Deleterious Materials in Iran.
Keywords: waste concrete management, utilized cement volume, cement plants,
concrete recycling, GHG reduction.
1. INTRODUCTION
The amount of construction and demolition waste (CDW) has increased
considerably over the last few years. The recycling and the reuse of this material is
necessary, considering the impact that the use of natural resources and non use of
CDW is causing. This would not happen if the use of recycled material were
possible.
The largest CDW obtained is concrete [1, 2], and it is the most used construction
material nowadays. The studies with respect to the applicability of recycled
concrete aggregates (RCA) are extended around the world.
Furthermore, Industrial waste is causing more and more environmental pollution.
Dirty water and poisonous gases are released from factories and workplaces in ever
increasing quantities. This has led to a new appraisal of a company’s obligation to
society. A company is now seen as having as much responsibility for avoiding
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environmental pollution outside the factory as for maintaining cleanliness inside.
Companies must establish standards for disposing of their waste in a way that will
not pollute the environment.
The application of waste materials in cement and concrete industry can improve the
ecology cycle and prevent environmental pollution. So, waste cement and aggregate
for generating new types of waste concrete is needed to total management.

Industrial used cement volume(%)

2. COMPARING IRAN UTILIZED CEMENT AND CONCRETE STATUS
WITH OTHER COUNTRIES
Unfortunately, new concrete technology is applied rarely except special or national
construction projects in Iran. Existing structures are almost heavy and low strength
and advanced concrete knowledge haven’t utilized in design and construction of
structures that causes in vulnerable structures subjected to ground shaking.
Relation between research centers of universities and construction industry could
be optimum alternative for implementation of new concrete technology in real
scales.
Used cement is just 10.8 % in Iran Industry. Used cement in ready mixed concrete
part is 8.64% of total used cement in Iran. 2.16 % of used cement is subjected to
construction of concrete segments while Japan used cement is 86.4% which for
ready mix concrete and concrete segments is 73.2 and 13.2% respectively.
United states used cement volume is 66.7% too and according this, 55.7% and 11%
of cement is related to ready mix concrete and concrete segments part respectively.
Turkey and Russia used cement volume in industry is 74.4 and 71.3% respectively.
62 and 52 % of used cement in mentioned countries is assigned to ready mix
concrete and 12.4 and 19.3% is assigned to concrete segment respectively [3].
Comparison of industrial used cement volumes among countries is shown in figure
1.
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Figure 1. Comparison of industrial used cement volumes among countries

On the other hand, utilized cement infrastructure is still incorrect in Iran.
Significant part of utilized cement generate by hand. Failed structures in past
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strong earthquakes have proved that existing structures is vulnerable especially in
Tehran metropolitan. Past Tehran earthquakes have occurred each 150 years.
Forcing the ready mixed concrete plants for issuing quality justification is effective
solution as more than 75% of ready mixed concrete plants have received standard
certificate. In addition, light weight structures construction for improving the
seismic performance of structures is important while 20% of light weight building
materials utilized in country and remained materials is exported to out of country.
Application of light weight concrete in buildings is required the three
administration of managers, investors and illuminates cooperation.
3. MANAGEMENT PRNCIPLES IMPORTANCE
3.1. Improves Understanding about Cement and Concrete Industry
From the knowledge of principles managers get indication on how to manage the
waste concrete industry. The principles enable managers to decide what should be
done to accomplish given tasks and to handle situations which may arise in waste
concrete management. These principles make managers more efficient.
3.2. Direction for Training of Managers
Principles of management provide understanding of management process what
managers would do to accomplish what. Thus, these are helpful in identifying the
areas of management in which existing & future managers should be trained.
3.3. Role of Management
Management principles makes the role of managers sensitive. Therefore these
principles act as ready reference to the managers to check whether their decisions
are appropriate. Besides these principles define managerial activities in practical
terms. They tell what a manager is expected to do in specific situation.
3.4. Guide to Research in Management
The body of management principles indicate lines along which research should be
undertaken to make management practical and more effective. The principles guide
managers in decision making and action. The researchers can examine whether the
guidelines are useful or not. Anything which makes management research more
exact & pointed will help improve management practice.
4. CEMENT PRODUCTION RELEASE GHG PROCESS
Cement production generates GHG from two main sources: calcination and fuel
combustion. Calcination is the chemical process in which calcium carbonate
(CaCO3) is heated to high temperatures, converting it to lime or calcium oxide
(CaO), and releasing carbon dioxide (CO2). So it is not surprising that the main
type of GHG from cement production is carbon dioxide (CO2). The amount of
CO2 released due to the calcination process alone usually varies from 50 to 60
percent the total amount of CO2 released during cement production. The remaining
40 to 50 percent is mainly due to fuel combustion. The contribution of each of
these sources (calcination and fuel combustion) depends on energy efficiency. The
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percent of CO2 released from fuel combustion in efficient cement plants tends to
be lower since less fuel will be needed to produce the same amount of cement.
Figure 2 shows the cement plant.

Figure 2. Cement plant

4.1. Ways to Reduce Cement Ghg at Cement and Batch Plants
4.1.1. Blending SCM at cement plants
Blending cement with Supplementary Cementitious Materials (SCMs) reduces
GHG emissions. Common SCMs in use include slag, fly ash, silica fume, and
calcined clay. Using two or more SCMs together with portland cement is referred
to as a ternary cement mix. Proper use of ternary mixes comprised of fly ash and
slag produce not only less but also better quality concrete. The addition of SCM at
cement plants has the potential to significantly impact GHG savings.
4.1.2. Environmentally friendly fuel for cement kilns
Use of environmentally friendly fuels would reduce GHG emission by using less
carbon intense fuels. Although coal is one of the most efficient and cost effective
fuels for heating a kiln, it is also one of the most intense in terms of the CO2
emissions. Therefore, it is important to use alternative fuels instead, such as
recycled materials.
For example, In 2005, fuel combustion from coal constituted about 73 percent of
all emissions from fuel combustion by cement plants in California. This number
has decreased since 1990 when coal was responsible for about 85 percent of all fuel
combustion emissions.
4.1.3. Using of interground limestone
The limestone addition strategy consists of replacing cement with interground
limestone. Since interground limestone is added at the end of the cement
production line, the cement-related greenhouse gas (GHG) emissions will be
reduced proportionally to the amount of limestone added. The GHG savings arise
from avoiding GHG emissions associated with cement production during fuel
combustion and calcination in the kiln.
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The maximum GHG savings generated by this strategy is 5 percent, which is the
maximum limestone allowance per American Society of Testing Material (ASTM
C 150), a major nationwide cement specification. Since the effect of limestone
addition to cement had not been studied in detail, Caltrans sponsored a
comprehensive study, use of raw limestone in portland cement, designed to
evaluate the three primary indicators of concrete performance: strength, drying
shrinkage, and permeability[4]. It was found that limestone improved strength and
permeability (at early ages).

Since 2007 Caltrans has been accepting 2.5 percent limestone addition.
After concluding the limestone study, Caltrans will accept the full 5 percent
but implement a performance-based specification to control shrinkage.
Although 5 percent of limestone is allowed per ASTM C 150, it is estimated
that the statewide limestone addition may not exceed 3.5 percent based on
manufacturing limitations. According to reports from the portland cement
association (PCA), the estimated average nationwide is only 2.5 percent [5].
4.1.4. Production efficiency improvements
Significant GHG emission reduction for California is not expected of this particular
strategy. One of the reasons being that the cement industry in California is already
among the most energy efficient in the world. It has been reported that one of the
most recent cement plants built in California has a GHG intensity of only 0.02
below that of the 2005 California average GHG intensity factor of 0.86 ton of CO2
per ton of cementitious material.
All cement plants in California except one have precalcinators. These pre-heaters
significantly improve energy efficiency by heating limestone prior to its placement
in the cement kiln. Another process-related piece of equipment that significantly
improves energy efficiency is the dry kiln compared to wet kiln usage: All cement
plants in California have dry kilns. Using one kiln instead of multiple is also
recommended to further improve energy efficiency. Only one cement plant in
California uses multiple kilns. According to the California Cement Industry (2008),
the energy efficiency of California cement plants is 15 percent better than the
average U.S. value since 1995.
Another reason for a small GHG emission reduction is the fact that production
efficiency improvement only affects 40 percent of the GHG emission from cement
production. The other 60 percent of GHG emissions comes from calcination, which
is a natural chemical process inherited from the cement production process in
which limestone (CaCO3) is converted to calcium oxide (CaO) by releasing carbon
dioxide (CO2) in the presence of heat, as follows:

CaCO3 + heat ⎯
⎯→ CaO + CO 2
Since fuel combustion is responsible for only 40 percent of the GHG emissions, a
reduction in energy consumption of 4.5 percent accomplished by California
Portland, only reduced GHG emissions by 1.8 percent. California Portland was
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named the 2007 Energy Star Partner of the Year for such energy reduction. This
saved the company about $850,000 in operating costs.
4.1.5. Optimizing cement content at batch plants
Optimizing cement content can be prescribed as a strategy to reduce GHG. In some
cases, a higher amount of cement is used because of the desired early concrete
strength. For instance, a homeowner or general contractor may need concrete with
a compressive strength of only 14 MPa. This 14 MPa concrete only needs about
135 Kg of cement to gain this strength at 28 days. That strength requirement can be
met if the homeowner or contractor allows more time for concrete to gain strength.
Another option for homeowners and general contractors would be the use of
admixtures to accelerate the strength gain of the concrete mix. While there is a cost
to these admixtures, they can be used to reduce GHG through the reduction of
cement. To optimize the amount of cement, concrete mixes can also reduce the
amount of water used since this results in a stronger concrete. Reducing the amount
of water would also involve some additional cost for plasticizer or water-reducing
admixtures. This cost may be compensated for by cost savings of optimized cement
content.
Example: when a mix for a concrete driveway replaces 25 percent of the cement
with fly ash, and uses half the normal amount of cement, as much as 5.7 tones of
CO2 can be saved per driveway, assuming each ton of cement emits 0.9 tons of
CO2. This is equivalent to the CO2 emissions from about one passenger car for the
entire year, as the average passenger car emits about 5.2 tones of CO2, based on
data from the Environmental Protection Agency (EPA).
To calculate this emission, it was assumed that each car travels 19,300 Kilometer
per year, gets about 8,631 Km per cubic meter and each cubic meter of fuel emits
2,235 tones of CO2 per cubic meter. To achieve this savings, it may be necessary
to keep cars off of the driveway longer. If it is necessary to get strength faster so
vehicles can access the driveway, these GHG savings can still be obtained by
adding an accelerator to the mix at a concrete cost increase of about 10 percent.
4.1.6. Reducing concrete waste
This strategy seeks to significantly reduce the concrete waste occurring at batch
plants. It is estimated that approximately 5-8 percent of the concrete that is made in
California every year is returned to the batch plants as waste. Concrete waste (or
concrete returned to batch plants) is generated for the following two main reasons:
1) a load of concrete is not completely used, or 2) a load of concrete is rejected by
an inspector due to the mix not meeting some specified characteristic. The worst
case for a return in terms of GHG is when the plastic concrete is separated back to
sand, gravel, and water, and the cement was then truly a waste product.
Concrete is almost always left over at the end of a job. The main reason is because
it is more cost-effective to overestimate rather than be short of the material needed.
Here are a few ways to reduce waste, and consequently GHG:
1. Better estimating of total concrete requirements.
2. Use of volumetric trucks to handle the exact needs of the last quantities of the day.
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3. Design locations to receive the returned or left over concrete. One of the ways to
re-use the concrete would be to make concrete blocks for later sale. Another is to
use that last truck to make sidewalks that may have been planned for a later
placement.
5. APPLICATION OF RECYCLING CONCRETE AS WASTE AGGREGATE
IN CONCRETE
5.1. Aggregates are Required for Construction Projects
Aggregates are composed of rock fragments that may be used in their natural state
or after mechanical processing such as crushing, washing, and sizing. Natural
aggregates consist of both sand and gravel, and crushed stone. Recycled aggregates
consist mainly of crushed concrete and crushed asphalt pavement. Construction
aggregates make up more than 80 percent of the total aggregates market, and are
used mainly for road base, riprap, cement concrete, and asphalt. Aggregates
provide bulk, strength, and wear resistance in these applications. Construction
aggregates increased from 36 percent of all raw materials used in the United States
in 1900 to 70 percent in 1958, a compound annual growth rate of 1.15 percent.
From 1958 to 1998, Americans have maintained their use of construction
aggregates at 70–73 percent of their total raw material demand [6].
5.2. Concrete Recycling
Aging U.S. infrastructure, decreasing availability of landfill space, and
environmental concerns work together to increase concrete recycling. There are
two approaches to recycling concrete. One alternative is to haul the concrete debris
to a permanent recycling facility, usually close by to minimize transportation costs,
for crushing and screening. The other approach is to do the crushing and screening
at the demolition site where the aggregate is reused as soon as it is processed.
Recycling at the demolition site reduces heavy materials hauling, thereby reducing
transportation costs, energy use, and wear and tear on roads and equipment. Figure
3 shows the schematic flow of concrete recycling. Figure 4 shows the stages of
concrete recycling [7].

Figure 3. Schematic flow of concrete recycling
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Figure 4. Concrete to be Recycled, Concrete Crushing, Processed Concrete

5.3. Recycling-Small Market Share, But Large Tonnage
Construction Materials Recycling Association, Lisle, Illinois, states that about 100
million t of concrete is recycled annually into usable aggregates. Aggregates
produced from recycled concrete supply roughly 5 percent of the total aggregates
market (more than 2 billion t per year), the rest being supplied by aggregates from
natural sources such as crushed stone, sand, and gravel. Preliminary data indicate
that in 1998, 3,400 U.S. quarries produced about 1.5 billion tones of crushed stone,
of which about 1.2 billion tones was used in construction applications. About 5,300
sand and gravel operations produced more than 1.0 billion t of construction
aggregates in 1998. application of recycling concrete could reduce the costs by
reducing truck traffic, providing the Non-Renewable Resource, Better Trucking
Utilization (Reduced Costs), Allow down to 10% Deleterious Materials in Iran.
5.4. Concrete Recycling Product
The bulk of the aggregates recycled from concrete—an estimated 68 percent—is
used as road base. The remainder is used for new concrete mixes (6 percent),
asphalt hot mixes (9 percent), high-value riprap (3 percent), low-value products
like general fill (7 percent), and other (7 percent) [8]. The low usage rate of
recycled aggregates from concrete (15 percent) in high-value new concrete and
asphalt hot mixes, compared to the higher usage rates in lower valued products, is
related to quality issues, both real and perceived. State agencies have been slow to
accept recycled aggregates from concrete for high-quality uses such as road
surfacing. Specifications, based on considerable research and favorable in-service
experience, have allowed its use mostly as road base material. Some States are
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experimenting with the conversion of existing worn-out concrete roads to rubblein-place. The old concrete surface is broken up and compacted, and asphalt
pavement is placed over the enhanced base, composed of the original base and the
new layer of compacted rubble.
6. LIFE CYCLE ENERGY AND CO2 OF HIGH QUALITY RECYCLED
AGGREGATE BY HRM
There is a developed technology for producing high quality aggregate from
demolished concrete using a "heating and rubbing method" (HRM) [9]. Using this
technology, aggregate can be recycled as raw, material for ready mixed concrete,
while fine powder (HRM powder) from cement paste can be recycled as raw
material for cement, cement admixture, or soil stabilizer. The HRM uses a
considerable amount of energy to heat and rub concrete. Life cycle CO2 and
energy of the recycled aggregate are calculated to evaluate this technology. The
recycled aggregate is produced from demolished concrete and the HRM powder is
used for a soil stabilizer in case 1-1. The HRM powder is used as part of cement
raw materials in case 1-2. The production of crashed stone, which is the most
popular aggregate, is calculated in case 2. The result of life cycle CO2 is shown in
figure 5. In case 1-1 and 1-2, the life cycle CO2 is a negative value because the
deduction of CO2 emission during cement manufacturing by the powder is much
larger than the emission during recycled aggregate production. In case 2, the CO2
emission from crashed stone production is very small but still positive. This
method is proved to be very effective to reduce CO2. As for the life cycle energy,
its use of recycled aggregate is greater than that of crashed stone as ordinary
aggregate because the deduction of energy consumption during cement
manufacturing by the powder is relatively small [9].

Figure 5. Life cycle CO2 of high-quality recycled aggregate by HRM
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7. CONCLUSION
Concrete recycling has proven to be profitable, but its use has limitations.
Transportation costs need to be kept low, which forces the market to be urbanoriented. The market for recycled aggregates may be restricted by user
specifications and prejudices. Finally, the availability of feedstock into recycling
plants is fixed by the amount of demolition taking place, which generally places the
activity within older, larger cities. Depending on the size of the recycling facility,
entry into the aggregates recycling business requires a capital investment.
Processing costs for the aggregates recycler again depending on the size of the
operation. The larger operations distribute costs over more units of output. The
average production capacity for a fixed site recycling operation should
be
determined. Prices for the various aggregate products made from recycled concrete
should be evaluated from region to region.
Recyclers often have the opportunity to charge a fee for accepting concrete debris,
especially where landfill space is running short and charges for depositing
materials into landfills are high. In such cases, the added revenue can compensate
for a lower market price for the recycled aggregate product. As natural aggregate
producers dominate the market, they tend to set the terms that recyclers can obtain.

The future for recycled aggregates will be driven by reduced landfill
availability, greater product acceptance, continuing government recycling
mandates, and the continuing decay of a large stock of existing
infrastructure, as well as by the demands of a healthy economy.
On the other hand, the industrial utilized cement infrastructure could be improved
by observing the ways to reduce cement GHG at cement and batch plants,
optimizing cement content at batch plants, reducing concrete waste, application of
recycling concrete as waste aggregate in concrete in Iran.
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ABSTRACT
Concrete has been used since the 1970s in construction of rural houses in Iran.
Despite extensive use of concrete in rural housing in Iran and the huge allocated
budget, the quality of construction is not acceptable. The aim of this paper is to
evaluate the influence of using concrete in construction of rural houses in Iran. For
this purpose, the effective factors on the development process of rural housing have
been identified first. They could be counted as:
1. Efficiency and Effectiveness
2. Compatibility with climate, economy and social aspects
3. Dynamism and Flexibility
4. Stability and Durability
5. Cultural continuity and visual desirability
Then, sample cases -25 villages- have been surveyed through these factors by
authors. Minimum of 3 houses have been surveyed in each village. The result of
this research recognizes some problems of using concrete in rural housing in Iran.
The most common difficulties are providing materials with good quality, lack of
technical knowledge in villagers as the main workforces and lack of required
equipments.
Keywords: rural housing, feasibility, concrete
1. INTRODUCTION
According to development of rural settlements in Iran, current use of concrete in
building construction of rural areas has been begun since the seventieth decade
(c.c.). Concrete has been used in the following methods of construction in Iran:
Bearing wall system with tie beams and columns
Structural reinforced concrete with beam and column or moment- resisting frame
Reinforced concrete slab
In the above classification, the first one has the maximum usage in rural
settlements of Iran. Despite extensive use of concrete in rural housing in recent
years in Iran, the quality of construction has not been acceptable, according to the
experts' views. This lack of desirability is related to structural and architectural
aspects. However, efforts undertaken in the development of rural housing by
making use of new material and methods of construction- such as concrete- have

1130 / Feasibility of Concrete Usage in Rural….

–––––––––––––––––––––––

not considered all related aspects of housing development in rural areas.
This paper is going to evaluate use of concrete in building construction by a
general and multi-aspect overview considering physical aspects of rural concrete
constructions which is related to social, economical and cultural properties of rural
housing. The result of this research is to declare the difficulties of making use of
concrete in renovation of rural housing in Iran.
2. RESEARCH METHOD
Effective factors on renovation process of rural housing are identified first.
Identification of these factors is a process in itself and is not covered in this paper.
However, a summarized explanation of steps of exploiting the factors is mentioned
in continuation of the report. Final factors and evaluation of the influence of using
concrete in Rural Construction by them has been introduced. The factors are based
on derivation of a conceptual framework effective on selection of proper rural
housing development method, using the existing resources. In this condition, the
framework is chosen out of the following domains:
1. Theories including identification of the concept of village and rural housing,
theories connected with the way of interfering in man-built environment,
especially rural regions (with emphasis on theories relying on dwellers'
participation) and theories related to proper technology
2. Internal experiences including macro-policies and programs and experiences
on construction and reconstruction of rural housing
3. Experiences of other countries (with emphasis on countries that have similar
condition as Iran)
The research is based on surveys in rural samples. The research method is
Qualitative and based on observation (profound observation) and interview (focus
group). The factors and sub factors have given a checklist for surveying. Each
factor has been supported by a question in questionnaire that the surveyor answers
by observation.
3. SAMPLING
Sample cases have been selected through a categorized random sampling method.
Statistical community consists of villages that have minimum of 15 implemented projects
of rural house renovation. Also minimum of three years might have passed from
implementation of the projects. In accordance with the sampling method, statistical
community has been categorized in a few clusters through the following criteria:
1. Climate categorization of Iran
2. Cooperation of villagers
3. Population
Then, a portion of each cluster has been calculated on the scale of each cluster to
the whole amount of final samples. Due to validation of sampling, amount of final
samples has been set to 25 villages. Finally, in accordance with the portion of each
cluster in statistical community, sample cases have been selected randomly from
each cluster. Sample cases have been surveyed by authors with prepared checklists
trying not to intervene in the prevailing situation of the villages and houses. A
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minimum of 3 houses have been surveyed in each village.
Checklist focuses on five major aspects of renovated rural houses:
1. Efficiency and Effectiveness
2. Compatibility with climate, economy and social aspects
3. Dynamism and Flexibility
4. Stability and Durability
5. Cultural continuity and Visual desirability
Each aspect has been surveyed by a number of correlated indicators mentioned
below (refer to 4). Achieved data has been categorized and analyzed. Finally,
guidelines are provided in accordance with the results.
4. FINAL FACTORS, MEASUREMENT COMPONENTS AND THEIR
EFFECT ON DEVELOPMENT OF HOUSING
Final factors analyzed in the rural settlements of Iran and measuring components of
each factor are as the following; In continue, Summarized results of analysis of
data are mentioned in accordance with the above mentioned factors:
4.1. Executive Efficiency With Respect To Workforce and Cost
The objective is the complete fulfilment of related necessities by developing the
building and providing smooth trend of its implementation in a way that interfering
factors do not stop or delay the work trend. In addition, the budget spent to develop
the housing and the special procedures taken to reduce spending are the criteria for
logicality of the cost with respect to priority needs of the household.
Components for measuring the factor are: speed of implementation [3, 610, 15, 16,
24, 26, 30, 31, 32], independency of expert forces in making [1, 3, 6, 16, 26, 29,
31, 32], repairing and maintaining [1, 5, 6, 19, 23, 24, 26, 29, 30, 31, 32], lack of
need for sophisticated and unavailable equipments [1, 3, 4, 5, 11, 15, 16, 19, 23,
32], achieving gradual durability [1, 3, 11, 15, 24, 26, 29, 32], possibility to avoid
flaws and mistakes [1, 3, 4, 5, 6, 7, 10, 11, 15, 16, 19, 23, 24], ease of
implementation [11, 15, 16, 19, 26, 29, 32], smoothly accessed resources [11, 15,
16, 19, 23, 31, 32], low cost construction and maintenance [1, 10, 16, 19, 23, 24,
26, 32], fair balance between housing budget and credits allocated to it [23, 24, 30,
31, 32], compatibility with current economic conditions and lifestyle, increased self
confidence, avoiding luxury [1, 3, 4, 5, 6, 7, 10, 11, 15, 24, 31, 32], desirability to
work and to construct a house, convertibility to a capital commodity. [ 4, 5, 6, 7,
10, 11, 15, 16, 29, 30, 31, 32]
Field studies clearly show a decrease in the quality of concrete constructions. It
might be a result of the following reasons:
1. Lack of required equipments and machineries
2. Difficulties in providing high quality material such as mixing water, fine
aggregate, coarse aggregate and additives
3. Lack of expert labor in production process.
Also, increasing the cost and time of the construction process has been observed.
This is the result of non- industrial process of construction. (Figure 1,2,3,5,6,7)
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4.2. Climate adaptation with natural environment
The concern is physical accordance of the building and its construction scheme using
climatic elements and employing proper mechanisms to provide comfort relative to the
elements used for exploitation of potentials to counteract its negative effects.
•
Components for measuring the factors: wind, rain, humidity, sunshine, and
temperature. [3,11,15,16,18,20,26,29,30,31,32]
In humid zone, because of high heat capacity of concrete elements, undesirable
effect in thermal adjustment, has been seen.
4.3. Physical Effectiveness
•
The concern is physical accordance of building with requirements, needs and
demands of the residents such that fulfilment of the said needs is predicted in
the development method and that physic and spaces created in this method
have adequate capability to provide for engineering issues, human factors and
are in compliance with human behaviours.
Components for measuring the factor: observance of proportions and dimensional
and space criteria from operational efficiency and visional desirability
[3,4,6,30,31,32], hygiene [10,11,19,29,30,31,32], caring for tastes and demands of
the residents[15,16,19,29,30], compliance with needs [10,11,15,16,19,29,30], avoid
shortages [19,29,30,31,32], provide safety [3,4,6,10,11,15,16,19], establish proper
relationship between open and closed spaces[3,4,6,10,16,19,29,32], capability to
construct infrastructures and facility services.[11,15,16,19,29,30,31,32]
Using concrete increases length of span up to 7 m which improves architectural
characteristics of renovated houses. Diversity in interior design and space planning
is the result of such structural potentials. Physical effectiveness of renovated
concrete structures improves the ability of architectural design in shouldering
responsibility to the new style of life, hygienic needs and infrastructures.
4.4. Social Capabilities and Compatibilities
The intention is to create coordination with social under-layer and its expected
social functions, such that in proportion with configurations, values, beliefs and
traditions, the building would be able to offer a desirable function to the residents
relative to other sects of the society.
•
Components for measuring the factor: care for social values [1, 3, 4, 5, , 20,
23, 25, 26, 29, 32, 33], coordination with social functions [1, 3, 11, 13, 14,
15, 16, 19, 20, 23, 25, 26, 29], enhancing sense of cooperation and
contribution, control and management of the work [6, 10, 11, 13, 14, 30, 31,
32, 33], self-sufficiency, improved quality of the dwellers' life style and
culture. [16,19,20,23,25,30,31,32,33]
Vast use of concrete structures decreases capabilities and social compatibilities,
because of its need to expert labours. It also results in low proficiency of houses
and also, low innovations in the design process by habitants.
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4.5. Stability
The intention is the resistance of building against usual, common, unconventional
and temporary natural forces and erosion due to withstanding and enduring the
environment and its effects and making use of the building all along its life cycle.
•
Components for measuring the factor: resistance against earthquake, [6, 10,
24, 29, 30, 31, 32] natural and atmospheric conditions [1, 3, 4, 5, 6, 10, 24, 29,
30, 31, 32] construction quality[1,3,4,5, 32], and durability. [1, 4, 5, 6, 10, 24]
Reinforced concrete structure has a good lateral and vertical stability and also
desirable durability, if it has been implemented perfectly. But in rural construction,
because of low quality of the process of producing reinforced concrete
constructions -such as inappropriate designs, bad curing, missing components
portion etc, stability of rural concrete structures could not be guaranteed.
4.6. Dynamism
Dynamism means growth, movement and possibility for optimization of the
building based on dwellers' ideas and desires. A dynamic building is the one that is
capable of forming a process and a continuous life.
•
Components for measuring the factor: partial diversity [1, 3, 10, 11, 29, 30,
31, 32], changeability [4, 5, 6, 10, 11, 26], development possibility. [1, 3, 4, 5,
6, 24, 29, 30, 31, 32]
Lack of expert labours, materials and equipments of concrete construction is a
serious limitation for future development and growth of houses. Also, low diversity
in design process of building and detailing has been seen. (Figure 8)
4.7. Economic Development
The concern is to measure effects of the chosen approach on economic growth of
the region and improvement of economical development factors in the region.
•
Components for measuring the factor: expand the native industries and
increase production capacity [,7,8,10,11,18,20,24] , improve regional
commerce of the area [1,6,7,8,10] , reduce unemployment and train expert
men[15,16]
Because of low economic ability of villagers, concrete constructions are not affordable
in many rural areas of the country. On the other hand, industrialization of concrete
production has had visible effects on growth of economic indicators such as.
4.8. Coordination and Protection of Natural Environment
The intention is to find out how loyal a building development style and the
capabilities embedded in a long constructed building during its different utilization
steps have been in keeping up with the rules and basics of conserving the
environment and how much have they protected the natural resources from getting
damaged. In addition, coordination with natural bed, meaning the proportionality
of the development procedure, hidden capacities of the structure in its different
utilization stages with current environmental conditions, optimum usage of
environmental conditions and natural forces must be considered.
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•

Components for measuring the factor: usage of less basic resources [1, 6, 10 ,
15, 16, 17, 18, 24] ,use of renewable resources [6, 10, 15, 16, 17, 18, 19,
purification of environmental forces [1, 4, 6, 10, 26], ground slope[1],
conservation of environmental view [10, 20, 24, 26]
The most important problem of concrete buildings, according to this factor is
recycling. The elements of buildings which have been constructed with concrete
could not be recycled or reused in the other way in buildings. It has some visible
effects on increasing pollution of closed environment of rural areas.
4.9. Cultural Continuity
The intention is the extent of notice given to the historical bed on which the
building is constructed, in a way that the developed building is in logical
accordance with construction traditions and that the resulting product does not
contradict with the existing physical background.
•
Components for measuring the factor: conserving the native identity and
laying this building construction tradition [1, 10, 11, 15, 16, 18, 19, 20, 24],
conserving appearance of the built environment. [10, 11, 15, 16, 18, 19, 20,
24, 26, 29, 30, 34]
New buildings which have been constructed by new materials and methods –such
as concrete- often cannot provide acceptable architectural correlations to their
existing context. Because of lack of skill in villagers to use these new methods of
building and materials appropriately, the result is not in continuity with vernacular
architecture. (Figure 4)

Figure 1. Kushalshad Village- Gilan
Province

Figure 2. Shirinsoo Village- Qazvin
Province

Figure 3. Jashnabad Village- Fars
Province

Figure 4. Ghaesoo Village- Gilan
Province
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Figure 5. Kolangestan Village- Gilan
Province

Figure 6. Abparan Village- Golestan
Province

Figure 7. Eivazloo Village- Ardebil
Province

Figure 8. AsbMarz Village- Ardebil
Province

5. CONCLUSION
Concrete is one of the most important based materials for building construction. In
spite of that, difficulties of its implementation in rural areas cause low efficiency.
Most of the difficulties encountered can be outlined as the following:
Difficulties in providing good quality materials, such as water, aggregates and
appropriate type of cement.
Low quality of particle size distribution.
Lack of technical knowledge of implementation of reinforced concrete.
Inappropriate curing of concrete.
Inappropriate structural design.
Missing standards in time of haulage.
Considering the above achievements, the solutions for increasing the efficiency of
concrete usage are:
Developing vernacular knowledge in concrete construction technology and
methods.
Providing and developing industrialization in concrete construction process
and productions.
Providing appropriate standards for implementation of concrete constructions
in rural areas.
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ABSTRACT
Roller Compacted Concrete construction technique has been recently remarkably
considered in Iranian academic centers and dam engineering industry. However,
research studies can hardly be found in which physico - mechanical properties of
RCC have been studied as in a real ongoing project. In this study, permeability of
the mass of RCC mixture used in Zirdan RCC dam located in south of Iran, the
second large RCC dam in Iran has been investigated. Influences of cementitious
material content, water - cement ratio, pozzolan replacement ratio in cementitious
material, delay in working time and age of concrete specimens on permeability
coefficient have been studied. Moreover, effects of different types of pozzolan on
permeability have been examined.results showed that RCC has an equal or even
lower permeability coefficient in comparison to an equivalent ordinary concrete.
Effect of water content on permeability was considerable and in comparison to
cementitious material content, showed a higher degree of importance. The rate of
developing permeability coefficient (decreasing) was found faster than the rate of
mechanical strength development (increasing). Delay in working time decreased
the permeability of RCC. However, decreasing the water content below its
optimum limit would result in an excessively high permeability coefficient.
Finally, it was observed that silica fume had a significant effect on permeability
coefficient.
Keywords: RCC, permeability coefficient, pozzolan, silica fume, working time
1. INTRODUCTION
Permeability of RCC mass is one of the most important parameters in RCC dams,
and also in Roller Compacted Concrete Pavements (RCCP). This is due to direct
relationship between this parameter and problems such as water leakage through
dam body, pore water pressure, stability in freezing and thawing cycles, and
durability requirements. Water leakage may have deteriorating effect on hardened
RCC strength by washing away cementitious materials.
Also, freezing and thawing cycles would, have undesirable effects on highly
permeable concrete. On the other hand, design of mixtures with sufficient
impermeability may lead to omission of several extensive works such as upstream
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impermeable faces, resulting in positive effects on. technical and economical
aspects ofproject.
Two different aspects of RCC, concrete and soil aspects, have leaded in two
different theories about RCC permeability. Considering concrete approach,
permeability is related to the content of cementitious material in RCC mixture
[1,2]. According to soil approach, on the other hand, increasing the amount of
cementitious material will not result in significant change in permeability
coefficient in the case designing a suitable RCC mixture proportioning. In fact, it is
possible to achieve RCC permeability coefficient as low as a conventional concrete
mixture's and using low content of cementitious material [3].
Although a few studies have been formerly conducted on RCC permeability [4,5],
our understanding of this vital property of RCC IEemains far from adequate. In
addition, pure theoretical researches cannot provide useful, adequate and practical
ways to address RCC issues which are currently just the fruit of innovations of
contractors and designing engineers.
Having these facts in mind, we were encouraged to investigate the influence of
several factors on RCC mixture permeability of Zirdan RCC dam, the second large
RCC dam in Iran considering technical, economical and constructional aspects.
The dam's study phase test fills of this dam is going on and the placement works is
about to start.
2. EXPERIMENTAL WORKS
2.1. Materials
As previously mentioned, materials used in this study were those ones currently
used in Zirdan RCC dam. The details are as follows:
Zirdan riverbed materials have been used as aggregates. As it is currently
employed in site, two classes of aggregates have been considered: 1- sand (0-4.75
mm) 2- gravel (4.75-37.5 mm), these two classes are mixed in a 40:60 proportion,
respectively.
Cement Type II has been used in study. Results of its chemical analysis and
physical properties are presented in Table [1]. The main applied pozzolan is Khash
pozzolan. A type of silica fume, slag and another natural pozzolan type (Trass)
have been employed for comparison. Pozzolan chemical analyses are presented in
Table [2].
In order to respond to research questions, several mixture proportions have been
applied.
Results obtained from all tested mixtures with their physical and mechanical
properties are presented in Table [3].
Table 1: Cement chemical composition
Sio2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

Cl

LOI

C3A

C4AF

C25

21.31

5.24

3.24

63.04

2.49

2.06

0.31

0.52

0.017

0.58

7.44

11.7

0.67

––––––––––––––––––––––– 3rd International Conference on Concrete & Development / 1143

Pozzolan
Khash
Silica Fume
Trass
Slag

Na2O
2.72
0
0
0

Table 2: Pozzolan composition.
K2O
SO3
MgO
Ca0
Fe2O3
2.66
0.1
1.7
7.8
4.96
0
0
1
2.1
1.5
0
0
1
2.4
0.8
0
1.6
9.06
38
0.71

Al2O3
14.54
1.4
12.3
10.5

SiO2
61.14
90
67
35.7

2.2. Test Procedure
Cylindrical specimens have been made according to ASTM C II 76-98 [6], using a
modified Ve Be table; the only difference to the mentioned code is that the
specimens are made in two 10 cm high layers. Therefore, their height is 20 cm. It
means 10 cm shorter than the standard specimens. The specimens have been stored
in 20 ± 2°C water.
The measurement of the permeability coefficient was performed by the method
shown in Figure [1].During 48 hours before the permeability test the cylindrical
specimens were conditioned at 50 % HR and 20°C. Then, the 6 atm water pressure
was applied for 24 hours on a circular concrete surface area of 7.5 cm in diameter.
Surrounding this circular surface was wate highte by bituminous material. After 24
hours of sustained pressure, the specimen was split and the depth of penetration {d)
was obtained. In this case, the permeability coefficient (K v ) was derived from the
(Eq. [1]) developed by Valenta [7].

Kv =

d 2V
2ht

(1)

V is the volume voids filled by water in the penetrated zone, (determined by
measuring gain), h is the head of water and t is the time to penetrate to depth (d).

Figure 1. Scheme of permeability test
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3. RESULTS AND DISCUSSIONS
The permeability coefficients obtained are presented in Table [3]. Table [3] also
includes compressive strength of specimens. Effects of different parameters on
permeability are described below [8].
Table 3: Mixture properties and test results
ID

C+P
(kg/m3)

P
(kg/m3)

W
(kg/m3)

W/(C+P)

Pozzolan
Type

Consistency
(sec)

Age
(day)

K
(cm/s)

fc
(MPa)

A1

200

60

110

0.55

Khash

35

28

2.65E-10

14.3

A2

180

54

110

0.61

Khash

35

28

6.17E-10

13.2

A3

160

48

110

0.69

Khash

35

28

1.21E-09

13.8

A4

140

42

110

0.79

Khash

35

28

1.55E-09

9.4

R1

110

0

110

1

------

40

28

6.14E-09

7.9

R2

110

22

110

1

Khash

38

28

4.38E-09

8.5

R3

110

33

110

1

Khash

36

28

2.89E-10

9.4

R4

110

44

110

1

Khash

34

28

5.04E-09

8.3

R5

110

55

110

1

Khash

30

28

1.95E-08

7.5
6.8

R6

110

66

110

1

Khash

26

28

2.37E-08

W1

130

52

39

0.3

Khash

120

28

1.00E-03

6.5

W2

130

52

65

0.5

Khash

65

28

4.24E-10

12.0

W3

130

52

91

0.7

Khash

30

28

3.13E-09

11.2

W4

130

52

117

0.9

Khash

12

28

7.13E-09

9.8

W5

130

52

143

1.10

Khash

6

28

1.93E-08

6.4

G1

200

80

115

0.58

Khash

30

3

1.78E-08

4.8

G2

200

80

115

0.58

Khash

30

7

3.97E-09

6.7

G3

200

80

115

0.58

Khash

30

14

8.13E-10

9.8

G4

200

80

115

0.58

Khash

30

21

9.25E-10

11.8

G5

200

80

115

0.58

Khash

30

28

3.56E-10

12.1

K1

200

0

115

0.58

------

40

28

7.33E-11

15.0

K2

200

100

115

0.58

Khash

33

28

9.63E-10

12.9

K3

200

100

115

0.58

Trass

32

28

2.38E-08

10.3

K4

200

100

115

0.58

Slag

27

28

2.70E-10

13.4

K5

200

20

115

0.58

SF

29

28

1.16E-11

20.9

C: Cement
P: Pozzolan
W: Water
K: Permeability coefficient
fc: Compressive strength
3.1. Influence of Cementitious Material Content
As can be seen in Figure [2], an increase in cementitious material from 140 to 200
kg/m3 has not shown a significant decrease in permeability coefficient though
having a remarkable positive effect on mechanical strength. According to this
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Figure, mixtures having acceptable permeability coefficient would be obtained
using low cementitious material content.
Although increase of cementitious material would result in a better mechanical
strength, no such significant effect is observed for permeability coefficient.
Permeability coefficient Diferent cementitious material contents
1.00E-07

K(cm/s)

1.00E-08

1.00E-09

1.00E-10
K(cm/s)

200

180

160

140

2.65E-10

6.17E-10

1.21E-09

1.55E-09

C(kg/m^3)

Figure 2. Effect of cementitious material content.

3.2. Influence of Water to Cement Ratio
According to Figure [3], optimum water to cement ratio is estimated 0.55. The
diversity of results shows an implication of importance of water content in RCC
mixture, instead of water to cement ratio as in ordinary concrete. Another
conclusion obtained from Figure 5 is that while water content is increased from its
optimum level, insignificant increase in permeability coefficient would be
obtained, whereas decreasing water content from the optimum level, even very low
content, leads to decrease the compaction factor, and shows an excessive increase
in permeability coefficient.
Permeability coefficient Different water to cement ratioes
1.00E-02
1.00E-03
1.00E-04

K(cm/s)

1.00E-05
1.00E-06
1.00E-07
1.00E-08
1.00E-09
1.00E-10
K(cm/s)

0.3

0.5

0.7

0.9

1.1

1.00E-03

4.24E-10

3.13E-09

7.13E-09

1.93E-08

W/C

Figure 3. Effect of water to cement ratio.

3.3. Influence of Pozzolan Content
According to Figure [4], the lowest permeability coefficient would be obtained
using optimum replacement ratio of pozzolan (in this study, 30% for the main
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applied pozzolan). Using higher replacement ratio (e.g. 50%), especially in short
ages (up to 28 days) would increase permeability coefficient.
Permeability coefficient Different pozzolan replacement ratios

K(cm/s)

1.00E-07

1.00E-08

1.00E-09

K(cm/s)

0

20

30

40

50

60

6.14E-09

4.38E-09

2.89E-09

1.78E-08

2.38E-08

2.37E-08

p/(c+p)

Figure 4. Effect of pozzolan content

3.4. Influences of Age in Working Time
As can be seen in Figure [5], rate of permeability coefficient development shows a
different 1· trend to that of for mechanical strength development. Mechanical
strength of cemented mixtures as well as RCC increase significantly during the first
28 days, while RCC permeability coefficient do not shows remarkable decrease after
14 days in this study. This is in case that 40% of cementitious material is pozzolan.
Permeability coefficient Different ages
1.00E-07

K(cm/s)

1.00E-08

1.00E-09

1.00E-10

K(cm/s)

3

7

14

21

28

1.78E-08

3.97E-09

8.13E-10

9.25E-10

3.56E-10

t(Day)

Figure 5. Effect of age

3.5. Influences of Delay in Working Time
Effect of delay in working time (compaction time) is shown in Figure [6]. Dasmeh
et al. [9,10] reported that employing pozzolan in cementitious material would
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extend allowable compaction time. In that study they showed that specimens
containing pozzolan in their cementitious material and made after 120 min. delay
in compaction time had shown an improve in mechanical strengths. The results
obtained from present study on compaction time indicate that it is possible to
achieve a lower permeability coefficient for specimens compacted after a delay of
up to 110 min. However, the results obtained from specimens compacted with a
delay longer than 110 min. illustrate a notable increase of permeability coefficient.
It may be due to evaporation of water of mixture. Therefore, decreasing the water
content below its optimum limit which would result in an excessively high
permeability coefficient.
Permeability coefficient Diffrent delay in working time
1.00E-03

1.00E-04

K(cm/s)

1.00E-05

1.00E-06

1.00E-07

1.00E-08

1.00E-09

1.00E-10

15

20

25

30

40

50

60

70

90

100

110

120

K(cm/s) 1.50E-07 1.00E-09 1.07E-09 1.01E-09 1.00E-09 1.80E-09 1.50E-09 1.40E-09 1.20E-09 1.00E-09 1.13E-09 1.00E-04

t(min)

Figure 6. Effect of delay on working time

3.6. Influences of Type Ofpozzolan
The effect of use of silica fume in reduction of the permeability coefficient of
Conventional Vibrated Concrete (CVC) has been shown by several authors [11,12].
For Roller Compacted Concrete (RCC), excellent effect of employing silica fume
in cementitious material is presented in Figure [7]. In comparison to mixtures
containing other types of pozzolan in their cementitious material, and also to
mixture without any additive in its cementitious material, a remarkably lower
permeability coefficient has been obtained when applying silica fume. The result is
due to the fact that using silica fume in the mixtures would improve the "Transition
Zone", change capillary pores to gel poreS3 and seal their inter connections. It can
also be seen that replacement of slag up to 50% of cement could lead to
considerably good results. The main pozzolan applied in this study (obtained from
Khash area) has also shown acceptable results regarding permeability coefficient as
well as mechanical strength.
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Permeability coefficient Different pozzolan types
1.00E-07

Trass

K(cm/s)

1.00E-08

1.00E-09

Khash

Slag
1.00E-10
No Pozzolan

SF

1.00E-11

K(cm/s)

No Pozzolan

Khash

Trass

Slag

SF

7.33E-11

9.63E-10

2.38E-08

2.70E-10

1.16E-11

Pozzolan Type

Figure 7. Effect of type of pozzolan

3.7. An Observation: Tortuousity Effect
Some of specimens in this study showed greater values for horizontal permeability
coefficient than vertical permeability coefficient. This is an implication of fast
evacuation of streamlines through side-walls. The difference between permeability
coefficient of two horizontal and vertical directions can be justified as follow:
Aggregates including high percentage of flat and elongated particles are allowed to
be used in RCC mixtures (coarse aggregate used in this study contains 30% of flat
or elongated particles). RCC compaction methods on the other hand, would arrange
these particles in horizontal direction. This arrangement of particles is the reason
for a phenomenon called "Tortuousity" which increases the length of streamlines in
vertical direction. Consequently this increase would result in a lower vertical
permeability coefficient and higher value in horizontal direction. This problem
should be paid attention when evaluating RCC dam required permeability
coefficient. The phenomenon "Tortuousity" is illustrated in Figure [8].

Figure 8. Tortuousity effect

4. CONCLUSION REMARKS
Brief summery of the findings is described below:
1) Influence of water content of RCC mixture on permeability was found vital and
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in comparison to cementitious material content has a greater degree of importance.
2) Employing pozzolan up to its optimum replacement ratio in cementitious
material decreased the permeability coefficient.
3) Inpite of mechanical strengths, the rate of permeability coefficient improvement
was considerable up to first 7 to 14 days.
4) Delay in compaction time would improve permeability coefficient of specimens
containing pozzolan in their cementitious material unless it results in a decrease of
water content below its optimum limit.
5) Effect of using silica fume in RCC mixture was excellent. Also employing slag
in cementitious material had considerable positive effects on the reduction of
permeability coefficient. Considering the low price of slag, it is recommended to
replace it in great percentages in cementitious material.
6) The RCC permeability coefficient could be much less than 3x10-9 cm/s, a
typical value for conventional concrete permeability when using low cement
content. In case of using flat and elongated aggregates, different values would be
obtained for horizontal and vertical permeability coefficient.
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اراﺋﻪ ﻃﺮح اﺧﺘﻼط ﻣﻨﺎﺳﺐ ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺳﺪ زﻳﺮدان از ﻃﺮﻳﻖ روش آزﻣﺎﻳﺸﮕﺎﻫﻲ
3

ﻋﺒﺎس ﻣﻨﺼﻮري ،1ﺣﻤﻴﺪ رﺿﺎ وﺛﻮﻗﻲ ﻓﺮ ،2وﺣﻴﺪ ﺧﻠﻴﻠﻲ ﺧﺮّم
 .1اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﮕﺎه آزاد اﺳﻼﻣﻲواﺣﺪ ﺗﻬﺮان ﺟﻨﻮب
 .2اﺳﺘﺎدﻳﺎر داﻧﺸﻜﺪه ﻣﻬﻨﺪﺳﻲ ﻋﻤﺮان ،داﻧﺸﮕﺎه آزاد اﺳﻼﻣﻲواﺣﺪ ﺗﻬﺮان ﺟﻨﻮب
 .3داﻧﺸﺠﻮي ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ ﺳﺎزهﻫﺎي ﻫﻴﺪروﻟﻴﻜﻲ ،داﻧﺸﮕﺎه آزاد واﺣﺪ ﺗﻬﺮان ﺟﻨﻮب

ﭼﻜﻴﺪه
ﻳﻜﻲ از ﻣﺴﺎﻳﻞ ﻣﻬﻤﻲﻛﻪ در زﻣﻴﻨﻪ ﺳﺪﻫﺎي  RCCﻣﻄﺮح اﺳﺖ ،ﺗﻌﻴﻴﻦ ﻃﺮح اﺧﺘﻼط ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﺑﺎ ﺗﻮﺟﻪ
ﺑﻪ ﺟﺪﻳﺪ ﺑﻮدن ﻧﺴﺒﻲ ﺑﺘﻦ  RCCو ﻋﺪم ﺗﺠﺮﺑﻪ ﻛﺎﻓﻲ در اﻳﺮان ،ﻣﻌﻤﻮﻻ وﻗﺖ و ﻫﺰﻳﻨـﻪ زﻳـﺎدي را ﻣـﻲﻃﻠﺒـﺪ .در اﻳـﻦ
ﻣﻘﺎﻟﻪ ،ﻫﺪف ﺑﺮرﺳﻲ ﻋﻮاﻣﻞ ﻣﻮﺛﺮ ﺑﺮ ﺧﻮاص ﺑﺘﻦ ﻏﻠﺘﻜﻲ و اراﺋﻪ ﻧﺤﻮه دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ﺑﺘﻦ ﻏﻠﺘﻜـﻲ ﺑـﺎ
ﺗﻮﺟﻪ ﺑﻪ ﺳﻪ ﻣﻌﻴﺎر ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ،ﻛﺎراﻳﻲ ﻣﻨﺎﺳﺐ و ﻋﺪم ﺟﺪاﺷﺪﮔﻲ داﻧﻪﻫﺎ ﻣﻲﺑﺎﺷﺪ.
در اﻳﻦ راﺳﺘﺎ ﺑﻪ اﻳﻦ روش ﻋﻤﻞ ﺷﺪ ﻛﻪ ﺗﻌﺪاد زﻳﺎدي ﻃﺮح اﺧﺘﻼط ﺑﺎ ﺳﻨﮕﺪاﻧﻪﻫﺎي ﺷﻜﺴﺘﻪ و ﻃﺒﻴﻌﻲ ﺳـﺎﺧﺘﻪ ﺷـﺪ و
اﺛﺮات ﻧﻮع و ﻣﻘﺪار ﺳﻴﻤﺎن وﭘﻮزوﻻن ،ﻧﻮع و داﻧﻪ ﺑﻨﺪي ﻣﺼﺎﻟﺢ ﺳﻨﮕﺪاﻧﻪ اي ،ﻧﻮع و ﻣﻘﺪار ﻣﻮاد اﻓﺰودﻧﻲ و ﻣﻘﺪار آب ﺑﺮ
روي ﺧﻮاص ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺧﺼﻮﺻﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري و ﻛﺎرآﻳﻲ ﻣﻮرد ﺑﺮرﺳﻲ ﻗﺮار ﮔﺮﻓﺘﻪ اﺳﺖ .ﺳﻨﮕﺪاﻧﻪﻫـﺎي ﻣـﺼﺮﻓﻲ
در ﭼﻬﺎر ﮔﺮوه ﻃﺒﻘﻪ ﺑﻨﺪي ﮔﺮدﻳﺪﻧﺪ و داراي ﺣﺪاﻛﺜﺮ اﻧﺪازه  50ﻣﻴﻠﻴﻤﺘﺮ ﻣﻲﺑﺎﺷﻨﺪ.
ﻳﺎﻓﺘﻪﻫﺎ ﺣﺎﻛﻲ از آن اﺳﺖ ﻛﻪ ﻣﻴﺰان ﻣﺼﺎﻟﺢ رﻳﺰداﻧﻪ در ﺣﺪود  9اﻟﻲ  11درﺻﺪ ﺣﺠﻤـﻲﻛـﻞ ﻣـﺼﺎﻟﺢ ﻣﻨﺎﺳـﺐ اﺳـﺖ.
ﻫﻤﭽﻨﻴﻦ ﺟﺪاﺷﺪﮔﻲ ﺳﻨﮕﺪاﻧﻪ ﺣﺴﺎﺳﻴﺖ زﻳﺎدي ﺑﻪ ﺗﻐﻴﻴﺮات ﻣﻴﺰان آب دارد .ﺿـﻤﻨﺎ اﻓـﺰودن ﭘـﻮزوﻻن ﺗـﺎ  30درﺻـﺪ
ﺣﺠﻤﻲﺳﺒﺐ ﺑﻬﺒﻮد ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﺳﺨﺖ ﺷﺪه ﻣﻲﺷﻮد .در ﺿﻤﻦ ﻃﺮﺣﻬـﺎي ﺣـﺎوي اﻓﺰودﻧـﻲ ﻣﻨﺘﺨـﺐ ﺣـﺪود 12
درﺻﺪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﺎﻻﺗﺮي ﻧﺴﺒﺖ ﺑﻪ ﻃﺮﺣﻬﺎي دﻳﮕﺮ ﻛﺴﺐ ﻛﺮدﻧﺪ .ﻫﻤﭽﻨﻴﻦ ﺑﺎ اﻓﺰاﻳﺶ دوزاج  Chrysoplastاز
 0,6ﺑﻪ  0,8درﺻﺪ در ﺷﺮاﻳﻂ ﻳﻜﺴﺎن ،ﺣﺪود  9درﺻﺪ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ و  3درﺻﺪ ﻧﻴﺰ ﻛﺎﻫﻨـﺪﮔﻲ آب ﺑﻴـﺸﺘﺮ ﺣﺎﺻـﻞ
ﺷﺪه اﺳﺖ .وﻟﻲ ﺑﺎ اﻓﺰاﻳﺶ دوزاج  Conplastﺑﺮﻋﻜﺲ ﺷﺎﻫﺪ ﻛﺎﻫﺶ در ﻣﻘﺎوﻣﺖ ﻫﺴﺘﻴﻢ.
ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﺎت ﻧﺸﺎن ﻣﻲدﻫﺪ ﻛﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎﻳﻲ ﻛﻪ داراي ﻣﻘﺪار زﻳﺎدي رﻳﺰداﻧﻪ ﻫﺴﺘﻨﺪ ،ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري ﻣﻄﻠـﻮﺑﻲ
ﻧﺘﻴﺠﻪ ﻧﻤﻲدﻫﻨﺪ و ﺳﻨﮕﺪاﻧﻪﻫﺎﻳﻲ ﻛﻪ ﻓﺎﻗﺪ ﻣﻘﺪار ﻛﺎﻓﻲ رﻳﺰداﻧﻪ ﻫﺴﺘﻨﺪ از ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري ﺧـﻮﺑﻲ ﺑﺮﺧﻮردارﻧـﺪ وﻟـﻲ
درآﻧﻬﺎ ﺟﺪاﺷﺪﮔﻲ داﻧﻪﻫﺎ رخ ﻣﻲدﻫﺪ .ﻫﻤﭽﻨﻴﻦ ﻣﻘﺪار ﻛﻢ آب ﻳﺎ زﻳﺎد ﺑﺎﻋﺚ ﺟﺪاﺷﺪﮔﻲ داﻧـﻪﻫـﺎ ﻣـﻲﺷـﻮد .اﺳـﺘﻔﺎده از
ﭘﻮزوﻻﻧﻬﺎ اﻣﻜﺎن ﺟﺪاﺷﺪﮔﻲ داﻧﻪﻫﺎ را ﻛﺎﻫﺶ داده و ﻣﻮﺟﺐ ﺑﺎﻻ رﻓﺘﻦ ﻣﻴﺰان ﺧﻤﻴﺮﻣﻲﺷﻮد.
ﻛﻠﻴﺪواژهﻫﺎ :ﺑﺘﻦ ،RCC ،ﺳﺪ وزﻧﻲ ،ﻃﺮح اﺧﺘﻼط
 -1ﻣﻘﺪﻣﻪ
ﺑﺘﻦ ﻏﻠﺘﻜﻲ ،ﺑﺰرﮔﺘﺮﻳﻦ ﭘﻴﺸﺮﻓﺖ در ﺳﺎﺧﺖ ﺳﺪﻫﺎي ﺑﺘﻨﻲ ،ﻃﻲ  30ﺳﺎل ﮔﺬﺷﺘﻪ ﻣﻲﺑﺎﺷﺪ و ﺑﺎﻋﺚ اﺟﺮاي ﺳﺮﻳﻌﺘﺮ و ﻛﻢ
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ﻫﺰﻳﻨﻪﺗﺮ ﺳﺪﻫﺎي ﺑﺘﻨﻲ ﺷﺪه اﺳﺖ .ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻨﻲ ﻏﻠﺘﻜﻲ در ﺻﻨﻌﺖ ﺳﺪ ﺳﺎزي ﻣﻌﻤﻮﻻ داراي  60ﺗﺎ  290ﻛﻴﻠﻮﮔﺮم
ﺑﺮﻣﺘﺮ ﻣﻜﻌﺐ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻣﻲﺑﺎﺷﻨﺪ] .[3ﻣﻴﺰان ﻣﺘﻮﺳﻂ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ در ﺳﺪﻫﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺑﻪ ﻋﻠﺖ ﺣﺠـﻴﻢ ﺑـﻮدن
آن و ﻣﺸﻜﻼت ﻧﺎﺷﻲ از ﮔﺮﻣﺎي ﻫﻴﺪراﺗﺎﺳﻴﻮن و ﻣﻼﺣﻈﺎت اﻗﺘﺼﺎدي در آن ،در ﺑﺎزه  7ﺗﺎ  15درﺻﺪ وزن ﻣـﻮاد ﺟﺎﻣـﺪ
ﺧﺸﻚ ،ﻣﺤﺪود ﺷﺪه اﺳﺖ ﺑﻪ ﻃﻮري ﻛﻪ ﺗﺎ ﭘﺎﻳﺎن ﺳﺎل  ،1998ﻣﻘﺪار ﻣﺘﻮﺳﻂ ﺳـﻴﻤﺎن ﻣـﺼﺮﻓﻲ در ﻛـﺸﻮرﻫﺎي ﭼـﻴﻦ،
ژاﭘﻦ ،آﻣﺮﻳﻜﺎ و اﺳﭙﺎﻧﻴﺎ ﻛﻪ از ﭘﻴﺸﮕﺎﻣﺎن ﺳﺎﺧﺖ ﺳﺪ  RCCدر ﺟﻬﺎن ﻫﺴﺘﻨﺪ 80 ،ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘـﺮ ﻣﻜﻌـﺐ و ﻣﺘﻮﺳـﻂ
ﭘﻮزوﻻن ﻣﺼﺮﻓﻲ در آن در ﺣﺪود  85ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮﻣﻜﻌﺐ ﻣﻲﺑﺎﺷﺪ .در ﺳﺎﻟﻬﺎي ﻧﺨﺴﺘﻴﻦ اﺳـﺘﻔﺎده از اﻳـﻦ ﺑـﺘﻦ در
ﺳﺪﻫﺎ ،ﻣﺘﻮﺳﻂ ﻣﻴﺰان ﺳﻴﻤﺎن ﻣﺼﺮﻓﻲ رو ﺑﻪ اﻓﺰاﻳﺶ ﺑﻮده ﻛـﻪ داﻣﻨـﻪ ﻣـﺼﺮف ﻣـﺼﺎﻟﺢ ﺳـﻴﻤﺎﻧﻲ از  60ﻛﻴﻠـﻮﮔﺮم ﺑـﺮ
ﻣﺘﺮﻣﻜﻌﺐ در ﺳﺪ اوراﮔﺎن درآرژاﻧﺘﻴﻦ ﺗﺎ  248ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ در ﺳﺪ آﭘﺮاﺳﺘﻴﻞ واﺗﺮ ﻣﺸﺎﻫﺪه ﻣﻴﺸﻮد ،وﻟﻴﻜﻦ در
ﺳﺎﻟﻬﺎي اﺧﻴﺮ ﻣﻴﺰان ﻣﺘﻮﺳﻂ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻨﻲ ﻏﻠﺘﻜﻲ در ﺣﺪود  160ﻛﻴﻠﻮﮔﺮم ﺑﺮﻣﺘﺮ ﻣﻜﻌﺐ ﻣﻲﺑﺎﺷﺪ ﻛﻪ
در ﺣﺪود  55ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮﻣﻜﻌﺐ )درﺻﺪ وزﻧﻲ( آن ﭘﻮزوﻻن ﻣﻲﺑﺎﺷﺪ.
ﺑﺮاﻳﻦ اﺳﺎس ﻃﺒﻘﻪ ﺑﻨﺪي ﻛﻠﻲ ﺑﺮاي اﻧﻮاع ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺑﺮ اﺳﺎس ﻣﻘﺪار ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻛﻪ ﻣﻨﻈـﻮر ﻣﺠﻤـﻮع
ﺳﻴﻤﺎن و ﻣﻮاد ﭘﻮزوﻻﻧﻲ ﻣﻲﺑﺎﺷﺪ و ﺑﻪ ﻧﺤﻮه زﻳﺮ در ﻣﺮاﺟﻊ آورده ﺷﺪه اﺳﺖ.
ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻛﻢ ﻋﻴﺎر :ﺗﻌﺪاد ﻗﺎﺑﻞ ﺗﻮﺟﻬﻲ از ﺳﺪﻫﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ از ﻣﺨﻠﻮطﻫﺎي ﻛﻢ ﻋﻴﺎر اﺳﺘﻔﺎده ﻧﻤﻮدهاﻧـﺪ ﻛـﻪ اﻳـﻦ
ﻧﻮع ﻣﺨﻠﻮطﻫﺎ ﺣﺎوي ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻛﻤﺘﺮ از  100ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ ﻣﻲﺑﺎﺷﻨﺪ ﺑـﻪ ﻫﻤـﻴﻦ ﻋﻠـﺖ ،اﻳﻨﮕﻮﻧـﻪ ﺑﺘﻨﻬـﺎ
داراي ﻧﻔﻮذﭘﺬﻳﺮي زﻳﺎدي ﺑﻮده و اﺗﺼﺎل ﺑﻴﻦ ﻻﻳﻪﻫﺎ ﺿﻌﻴﻒ ﻣﻲﺑﺎﺷﺪ ﺑﻨﺎﺑﺮاﻳﻦ ﺑﺮاي رﻓـﻊ اﻳـﻦ ﻧـﻮاﻗﺺ از ﭘﻮﺷـﺸﻬﺎي
آﺑﺒﻨﺪ در ﺑﺎﻻدﺳﺖ اﺳﺘﻔﺎده ﻣﻲﮔﺮدد.
ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺑﺎ ﻋﻴﺎر ﻣﺘﻮﺳﻂ :ﻣﺘﻮﺳﻂ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ در آن ﺑﻴﻦ  100ﺗﺎ  150ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮﻣﻜﻌﺐ ﻣﻲﺑﺎﺷﺪ.
ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﭘﺮﻋﻴﺎر :ﺑﻪ ﻣﻨﻈﻮر ﺑﻬﺒﻮد ﻣﻘﺎوﻣﺖ درازﻣﺪت ﺑﺘﻦ ﻏﻠﺘﻜﻲ و ﻛﻨﺘﺮل ﭼﺴﺒﻨﺪﮔﻲ و ﻧﻔﻮذﭘﺬﻳﺮي ﻻﻳﻪﻫـﺎي ﺑـﺘﻦ
ﻏﻠﺘﻜﻲ و ﻧﻴﺰ اﻣﻜﺎن ﻃﺮاﺣﻲ ﺳﺪ ﺑﺎ ﻣﻘﺎﻃﻊ ﻛﻮﭼﻜﺘﺮ ،ﻣﻬﻨﺪﺳﻴﻦ اﻧﮕﻠﻴﺴﻲ ﺑﺮاي ﻧﺨﺴﺘﻴﻦ ﺑﺎر ﭘﻴﺸﻨﻬﺎد ﻛﺮدﻧﺪﻛﻪ از ﻣـﻮاد
ﺳﻴﻤﺎﻧﻲ ﺑﻴﺸﺘﺮي )ﺑﻴﺸﺘﺮ از  150ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮﻣﻜﻌﺐ( در ﺑﺘﻦ ﻏﻠﺘﻜﻲ اﺳﺘﻔﺎده ﺷﻮد و ﻧﻴـﺰ ﺑـﺮاي ﻛﻨﺘـﺮل ﺗﻨـﺸﻬﺎي
ﺣﺮارﺗﻲ ﺑﻪ دﻟﻴﻞ اﻓﺰاﻳﺶ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ،ﻛﺎرﺑﺮد زﻳﺎد ﻣﻮادﭘﻮزوﻻﻧﻲ ﻣﻮرد ﻧﻈﺮ ﻗﺮار ﮔﺮﻓﺖ.
ﺑﺘﻦ ﻏﻠﺘﻜﻲ ) RCDژاﭘﻨﻲ( :اﻳﻦ ﻧﻮع ﺑﺘﻦ اوﻟﻴﻦ ﺑﺎر ﺗﻮﺳﻂ ﻣﻬﻨﺪﺳﻴﻦ ژاﭘﻨﻲ در ﻛﺸﻮر ژاﭘﻦ ﺗﻮﺳﻌﻪ ﻳﺎﻓﺖ .ﻣﻘﺪارﻣﺘﻌﺎرف
ﻣﻮاد ﺳﻴﻤﺎﻧﻲ در ﺳﺪﻫﺎي  120 ،RCDﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﻣﻲﺷﻮد .ﻟﻴﻜﻦ در ﺷﺮاﻳﻄﻲ ﻛﻪ ﻣﻘﺎوﻣـﺖ
ﺑﻴﺸﺘﺮي ﻻزم ﺑﺎﺷﺪ ،ﻧﻈﻴﺮ ﺳﺪﻫﺎ ﺑﺎ ارﺗﻔﺎع زﻳﺎد ،از  130ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ اﺳﺘﻔﺎده ﻣﻲﺷﻮد].[5
ﻣﺰاﻳﺎي اﻗﺘﺼﺎدي ﺳﺪﻫﺎي  RCCﻧﺴﺒﺖ ﺑﻪ اﻧﻮاع دﻳﮕﺮ ﺳﺪﻫﺎ ﺑﻪ دﻟﻴﻞ ﻛﺎﻫﺶ در ﻫﺰﻳﻨﻪﻫـﺎي ﻗﺎﻟـﺐ ﺑﻨـﺪي ،ﻣـﺼﺮف
ﻛﻤﺘﺮ ﺳﻴﻤﺎن ،ﺣﺬف ﻟﻮﻟﻪﻫﺎي ﺳﺮدﻛﻨﻨﺪه ﺑﺘﻦ در ﺑﺪﻧﻪ ﺳﺪ ،ﺣﺬف درزﻫﺎي ﻃﻮﻟﻲ ،ﻛﺎﻫﺶ اﺑﻌﺎد ﺳﻴﺴﺘﻢ اﻧﺤﺮاف آب ﺑﻪ
ﻋﻠﺖ ﻛﻮﺗﺎه ﺑﻮدن زﻣﺎن ﺳﺎﺧﺖ ﺳﺪ و ...ﻣﻲﺑﺎﺷﺪ] .[6ﺑﻪ ﻣﻨﻈﻮر ﻛﺴﺐ ﺣﺪاﻛﺜﺮ داﻧﺴﻴﺘﻪ ﺑﺎ ﺳﻨﮕﺪاﻧﻪﻫـﺎي ﻣـﺸﺨﺺ ﺑـﻪ
ﻳﻚ ﺣﺪاﻗﻞ ﺧﻤﻴﺮ در ﺑﺨﺶ ﻣﻼت ﻫﺮ ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻧﻴﺎز اﺳﺖ ﻛﻪ اﻳﻦ ﻣﻴﺰان ﺧﻤﻴﺮ ﺑﺎﻋﺚ ﺑﻬﺒﻮد ﭼﺴﺒﻨﺪﮔﻲ ﺑﻴﻦ ﻻﻳﻪﻫﺎ
ﻧﻴﺰ ﻣﻲﺷﻮد ].[12
 -2روش ﺗﺤﻘﻴﻖ
ﺟﻬﺖ ﻧﻴﻞ ﺑﻪ ﭼﻬﺎرﭼﻮب ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ،ﻳﻚ ﺑﺮﻧﺎﻣﻪ آزﻣﺎﻳﺸﮕﺎﻫﻲ ﮔﺴﺘﺮده در آزﻣﺎﻳﺸﮕﺎه ﺷﺮﻛﺖ ﺟﻬﺎن ﻛﻮﺛﺮ ﺑـﻪ
اﺟﺮا درآﻣﺪ .ﺗﻌﺪاد زﻳﺎدي ﻃﺮح اﺧﺘﻼط ﺑﺎ ﺑﻪ ﻛﺎرﮔﻴﺮي ﭘﺎراﻣﺘﺮﻫﺎﻳﻲ ﺷﺎﻣﻞ ﻣﺼﺎﻟﺢ ﻛﺎرﮔـﺎﻫﻲ در اﻧـﺪازهﻫـﺎي ﻣﺨﺘﻠـﻒ
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)ﺷﻦ و ﻣﺎﺳﻪ( و ﻣﻘﺪار درﺻﺪ آب ﺑﺘﻦ و ﻫﻤﭽﻨﻴﻦ ﻣﻘﺪار ﺳﻴﻤﺎن و ﭘﻮزوﻻن و درﺻﺪ ﺳـﻨﮕﺪاﻧﻪ رﻳـﺰ ﺑـﻪ ﻛـﻞ ﻣـﺼﺎﻟﺢ
ﺳــﻨﮕﺪاﻧﻪ اي ﺳــﺎﺧﺘﻪ ﺷــﺪ و آزﻣﺎﻳــﺸﻬﺎي رواﻧــﻲ و وزن ﻣﺨــﺼﻮص ﺑــﺎ اﺳــﺘﻔﺎده از دﺳــﺘﮕﺎه  Vebeو ﺑــﺮ اﺳــﺎس
اﺳﺘﺎﻧﺪارد ASTM-C1170اﻧﺠﺎم ﭘﺬﻳﺮﻓﺖ] .[8ﺳﺎﺧﺖ ﻧﻤﻮﻧﻪﻫﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺑﺎ اﺳﺘﻔﺎده از دﺳﺘﮕﺎه  Vebeو ﻣﻄـﺎﺑﻖ
اﺳﺘﺎﻧﺪارد  ASTM-C1176ﺻﻮرت ﭘﺬﻳﺮﻓﺖ].[9
 1-2ﺳﺪ زﻳﺮدان
ﺳﺎﺧﺘﮕﺎه اﻳﻦ ﺳﺪ در  40ﻛﻴﻠﻮﻣﺘﺮي ﺷﻤﺎل ﻏﺮب روﺳﺘﺎي ﭘﻴﺮ ﺳﻬﺮاب )150ﻛﻴﻠﻮﻣﺘﺮي ﭼﺎﺑﻬـﺎر از ﺟـﺎده دﺳﺘﺮﺳـﻲ ﻣـﺴﻴﺮ
اﻳﺮاﻧﺸﻬﺮ و اﻧﺸﻌﺎﺑﻲ ﺑﻪ ﻃﺮف ﭘﻼن( ﻛﻪ ازﻃﺮﻳﻖ ﻣﺴﻴﺮ ﻣﻴﺎن ﺑﺮ ﺣﺪود  60ﻛﻴﻠﻮﻣﺘﺮي ﺷﻤﺎل ﭼﺎﺑﻬﺎر در ﻧﺰدﻳﻜـﻲ روﺳـﺘﺎي
رﮔﺎب و در ﻣﺤﻠﻲ از رودﺧﺎﻧﻪ ﻛﺎﺟﻮ ﻛﻪ ارﺗﻔﺎﻋﺎت ﻃﺮﻓﻴﻦ ﺑﻪ ﻧﺰدﻳﻜﺘﺮﻳﻦ وﺿﻌﻴﺖ رﺳﻴﺪه ﻗﺮار ﮔﺮﻓﺘﻪ اﺳﺖ. [2].
 2-2ﻣﺸﺨﺼﺎت ﻓﻨﻲ ﺳﺪ
ﻧﻮع ﺳﺪ
ﻃﻮل ﺗﺎج
ﻋﺮض ﺗﺎج
ﺣﺪاﻛﺜﺮ ارﺗﻔﺎع ﺳﺎزه اي ﺳﺪ
ﻧﻮع ﺳﺮ رﻳﺰ
ﻃﻮل ﺳﺮرﻳﺰ
ﺣﺪاﻛﺜﺮ ارﺗﻔﺎع ﺳﺎزه ﻣﻘﻄﻊ ﺳﺮرﻳﺰ
ﺣﺪاﻛﺜﺮ ﻇﺮﻓﻴﺖ ﺗﺨﻠﻴﻪ ﻛﻨﻨﺪه ﻋﻤﻘﻲ
ﻧﻮع ﻓﺮازﺑﻨﺪ
ارﺗﻔﺎع ﻓﺮازﺑﻨﺪ
ﻇﺮﻓﻴﺖ ﺳﻴﺴﺘﻢ اﻧﺤﺮاف آب
ﻧﺤﻮه اﻧﺤﺮاف آب

وزﻧﻲ )(RCC

 350ﻣﺘﺮ
 5,6ﻣﺘﺮ
 64,5ﻣﺘﺮ
آزاد ،ﺑﺪون درﻳﭽﻪ
 146ﻣﺘﺮ
 55ﻣﺘﺮ
85 m3/s
ﺑﺘﻨﻲ وزﻧﻲ
 11ﻣﺘﺮ
600 m3/s
ﻛﺎﻟﻮرت ﺑﺎﺳﻪ دﻫﺎﻧﻪ در ﺑﺪﻧﻪ ﺳﺪ ﺑﻪ اﺑﻌﺎد 4*6ﻣﺘﺮ

 3-2ﻣﺼﺎﻟﺢ ﺑﺘﻦ ﻏﻠﺘﻜﻲ
ﻣﺼﺎﻟﺢ ﻣﺼﺮﻓﻲ در ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﺷﺎﻣﻞ ﺳﻴﻤﺎن )ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ و ﭘﻮزوﻻن( ،ﺳﻨﮕﺪاﻧﻪ )ﺷﻦ و ﻣﺎﺳﻪ( و ﻣﻮاداﻓﺰودﻧﻲ ﻣﻲﺑﺎﺷﺪ.
 1-3-2ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ
ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ ﻣﻮرد اﺳﺘﻔﺎده در ﺑﺘﻦ  RCCﺷﺎﻣﻞ ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ و ﭘﻮزوﻻن ﻣﻲﺑﺎﺷﺪ .ﻧﻮع و ﻣﻘﺪار ﺳـﻴﻤﺎن ﻣـﺼﺮﻓﻲ
ﺑﺴﺘﮕﻲ ﺑﻪ اﻧﺪازه ﺳﺪ ،ﺷﺮاﻳﻂ ﻣﺤﻴﻄﻲ و ﺧﻮاص ﻣﻮرد ﻧﻴﺎز آن دارد .در ﺳﺪﻫﺎي  RCCﺟﻬﺖ ﻛﻢ ﻛﺮدن اﺛﺮات ﻧﺎﺷـﻲ
از ﺣﺮارت ﻫﻴﺪاﺗﺎﺳﻴﻮن ﺳﻴﻤﺎن ،ﻣﻌﻤﻮﻻ از ﺳﻴﻤﺎﻧﻬﺎي ﺑﺎ ﺣﺮارت زاﻳﻲ ﻛﻤﺘﺮ از ﺳﻴﻤﺎﻧﻬﺎي ﻣﻌﻤﻮﻟﻲ )ﺳـﻴﻤﺎﻧﻬﺎي ﺗﻴـﭗ(1
ﻣﺎﻧﻨﺪ ﺳﻴﻤﺎﻧﻬﺎي ﺗﻴﭗ ،2ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﭘﻮزوﻻﻧﻲ و ﺳﻴﻤﺎن ﭘﺮﺗﻠﻨﺪ ﺑﺎ ﺳﺮﺑﺎره ﻛﻮره آﻫﻨﮕﺪازي اﺳـﺘﻔﺎده ﻣـﻲﺷـﻮد].[10
ﺳﻴﻤﺎن ﻣﻮرد اﺳﺘﻔﺎده در ﺳﺎﺧﺖ ﻃﺮﺣﻬﺎي اﺧﺘﻼط از ﻛﺎرﺧﺎﻧﻪ ﺧﺎش ﺗﺄﻣﻴﻦ ﺷﺪه و در ﻣﺮﺣﻠﻪ ﻣﻘﺪﻣﺎﺗﻲ و اول ،ﺳـﻴﻤﺎن
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آﻣﻴﺨﺘﻪ ﺗﻴﭗ  IIﺷﺎﻣﻞ  22درﺻﺪ ﭘﻮزوﻻن و در ﻣﺮﺣﻠـﻪ دوم ﺳـﻴﻤﺎن آﻣﻴﺨﺘـﻪ ﺗﻴـﭗ  IIﺷـﺎﻣﻞ  30درﺻـﺪ ﭘـﻮزوﻻن
ﻣﻴﺒﺎﺷﺪ) .ﻣﻨﻄﺒﻖ ﺑﺎ ﺳﻴﻤﺎن ﻧﻮع  IPاﺳﺘﺎﻧﺪارد[11].(ASTM 595
 2-3-2ﭘﻮزوﻻن
ﭘﻮدر ﭘﻮزوﻻن ﻣﻮرد اﺳﺘﻔﺎده از ﻧﻮع ﻃﺒﻴﻌﻲ )ﻣﻨﻄﺒﻖ ﺑﺎ ﭘﻮزوﻻن ﻧﻮع  Nاﺳﺘﺎﻧﺪارد  (ASTM C618ﻣـﻲﺑﺎﺷـﺪ ﻛـﻪ در
ﻛﺎرﺧﺎﻧﻪ ﺧﺎش ﺗﻮﻟﻴﺪ ﮔﺮدﻳﺪه اﺳﺖ].[9
 3-3-2آب
ﭘﺲ از ﺗﺄﻳﻴﺪ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﺎت ،از آب رودﺧﺎﻧﻪ ﻛﺎﺟﻮ ﻛﻪ در ﻣﺤﻞ اﺣﺪاث ﺳﺪ ﺟﺎري اﺳﺖ در ﺑﺘﻦ اﺳﺘﻔﺎده ﺷﺪ.
 4-3-2اﻓﺰودﻧﻲ
در ﺳﺎﺧﺖ ﻃﺮﺣﻬﺎي اﺧﺘﻼط از دو ﻧﻮع اﻓﺰودﻧﻲ ﺗﻴﭗ  Dو ﻳـﻚ ﻧـﻮع اﻓﺰودﻧـﻲ ﺗﻴـﭗ  Bﻣﻄـﺎﺑﻖ اﺳـﺘﺎﻧﺪارد ASTM
 C494اﺳﺘﻔﺎده ﮔﺮدﻳﺪ] .[12ﻫﻤﭽﻨﻴﻦ ﻃﺮﺣﻬﺎﻳﻲ ﻧﻴﺰ ﺑﺪون اﻓﺰودﻧﻲ ﺟﻬﺖ ﻣﻘﺎﻳﺴﻪ ﺳﺎﺧﺘﻪ ﺷﺪ ﻛﻪ در ﭘﺎﻳـﺎن اﻓﺰودﻧـﻲ
ﺗﻴﭗ  Dدر ﻃﺮح ﻣﻨﺘﺨﺐ ﻣﻮرد اﺳﺘﻔﺎده ﻗﺮار ﮔﺮﻓﺖ.
 4-3-2ﻣﺼﺎﻟﺢ درﺷﺖ داﻧﻪ
ﻳﻜﻲ از ﭘﺎراﻣﺘﺮﻫﺎي اﺳﺎﺳﻲ در ﺑﺘﻦ ﻏﻠﺘﻜﻲ ،ﺣﺪاﻛﺜﺮ اﻧﺪازه داﻧﻪﻫﺎ ) (M.S.Aﻣﻲﺑﺎﺷﺪ .ﺑﻪ ﻛﺎر ﺑﺮدن داﻧﻪﻫﺎي ﺑﺰرﮔﺘﺮ از
 76ﻣﻴﻠﻲ ﻣﺘﺮ ﺑﺎﻋﺚ ﻣﻲﮔﺮدد ﻛﻪ ﻫﻢ ﻣﺸﻜﻞ ﺟﺪاﺷﺪﮔﻲ داﻧﻪﻫﺎ ﺑﻪ وﺟﻮد آﻳﺪ و ﻫﻢ ﻛﺎراﻳﻲ ﺑﺘﻦ ﻛﺎﻫﺶ ﻳﺎﺑﺪ .ﺑﻪ ﻫﻤـﻴﻦ
دﻟﻴﻞ  M.N.S.Aﻃﺮﺣﻬﺎي اﺧﺘﻼط  50ﻣﻴﻠﻲ ﻣﺘﺮ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ .در ﻣﺨﻠﻮﻃﻬﺎﻳﻲ ﻛﻪ ﺑﺎ دﻳﺪﮔﺎه ﻣﻬﻨﺪﺳـﻴﻦ
ﺑﺘﻦ ﺗﻬﻴﻪ ﻣﻲﺷﻮﻧﺪ ﻣﻌﻤﻮﻻ ﭼﻬﺎر ﮔﺮوه ﺗﻘﺴﻴﻢ ﺑﻨﺪي ﺑﺮاي ﺳﻨﮕﺪاﻧﻪﻫﺎ ﻣﺮﺳﻮم اﺳﺖ .اﻳﻦ ﭼﻬﺎر ﺑﺨـﺶ ﻣـﺼﺎﻟﺢ ﺷـﺎﻣﻞ
ﻣﺎﺳﻪ  0 ~ 3و  ،0 ~ 5ﺷﻦ  5 ~ 25و ﺷﻦ  25 ~ 50ﻣﻲﺑﺎﺷﺪ.
 5-3-2ﻣﺼﺎﻟﺢ رﻳﺰداﻧﻪ
ﻣﺼﺎﻟﺢ رﻳﺰداﻧﻪ ﻳﺎ ﻣﺎﺳﻪ ﺑﻪ ﻣﺼﺎﻟﺢ ﮔﺬرﻧﺪه از اﻟﻚ ﺷﻤﺎره ) 4ﺳﻨﮕﺪاﻧﻪﻫﺎي ﻛﻮﭼﻜﺘﺮ از 4,75ﻣﻴﻠﻲ ﻣﺘﺮ( ﮔﻔﺘﻪ ﻣﻲﺷـﻮد.
در ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻛﻪ ﻣﻘﺪار ﺧﺎك رس زﻳﺎدي اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ ،ﻣﺸﺎﻫﺪه ﻣـﻲﺷـﻮد ﻛـﻪ ﭘﺘﺎﻧـﺴﻴﻞ ﺗـﺮك
ﺧﻮردﮔﻲ ﺑﺘﻦ ﻏﻠﺘﻜﻲ اﻓﺰاﻳﺶ ﻳﺎﻓﺘﻪ ،در ﻧﺘﻴﺠﻪ ﻣﻘﺎوﻣﺖ ﻛﺎﻫﺶ ﭘﻴﺪا ﻣﻲﻛﻨﺪ .ﺗﻮﺻﻴﻪ ﻣﻲﺷﻮد ﻛﻪ رﻳﺰداﻧﻪﻫﺎي ﻣـﺼﺮﻓﻲ
در ﺑﺘﻦ ﻏﻠﺘﻜﻲ ﻏﻴﺮ ﭘﻼﺳﺘﻴﻚ ﺑﻮده و ﻣﻘﺪار آن در ﺣﺪي ﺑﺎﺷﺪ ﻛﻪ ﻣﻨﺎﻓﺬ ﺧﺎﻟﻲ را ﭘﺮ ﻧﻤﻮده ،ﻣﺼﺮف آب را ﻛﺎﻫﺶ دﻫﺪ
و ﺑﺎﻋﺚ ﺗﺮاﻛﻢ ﺑﻬﺘﺮ ﻣﺼﺎﻟﺢ ﮔﺮدد].[13
در ﺗﻮﻟﻴﺪ ﻣﺎﺳﻪ  0 ~ 5دو ﺣﺎﻟﺖ ﺷﺴﺘﻪ و ﻧﺸﺴﺘﻪ ﺑﺮرﺳﻲ ﺷﺪ .ﺑﻪ ﺟﻬﺖ ﺑﻪ دﺳﺖ آوردن ﺑﻬﺘﺮﻳﻦ ﻧﺴﺒﺖ اﺧﺘﻼط ،اﻗـﺪام
ﺑﻪ اﻧﺠﺎم آزﻣﺎﻳﺶ وزن ﻣﺨﺼﻮص آزاد ﻣﻴﻠﻪ ﺧﻮرده ﻣـﺼﺎﻟﺢ ﮔﺮدﻳـﺪ .ﺑـﺎ در ﻧﻈـﺮ ﮔـﺮﻓﺘﻦ ﭘـﺎراﻣﺘﺮﻫـﺎي ﺣـﺪاﻛﺜﺮ وزن
ﻣﺨﺼﻮص ﻣﻴﻠﻪ ﺧﻮرده و ﻛﻨﺘﺮل ﭘﺪﻳﺪه ﺟﺪاﺷﺪﮔﻲ ﻧـﺴﺒﺖ اﺧـﺘﻼط  2ﺑـﻪ 1ﺑـﻪ ﺗﺮﺗﻴـﺐ در ﺷـﻦ  5 ~ 25و 25 ~ 50
ﻧﻬﺎﻳﻲ ﺷﺪ .در ﻣﺎﺳﻪ ﻧﻴﺰ ﭘﺎراﻣﺘﺮﻫﺎي ﻣﺬﻛﻮر ﺑﻌﻼوه ﭘﻮش داﻧﻪ ﺑﻨﺪي ﻣﺎﺳﻪ ﻣﺨﻠﻮط ،ﻣﻨﺠﺮ ﺑﻪ ﻧﺴﺒﺖ اﺧﺘﻼط  1ﺑﻪ  1در
ﺣﺎﻟﺖ ﻧﺸﺴﺘﻪ و  3ﺑﻪ  2در ﺣﺎﻟﺖ ﺷﺴﺘﻪ ﺑﻪ ﺗﺮﺗﻴﺐ ﺑﺮاي ﻣﺎﺳـﻪ  0 ~ 3و  0 ~ 5ﮔﺮدﻳـﺪ .ﻧـﺴﺒﺖﻫـﺎي اﺧـﺘﻼط ﻛﻠـﻲ
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ﻣﺼﺎﻟﺢ ﻧﻴﺰ ﺑﺎ در ﻧﻈﺮ ﮔﺮﻓﺘﻦ ﻛﻨﺘﺮل ﭘﺪﻳﺪه ﺟﺪاﺷﺪﮔﻲ ،وزن ﻣﺨﺼﻮص ﻣﻴﻠﻪ ﺧﻮرده ﺣﺪاﻛﺜﺮ ،ﺣﺪاﻗﻞ ﻣﻴﺰان ﺧﻤﻴـﺮ ﻻزم
اﻧﺘﺨﺎب ﮔﺮدﻳﺪ.
 6-3-2داﻧﻪﺑﻨﺪي ﻛﻠﻲ ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﻴﺰان ﺧﻤﻴﺮ ،در ﻃﺮﺣﻬﺎي ﺣﺎوي  120ﺗﺎ  150ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌـﺐ ﻣـﻮاد ﺳـﻴﻤﺎﻧﻲ  40درﺻـﺪ ﻣﺎﺳـﻪ،
ﺑﺎﻻﺗﺮ از  150ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ  38درﺻﺪ و ﭘﺎﻳﻴﻦ ﺗﺮ از  120ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘـﺮ ﻣﻜﻌـﺐ ﻣـﻮاد ﺳـﻴﻤﺎﻧﻲ ﻧﻴـﺰ 42
درﺻﺪ ﻣﺎﺳﻪ ﻣﻨﺎﺳﺐ ﺑﻮد .در ﺷﻜﻞ  1ﻣﻨﺤﻨﻲ داﻧﻪ ﺑﻨﺪي ﻛﻠﻲ ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ ﻃﺮح آﻣﺪه اﺳﺖ.
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ﺷﻜﻞ  -1داﻧﻪ ﺑﻨﺪي ﻛﻠﻲ ﻣﺼﺎﻟﺢ ﺳﻨﮕﻲ ﺑﺘﻦ ﻏﻠﺘﻜﻲ

 4-2ﻣﻌﻴﺎرﻫﺎي ﻃﺮح ﺑﻬﻴﻨﻪ
ﺟﻬﺖ دﺳﺘﻴﺎﺑﻲ ﺑﻪ ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ ﺳﻪ ﻣﻌﻴﺎر زﻳﺮ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ.
اﻟﻒ  -ﻣﻌﻴﺎر ﻣﻘﺎوﻣﺖ ﻓﺸﺎري :ﺑﺮاي ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻌﻴﺎر اﺻﻠﻲ رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣـﺖ ﻓـﺸﺎري  125ﻛﻴﻠـﻮﮔﺮم
ﺑﺮﺳﺎﻧﺘﻲ ﻣﺘﺮ ﻣﺮﺑﻊ در  180روز ﻗﺮار داده ﺷﺪه اﺳﺖ.
ب  -ﻣﻌﻴﺎر ﻛﺎرآﻳﻲ :ﺑﺮاي اﻳﻨﻜﻪ ﻣﺨﻠﻮط ﻛﺎرآﻳﻲ ﻣﻨﺎﺳﺒﻲ داﺷﺘﻪ و ﭘﻴﻮﺳﺘﮕﻲ ﻣﻄﻠﻮب ﺑﻴﻦ ﻻﻳﻪﻫﺎي ﻣﺘـﻮاﻟﻲ اﻳﺠـﺎد
ﮔﺮدد ،ﻣﻌﻴﺎر زﻣﺎن وﻳﺒﻲ ﻣﺎ ﺑﻴﻦ  14اﻟﻲ  24ﺛﺎﻧﻴﻪ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ.
پ  -ﻣﻌﻴﺎر ﻋﺪم ﺟﺪاﺷﺪﮔﻲ داﻧﻪﻫﺎ :ﺟﺪاﻳﻲ داﻧﻪﻫﺎ ﻋﻤﺪﺗﺎ ﺑﻪ ﻋﻠﺖ درﺻﺪ آب ﺧﻴﻠﻲ ﻛﻢ و ﻳﺎ ﺧﻴﻠـﻲ زﻳـﺎد ،ﻛـﻢ
ﺑﻮدن ﻣﻘﺪار رﻳﺰداﻧﻪ و ﻋﺪم ﺗﻌﺎدل ﺑﻴﻦ داﻧﻪﻫﺎي ﺑﺎ اﻧﺪازهﻫﺎي ﻣﺨﺘﻠﻒ ﺑﻪ وﺟﻮد ﻣﻲآﻳﺪ .در ﻃﺮح ﺑﻬﻴﻨﻪ ﻧﺒﺎﻳﺪ ﺟﺪاﺷﺪﮔﻲ
داﻧﻪﻫﺎرخ دﻫﺪ ﺗﺎ ﺿﻤﻦ ﺣﻔﻆ ﻳﻜﻨﻮاﺧﻲ ،ﻣﻘﺎوﻣﺖ و دوام ﻣﻄﻠﻮب ﻧﺘﻴﺠﻪ ﺷﻮد.
 -3ﻳﺎﻓﺘﻪﻫﺎ
 1-3ﻣﺮﺣﻠﻪ اول
در اﻳﻦ ﻣﺮﺣﻠﻪ اﻗﺪام ﺑﻪ ﺳﺎﺧﺖ ﻃﺮحﻫﺎي ﺗﻜﻤﻴﻠﻲ ﺷﺪ ﻛﻪ ﻧﻤﻮﻧﻪﻫﺎﻳﻲ از اﻳﻦ ﻃﺮح اﺧﺘﻼطﻫﺎ در ﺟﺪول  1آورده ﺷﺪه اﺳﺖ.
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ﻫﻤﭽﻨﻴﻦ ﻧﺘﺎﻳﺞ آزﻣﺎﻳﺸﺎت ﺑﺮ روي ﻧﻤﻮﻧﻪﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﻪ ﺷﺮح زﻳﺮ ﻣﻲﺑﺎﺷﻨﺪ:
 1-1-3ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
در ﺷﻜﻞ  2راﺑﻄﻪ ﺑﻴﻦ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  90 ،28 ،7و  180روزه ﻛﻠﻴﻪ ﻃﺮﺣﻬـﺎي اﻳـﻦ ﻣﺮﺣﻠـﻪ
ﻧﺸﺎن داده ﺷﺪه اﺳﺖ.
ﺟﺪول  :1ﻧﻤﻮﻧﻪاي از ﻃﺮح اﺧﺘﻼطﻫﺎي ﺳﺎﺧﺘﻪ ﺷﺪه
ﺷﻤﺎره
ﻃﺮح

0-3

ﻧﺎم
ﻃﺮح

1

R7030-01

2

R8030-01

3

R9030-01

4

R10030-01

5

R11030-01

6

R12030-04

7

R12622-01

8

R13030-02

0-5

mai-25

آب

25-50

ﭘﻮزوﻻن

ﻣﻴﺰان

ﻧﻮع

ﻣﻘﺎوﻣﺖ ﻓﺸﺎري

زﻣﺎن
ﻧﺴﺒﺖ

)(kg/m3

)(kg/m3

)(kg/m3

)(kg/m3

آزاد

ﺧﺎش

ﺳﻴﻤﺎن

%

%

%

%

)(kg/m3

)(kg/m3

)(kg/m3

517

519

822

411

114

7

63

23

23

36

18

492

493

863

409

22

22

38

18

511

513

813

407

23

23

36

18

489

491

858

407

22

22

38

18

608

407

806

403

27,6

18,4

36

18

500

335

914

468

22,8

15,2

41

21

570

381

843

395

26,4

17,6

38

18

545

364

857

417

25,2

16,8

39

19

8

116

9

117

10

114

11

118

12

119

0

130

13

128

72

81

90

99

108

126

117

آب ﺑﻪ

وﻳﺒﻲ

اﻓﺰودﻧﻲ
درﺻﺪ ﺑﻪ

ﻣﺼﺎﻟﺢ

ﻣﺠﻤﻮع ﻣﺼﺎﻟﺢ

ﺳﻴﻤﺎﻧﻲ

ﺛﺎﻧﻴﻪ

ﺳﻴﻤﺎﻧﻲ
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6
Chrysoplast
CER
0,6

36

1,630

31

1,450

20

1,300

23

1,140

30

1,068

19

0,991

20

1,033

23

0,983

kg/cm2

7

29

33

36

50

54

63

65

60

28

33

39

47

63

81

85

90

93

90

43

54

57

81

83

93

91

98

200
180
180روزﻩ

90روزﻩ

140

R = 0,9618
120
2

28روزﻩ

R = 0,9618

100
2

2

R = 0,9618

ﻡﻘﺎوﻡﺖ ﻓﺸﺎرﯼ kg/cm

2

160

80
7روزﻩ

2

R = 0,9458

60
40
20

1,80

1,60

1,40

1,20

1,00

0,80

0
0,60

ﻧﺴﺒﺖ ﺁب ﺑﻪ ﺳﻴﻤﺎن

ﺷﻜﻞ  -2راﺑﻄﻪ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري

آزﻣﺎﻳﺸﺎت ﻧﺸﺎن دادﻧﺪ ﻛﻪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻃﺮﺣﻬﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻨﮕﺪاﻧﻪﻫﺎي ﻧﺸـﺴﺘﻪ ﻃﺒﻴﻌـﻲ ﻣﻄﻠـﻮب ﻧﻴـﺴﺖ.
ﻫﻤﭽﻨﻴﻦ ﻣﻘﺪار آب ﻣﻨﺎﺳﺐ ﺑﺮاي اﻳﻦ ﻧﻮع ﺳﻨﮕﺪاﻧﻪﻫﺎ زﻳﺎد اﺳﺖ .ﻋﻠﺖ اﻳﻦ اﻣﺮ زﻳﺎد ﺑﻮدن ﻣﻮاد رﻳﺰداﻧﻪ ﺧﺼﻮﺻﺎ ذرات

180

52

64

71

91

98

99

101

114
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ﮔﺬرﻧﺪه از اﻟﻚ ﻧﻤﺮه  100 ،50و  200ﻣﻲﺑﺎﺷﺪ ﻛﻪ ﻣﺎﻧﻊ ﻋﻤﻠﻜﺮد ﻣﻄﻠﻮب ﺳﻴﻤﺎن ﻣﻴﮕﺮدﻧﺪ.
 2-1-3ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺷﺴﺘﻪ و ﻧﺸﺴﺘﻪ
ﭘﺲ از ﺳﺎﺧﺖ ﻃﺮﺣﻬﺎي ﺣﺎوي ﻣﺼﺎﻟﺢ ﺷﺴﺘﻪ و ﻧﺸﺴﺘﻪ و اﻧﺠﺎم آزﻣﺎﻳـﺸﺎت ﺑـﺮ روي آﻧﻬـﺎ ﻧﺘـﺎﻳﺞ ﻧـﺸﺎن دادﻧـﺪ ﻛـﻪ
ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺷﺴﺘﻪ و ﻧﺸﺴﺘﻪ ﺗﻔﺎوت ﻋﻤﺪه اي ﺑﻴﻦ آﻧﻬـﺎ ﻧﻴـﺴﺖ ﺑـﻪ ﻃـﻮري ﻛـﻪ ﻣﻘﺎوﻣـﺖ ﻃﺮﺣﻬـﺎي ﻧﺸـﺴﺘﻪ
ﻛﻤﻲﺑﺎﻻﺗﺮ از ﻃﺮﺣﻬﺎي ﺷﺴﺘﻪ ﻣﻲﺑﺎﺷﺪ .ﻛﻪ دﻟﻴﻞ اﻳﻦ اﻣﺮ ،اﻓﺰاﻳﺶ ﻧﺴﺒﺖ ﻣﺎﺳﻪ  0-5در ﻣﺎﺳﻪ ﻣﺨﻠﻮط ﻣﺘﺄﺛﺮ از ﻧﺮﻣﺘـﺮ
ﺷﺪن آن ﻣﻲﺑﺎﺷﺪ .اﻳﻦ ﻣﻮﺿﻮع در ﺷﻜﻞ  3ﺑﻪ روﺷﻨﻲ ﻗﺎﺑﻞ ﻣﺸﺎﻫﺪه اﺳﺖ.
160
180

140

90

ﺵﺴﺘﻪ

28

120

ﻧﺸﺴﺘﻪ
7

80

2

ﻡﻘﺎوﻡﺖ ﻓﺸﺎرﯼ kg/cm

100

60
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20

0
150

140

130

120

110

100

90

80

70

60

3

ﻡﻴﺰان ﻡﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﯽ kg/m

ﺷﻜﻞ  -3ﻣﻘﺎﻳﺴﻪ ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺷﺴﺘﻪ و ﻧﺸﺴﺘﻪ

 3-1-3ﻣﻮاداﻓﺰودﻧﻲ
در ﻃــﺮح اﺧــﺘﻼط ﺳــﺪ ﺑــﺘﻦ ﻏﻠﺘﻜــﻲ زﻳــﺮدان از ﻣــﻮاداﻓﺰودﻧﻲ  ChrysoPlast CERو  Conplast RP264Mو
 ChrysoTard CHRاﺳﺘﻔﺎده ﺷﺪ ﻛﻪ ﻃﺮﺣﻬﺎي ﺣﺎوي اﻓﺰودﻧﻲ ﻣﻨﺘﺨﺐ )ﻧﻮع  Dﻣﻄﺎﺑﻖ اﺳـﺘﺎﻧﺪارد)ASTM C494
ﺣﺪود  12درﺻﺪ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﺎﻻﺗﺮي ﻧﺴﺒﺖ ﺑﻪ ﻃﺮﺣﻬﺎي دﻳﮕﺮ ﻛﺴﺐ ﻛﺮدﻧـﺪ .در ﺷـﻜﻞ  4راﺑﻄـﻪ ﺑـﻴﻦ ﻣﻴـﺰان
ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري  180روزه ﻃﺮﺣﻬﺎ ﺑﺎ اﻓﺰودﻧﻴﻬﺎي ﻣﺨﺘﻠﻒ ﻧﺸﺎن داده ﺷﺪه اﺳﺖ .ﻫﻤﭽﻨﻴﻦ در ﻣﻮرد
ﻣﺨﻠﻮطﻫﺎي ﻛﻢ ﺳﻴﻤﺎن ،ﻛﺎرﺑﺮد ﻣﻮاد اﻓﺰودﻧﻲ روان ﺳﺎز ﺑﺎﻋﺚ ﻛﺎﻫﺶ در ﻣﻘﺪار آب )ﺑﺎ زﻣﺎن  Vebeﺛﺎﺑﺖ( ﻣﻲﺷـﻮﻧﺪ
وﻟﻲ ﺑﺎ وﺟﻮد ﻛﺎﻫﺶ در ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ،ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﻪ ﻃﻮر ﻣﺤﺴﻮﺳﻲ اﻓﺰاﻳﺶ ﻧﻤﻲﻳﺎﺑﺪ .ﻟﺬا در اﻳﻦ ﺣﺎﻟﺖ
دﻟﻴﻞ ﻋﻤﺪه ﺑﺮاي اﺳﺘﻔﺎده از روان ﺳﺎز ،ﻣﻲﺗﻮاﻧﺪ اﻓﺰاﻳﺶ رواﻧﻲ ﺟﻬﺖ ﻧﻴﻞ ﺑﻪ زﻣﺎن  Vebeﻣﻨﺎﺳﺐ و ﺑﻬﺒﻮد ﻳﻜﻨﻮاﺧﺘﻲ
ﺑﺘﻦ ﺑﺎﺷﺪ.
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200
180

ChrysoPlast CER Type D

180 day

160

Conplast RP264M Type D
140

Without Additive
100

2

ﻡﻘﺎوﻡﺖ ﻓﺸﺎرﯼ kg/cm

ChrysoTard CHR Type B
120
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3

ﻡﻴﺰان ﻡﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﯽ kg/m

ﺷﻜﻞ  -4ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻃﺮﺣﻬﺎي ﺑﺎ اﻓﺰودﻧﻲﻫﺎي ﻣﺘﻔﺎوت

 4-1-3ﻣﻘﺪار ﻣﺨﺘﻠﻒ ﻣﻮاد اﻓﺰودﻧﻲ
ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ اﻳﻨﻜﻪ ﺣﺪاﻛﺜﺮ ﻣﻴﺰان ﺗﻮﺻﻴﻪ ﺷﺪه از ﺳﻮي ﺳﺎزﻧﺪه اﻳﻦ ﻣﻮاد ﺣﺪود  0,8درﺻﺪ وزﻧﻲ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﻣﻲﺑﺎﺷـﺪ،
ﻋﻼوه ﺑﺮ دوزاج  ،0,6ﺳﻪ ﻃﺮح ﺑﺎ دوزاج  0,8ﻧﻴﺰ ﻛﺎر ﺷﺪ ﻛﻪ ﺑﺮاي ﻣﻘﺎﻳﺴﻪ آﻧﻬﺎ ﺑﺎ ﻳﻜﺪﻳﮕﺮ 4 ،ﻃﺮح ﻛﻪ زﻣﺎﻧﻬﺎي وﻳﺒـﻲ
آﻧﻬﺎ ﻧﺰدﻳﻚ ﺑﻪ ﻳﻜﺪﻳﮕﺮ اﺳﺖ ﺑﻪ ﻫﻤﺮاه ﻳﻚ ﻃﺮح ﻛﻪ زﻣﺎن وﻳﺒﻲ ﺑﺎﻻﻳﻲ دارد ،در ﺟﺪول  2آورده ﺷﺪه اﺳﺖ.
ﺟﺪول  :2ﻃﺮﺣﻬﺎي اﺧﺘﻼط ﺑﺎ دوزاج ﻣﺨﺘﻠﻒ ﻣﻮاداﻓﺰودﻧﻲ

داﻧﺴﻴﺘﻪ

ﺛﺎﻧﻴﻪ

)(kg/m3

kg/cm2
7

VP / VM
%

ﺗﺮاﻛﻢ

ﺳﻴﻤﺎن

ﻓﺸﺎري

ﻧﺴﺒﺖ آب ﺑﻪ

زﻣﺎن

ﻣﻴﺎﻧﮕﻴﻦ

ﻣﻘﺎوﻣﺖ

زﻣﺎن
وﻳﺒﻲ
ﺛﺎﻧﻴﻪ

15

2508

84.5

46.0

0.742

16

10~15

2501

97.6

46.2

0.750

20

10~12

2507

106.0

45.8

0.728

18

27~30

2517

108.9

45.5

0.714

45

10~12

2474

79.7

46.2

0.745

18

اﻓﺰودﻧﻲ
ﻧﻮع
درﺻﺪﺑﻪ ﻣﺠﻤﻮع
ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ
Conplast
RP264M
0.6
Chrysoplast
CER
0.6
Chrysoplast
CER
0.8
Conplast
RP264M
0.8
Conplast
RP264M
0.8

آب
آزاد

ﻧﺎم ﻃﺮح

)(kg/m3

118.7

R160-30-11

120.0

R160-30-12

116.5

R160-30-13

114.3

R160-30-14

119.2

R160-30-15

ﭼﻨﺎﻧﭽﻪ ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد ﺑﺎ اﻓـﺰاﻳﺶ دوزاج  Chrysoplastاز 0,6ﺑـﻪ  0,8درﺻـﺪ )ﻣﻘﺎﻳـﺴﻪ ﻃﺮﺣﻬـﺎي  12و  (13در
ﺷﺮاﻳﻂ ﻳﻜﺴﺎن ،ﺣﺪود  9درﺻﺪ اﻓﺰاﻳﺶ ﻣﻘﺎوﻣﺖ و  3درﺻﺪ ﻧﻴﺰ ﻛﺎﻫﻨﺪﮔﻲ آب ﺑﻴـﺸﺘﺮ ﺣﺎﺻـﻞ ﺷـﺪه اﺳـﺖ .وﻟـﻲ ﺑـﺎ
اﻓﺰاﻳﺶ دوزاج  Conplastﺑﺮﻋﻜﺲ ﺷﺎﻫﺪ ﻛﺎﻫﺶ در ﻣﻘﺎوﻣﺖ ﻫﺴﺘﻴﻢ .ﻧﻜﺘﻪ ﻗﺎﺑﻞ ﺗﻮﺟﻪ ﻣﻘﺎوﻣﺖ ﻳﻜﺴﺎن در دو ﻃـﺮح
ﺷﻤﺎره  13و  14ﺑﺎ زﻣﺎﻧﻬﺎي وﻳﺒﻲ ﻣﺘﻔﺎوت اﺳﺖ ﻛﻪ ﻣﺒﻴﻦ ﻣﻘﺎوﻣﺖ ﺑﺎﻻﺗﺮ اﻓﺰودﻧﻲ  Chrysoplastدر ﺷﺮاﻳﻂ ﻳﻜـﺴﺎن
ﻣﻲﺑﺎﺷﺪ ﻛﻪ اﻳﻦ ﻣﺴﺌﻠﻪ در ﻃﺮﺣﻬﺎي ﺣﺎوي  0,6درﺻﺪ ﻣﻮاد ﻣﺬﻛﻮر ﻧﻴﺰ ﺑﻪ وﺿﻮح دﻳﺪه ﺷﺪ.
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 5-1-3ﻣﻘﺎدﻳﺮ ﻣﺨﺘﻠﻒ ﭘﻮزوﻻن
ﺑﺎ ﺛﺎﺑﺖ ﺑﻮدن ﻣﺠﻤﻮع ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ،اﻓﺰاﻳﺶ ﭘﻮزوﻻن ﻛﺎرآﻳﻲ را ﺑﺎﻻ ﺧﻮاﻫﺪ ﺑﺮد .ﺑﺪﻳﻦ ﻣﻨﻈـﻮر ﻋـﻼوه ﺑـﺮ ﻃﺮﺣﻬـﺎي
ﺣﺎوي  30درﺻﺪ ﭘﻮزوﻻن ،ﻃﺮﺣﻬﺎﻳﻲ ﻧﻴﺰ ﺑﺎ  35و  40درﺻﺪ ﭘﻮزوﻻن ﺳﺎﺧﺘﻪ ﺷﺪ.
راﺑﻄﻪ ﺑﻴﻦ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري )ﺷﻜﻞ  (5و ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن و ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑـﺎ ﻣﻘﺎوﻣـﺖ )ﺷـﻜﻞ(6
ﺑﻴﺎﻧﮕﺮ ﻣﻨﺎﺳﺒﺘﺮ ﺑﻮدنِ ﻋﻤﻠﻜﺮد ﻃﺮﺣﻬﺎي ﺣﺎوي  30درﺻﺪ ﭘﻮزوﻻن اﺳﺖ.
140

30% Pozzolan

120

35% Pozzolan

7روزﻩ

40% Pozzolan

28روزﻩ
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ﻡﻘﺎوﻡﺖ ﻓﺸﺎرﯼ kg/cm
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ﺷﻜﻞ  -5راﺑﻄﻪ ﺑﻴﻦ ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري
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ﻡﻘﺎوﻡﺖ ﻓﺸﺎرﯼ kg/cm2
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ﻧﺴﺒﺖ ﺁب ﺑﻪ ﺳﻴﻤﺎن

ﺷﻜﻞ  -6ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن و ﻣﻮاد ﺳﻴﻤﺎﻧﻲ ﺑﺎ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري

 6-1-3ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻏﻴﺮﻣﺴﺘﻘﻴﻢ
در زﻣﺎن ﺳﺎﺧﺖ ﻧﻤﻮﻧﻪﻫﺎي اﺳﺘﻮاﻧﻪاي ﺟﻬﺖ اﻧﺠﺎم آزﻣﺎﻳﺸﺎت ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻧﻤﻮﻧﻪﻫـﺎﻳﻲ ﻧﻴـﺰ ﺑـﻪ ﻣﻨﻈـﻮر ﺑﺮرﺳـﻲ
ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻃﺮحﻫﺎي اﺧﺘﻼط ﻧﻴﺰﮔﺮﻓﺘﻪ ﺷﺪ ﻛﻪ ﻣﻘﺎدﻳﺮ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﺑﺮﺧـﻲ ﻧﻤﻮﻧـﻪﻫـﺎي ﺑـﺎ ﻣﻴـﺰان ﻣـﺼﺎﻟﺢ
ﺳﻴﻤﺎﻧﻲ ﺑﻴﺸﺘﺮ از  150ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ در ﺳﻨﻴﻦ  90 ،28 ،7و  180روزه آﻧﻬـﺎ در ﺷـﻜﻞ  7ﻧـﺸﺎن داده ﺷـﺪه
اﺳﺖ .ﻧﺘﺎﻳﺞ ﻧﺸﺎندﻫﻨﺪه اﻳﻦ اﺳﺖ ﻛﻪ ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻏﻴﺮﻣﺴﺘﻘﻴﻢ در ﻃﺮﺣﻬﺎي ﻣﺨﺘﻠﻒ ﺣـﺪود  10اﻟـﻲ  11درﺻـﺪ
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ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻣﻲﺑﺎﺷﺪ.
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ﻡﻘﺎوﻡﺖ ﮐﺸﺸﯽ kg/cm

C+P 170 kg/m3
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28

ﺳﻦ)روز(

7

ﺷﻜﻞ  -7ﻣﻘﺎوﻣﺖ ﻛﺸﺸﻲ ﻏﻴﺮ ﻣﺴﺘﻘﻴﻢ ﻃﺮﺣﻬﺎي اﺧﺘﻼط

 2-3ﻣﺮﺣﻠﻪ دوم
ﭘﺲ از اﺧﺬ ﻧﺘﺎﻳﺞ ﻃﺮﺣﻬﺎي ﻣﺮﺣﻠﻪ اول ،ﺳﺎﺧﺖ ﻃﺮﺣﻬﺎي ﻧﻬﺎﻳﻲ ﺑﺎ زﻣﺎن وﻳﺒـﻲ واﻗﻌـﻲ  14ﺗـﺎ  24ﺛﺎﻧﻴـﻪ آﻏـﺎز ﺷـﺪ.
ﻫﻤﭽﻨﻴﻦ از ﻃﺮﺣﻬﺎي ﻣﺮﺣﻠﻪ اول ﺑﺮاي ﻣﻘﺎﻳﺴﻪ ﺣﺎﻻت ﻣﺨﺘﻠﻒ )ﺷﺴﺘﻪ وﻧﺸﺴﺘﻪ ،اﻓﺰودﻧﻲﻫـﺎ و درﺻـﺪﻫﺎي ﻣﺨﺘﻠـﻒ
ﭘﻮزوﻻن( اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ .در ﺷﻜﻞ  8ﺿﺮﻳﺐ ﺑﺎزده ﻧﻤﻮﻧﻪﻫﺎي ﻣﺨﺘﻠﻒ اراﺋﻪ ﺷﺪه اﺳﺖ.
1,4
1,2
ﺿﺮیﺐ ﺑﺎزدﻩ )(kg/cm2)/(kg/m3
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ﻡﻴﺰان ﻡﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﯽ kg/m3

ﺷﻜﻞ  -8ﺿﺮﻳﺐ ﺑﺎزده ﻃﺮﺣﻬﺎي ﻣﺮﺣﻠﻪ دوم

ﻫﻤﭽﻨﻴﻦ در ﺷﻜﻞ  9راﺑﻄﻪ ﺑﻴﻦ ﻣﻘﺪار ﻣﺼﺎﻟﺢ ﺳﻴﻤﺎﻧﻲ ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻣﻘﺎوﻣﺖ  28 ،7و  90روزه ﻃﺮﺣﻬﺎ آورده ﺷﺪه اﺳﺖ.
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ﺷﻜﻞ  -9راﺑﻄﻪ ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن و ﻣﻘﺎوﻣﺖ ﻓﺸﺎري

ﻡﻘﺎوﻡﺖ ﻓﺸﺎرﯼ kg/cm
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 -4ﻧﺘﻴﺠﻪ ﮔﻴﺮي و اﻧﺘﺨﺎب ﻃﺮح اﺧﺘﻼط ﺑﻬﻴﻨﻪ
 -1وزن ﻣﺨﻠﻮط ﻃﺮحﻫﺎ در ﻣﺤﺪوده  2280ﺗﺎ  2480ﻛﻴﻠﻮ ﮔﺮم ﺑﺮ ﻣﺘﺮ ﻣﻜﻌﺐ ﻗﺮار داﺷﺘﻨﺪ.
 -2ﺑﺨﺶ رﻳﺰداﻧﻪ ﺳﻨﮕﺪاﻧﻪﻫﺎي  0-5ﻣﻴﻠﻲ ﻣﺘﺮﻋﻤﻠﻜﺮد دوﮔﺎﻧﻪ اي دارﻧﺪ .ازﻃﺮﻓﻲ اﻣﻜـﺎن اﺳـﺘﻔﺎده از ﺳـﻨﮕﺪاﻧﻪﻫـﺎي
درﺷﺖ ﺗﺮ ﺑﺪون آﻧﻜﻪ ﺟﺪاﺷﺪﮔﻲ داﻧﻪﻫﺎ در ﻣﺨﻠﻮط رخ دﻫﺪ را ﻣﻴﺴﺮ ﻣﻲﺳﺎزد و از اﻳﻦ ﻃﺮﻳﻖ ﻣﻘﺎوﻣﺖ ﺑﺘﻦ را اﻓﺰاﻳﺶ
ﻣﻲدﻫﻨﺪ و از ﻃﺮف دﻳﮕﺮ ﻣﺎﻧﻊ ﭘﻮﺷﺶ ﻛﺎﻣﻞ داﻧﻪﻫﺎي درﺷﺖ ﺗﺮ ﺗﻮﺳﻂ ﺳـﻴﻤﺎن ﺷـﺪه و از اﻳـﻦ ﻃﺮﻳـﻖ ﻣﻘﺎوﻣـﺖ را
ﻛﺎﻫﺶ ﻣﻲدﻫﻨﺪ.
 -3در ﻣﺨﻠﻮطﻫﺎي ﻛﻢ ﺳﻴﻤﺎن ،ﻛﺎرﺑﺮد ﻣﻮاد اﻓﺰودﻧﻲ روان ﺳﺎز ﺑﺎﻋﺚ ﻛﺎﻫﺶ در ﻣﻘـﺪار آب )ﺑـﺎ زﻣـﺎن  vebeﺛﺎﺑـﺖ(
ﻣﻲﺷﻮﻧﺪ وﻟﻲ ﺑﺎ وﺟﻮد ﻛﺎﻫﺶ در ﻧﺴﺒﺖ آب ﺑﻪ ﺳﻴﻤﺎن ،ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﻪ ﻃﻮر ﻣﺤﺴﻮﺳﻲ اﻓﺰاﻳﺶ ﻧﻤﻲﻳﺎﺑﺪ .ﻟـﺬا در
اﻳﻦ ﺣﺎﻟﺖ دﻟﻴﻞ ﻋﻤﺪه ﺑﺮاي اﺳﺘﻔﺎده از روان ﺳﺎز ،ﻣﻲﺗﻮاﻧﺪ اﻓﺰاﻳﺶ رواﻧﻲ ﺟﻬﺖ ﻧﻴﻞ ﺑﻪ زﻣﺎن  vebeﻣﻨﺎﺳﺐ و ﺑﻬﺒـﻮد
ﻳﻜﻨﻮاﺧﺘﻲ ﺑﺘﻦ ﺑﺎﺷﺪ.
 -4ﻧﻔﻮذﭘﺬﻳﺮي ﻣﺨﻠﻮطﻫﺎي  RCCﺑﻪ اﻧﺪازه ﻣﺨﻠﻮطﻫﺎي ﺑـﺘﻦ ﻣﻌﻤـﻮﻟﻲ و ﻳـﺎ ﺣﺘـﻲ ﭘـﺎﻳﻴﻦ ﺗـﺮ ﻣـﻲﺑﺎﺷـﺪ] [15ﻛـﻪ
آزﻣﺎﻳﺸﺎت ﺻﻮرت ﮔﺮﻓﺘﻪ ﻧﻴﺰ دﻻﻟﺖ ﺑﺮ اﻳﻦ ﻣﻮﺿﻮع دارد.
 -5اﺳﺘﻔﺎده از ﭘﻮزوﻻﻧﻬﺎ در ﺑﺘﻦ ﻫـﻢ اﻗﺘـﺼﺎدي و ﻫـﻢ ﻣﻨﺠـﺮ ﺑـﻪ اﺻـﻼح ﺧـﺼﻮﺻﻴﺎت ﺑـﺘﻦ ﺗـﺎزه و ﺳـﺨﺖ ﺷـﺪه
ﻣﻲﺷﻮد] [16ﻛﻪ در آزﻣﺎﻳﺸﺎت اﻧﺠﺎم ﮔﺮﻓﺘﻪ ﻧﻴﺰ ﺑﻬﺒﻮد و رﺷﺪ ﺧﺼﻮﺻﻴﺎت ﺑﺘﻦ ﻏﻠﺘﻜﻲ ازﺟﻤﻠﻪ در ﻛﺎرﭘﺬﻳﺮي ،ﻣﻘﺎوﻣـﺖ
ﻓﺸﺎري ،ﻣﻘﺎوﻣﺖ ﺳﺎﻳﺸﻲ و ﻣﺴﺎﻳﻞ ﺣﺮارﺗﻲ و ﺟﻤﻊ ﺷﺪﮔﻲ ﻣﺸﺎﻫﺪه ﺷﺪ.
 -6ﺟﺎﻳﮕﺰﻳﻨﻲ ﺳﻴﻤﺎن ﺑﺎ  30درﺻﺪ ﭘﻮزوﻻن زﻣﺎﻧﻴﻜﻪ اﻳﻦ ﻣﻘﺪار ﺑﻪ ﺣﺎﻟﺖ ﺑﻬﻴﻨﻪ در ﻣﺨﻠـﻮط ﺑﺎﺷـﺪ ﻣﻨﺠﺮﺑـﻪ ﺑـﺎﻻﺗﺮﻳﻦ
ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﺑﺘﻦ ﻏﻠﺘﻜﻲ در ﺳﻦ  90روزه ) 139ﻛﻴﻠـﻮﮔﺮم ﺑﺮﻣﺘﺮﻣﻜﻌـﺐ( ﻣـﻲﺷـﻮد] .[17درﺗﺤﻘﻴﻘـﻲ ازآﺗـﻴﺲ و
ﻫﻤﻜﺎراﻧﺶ ﺑﻪ ﺟﺎﻳﮕﺰﻳﻨﻲ ﺑﻬﻴﻨﻪ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي در ﺣﺪود  25اﻟﻲ  35درﺻﺪ وزﻧﻲ ﺳﻴﻤﺎن در ﻣﺨﻠﻮطﻫﺎي ﺑﺘﻨﻲ دﺳـﺖ
ﻳﺎﻓﺘﻨﺪ] .[18ﻛﻪ در ﻣﻄﺎﻟﻌﻪ ﺻﻮرت ﮔﺮﻓﺘﻪ ﻧﻴﺰ ﺑﺎ ﻛﺴﺐ ﻣﻘﺎوﻣﺖ ﻓﺸﺎري ﻃﺮح اﺧـﺘﻼط ﺑﻬﻴﻨـﻪ در ﺳـﻦ  90روزه )133
ﻛﻴﻠﻮﮔﺮم ﺑﺮﻣﺘﺮﻣﻜﻌﺐ( دﻻﻟﺖ ﺑﺮﻋﻤﻠﻜﺮد ﻣﻨﺎﺳﺐ ﭘﻮزوﻻن ﺧﺎش دارد.
 -7ﻣﻘﺎوﻣﺖ ﺳﺎﻳﺸﻲ و ﻓﺮﺳﺎﻳﺸﻲ ﺑﺘﻨﻬﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺧﺎﻛﺴﺘﺮ ﺑﺎدي و ﺳﻴﻤﺎنﻫﺎي ﭘﺮﺗﻠﻨﺪ ﭘﻮزوﻻﻧﻲ ﺑﻪ ﻣﺮاﺗﺐ
ﺑﻬﺘﺮ از ﺑﺘﻨﻬﺎي ﺳﺎﺧﺘﻪ ﺷﺪه ﺑﺎ ﺳﻴﻤﺎن ﭘﺮﺗﻠﺘﺪ ﻣﻌﻤﻮﻟﻲ ﻣﻲﺑﺎﺷﻨﺪ] [19ﻛﻪ اﻳﻦ اﺛﺮات در ﺗﺤﻘﻴﻖ ﺻﻮرت ﮔﺮﻓﺘﻪ ﻧﻴﺰ ﻣﺸﺎﻫﺪه ﺷـﺪه
اﺳﺖ.

 -8ﺑﺎ ﺗﻮﺟﻪ ﺑﻪ ﻧﺘﺎﻳﺞ ﺑﻪ دﺳﺖ آﻣﺪه و ﺑﺮاي رﺳﻴﺪن ﺑﻪ ﻣﻘﺎوﻣﺖ ﻣﺸﺨﺼﻪ ﻃﺮح ) 125ﻛﻴﻠﻮﮔﺮم ﺑﺮ ﺳـﺎﻧﺘﻴﻤﺘﺮ ﻣﺮﺑـﻊ در
ﺳﻦ  180روز( ،ﻃﺮح اﺧﺘﻼط ﺑﺎ ﻣﺸﺨﺼﺎت زﻳﺮ اﻧﺘﺨﺎب ﮔﺮدﻳﺪ.
ﻣﻘﺎوﻣﺖ ﻓﺸﺎري

داﻧﺴﻴﺘﻪ

kg/cm2

180روزه

90روزه

 28روزه

7روزه
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95

65

Kg/m3
2475

زﻣﺎن
وﻳﺒﻲ
ﺛﺎﻧﻴﻪ
15

ﻧﺴﺒﺖ
ﺣﺠﻢ ﺧﻤﻴﺮ
ﺑﻪ ﻣﻼت
%
43

ﺣﺠﻢ

ﺣﺠﻢ

ﻣﻼت

ﺧﻤﻴﺮ

ﻧﺴﺒﺖ ﺣﺠﻤﻲ )درﺻﺪ(
49

21

ﻣﻴﺰان
ﻣﺼﺎﻟﺢ
ﺳﻴﻤﺎﻧﻲ
Kg/m3
120

ﺗﺸﻜﺮ و ﻗﺪرداﻧﻲ
ﺑﺪﻳﻨﻮﺳﻴﻠﻪ از ﻣﻬﻨﺪس ﻣﺤﺴﻦ ﺟﻌﻔﺮﺑﻴﮕﻠﻮ و ﺗﻜﻨﺴﻴﻨﻬﺎي آزﻣﺎﻳﺸﮕﺎه ﺑﺘﻦ ﺷﺮﻛﺖ ﺟﻬﺎن ﻛﻮﺛﺮ )ﭘﻴﻤﺎﻧﻜﺎر ﺳﺪ زﻳﺮدان( ﻛﻪ
در ﻛﻠﻴﻪ ﻣﺮاﺣﻞ ﺳﺎﺧﺖ ﻣﺨﻠﻮﻃﻬـﺎي ﺑـﺘﻦ و اﻧﺠـﺎم آزﻣﺎﻳـﺸﻬﺎ ،ﺻـﻤﻴﻤﺎﻧﻪ ﻫﻤﻜـﺎري ﻓﺮاواﻧـﻲ را ﻣﺒـﺬول داﺷـﺘﻪ اﻧـﺪ
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.ﺳﭙﺎﺳﮕﺰاري و ﻗﺪرداﻧﻲ ﻣﻲﺷﻮد
ﻣﺮاﺟﻊ
، ﭘﺎﻳﺎن ﻧﺎﻣﻪ ﻛﺎرﺷﻨﺎﺳﻲ ارﺷﺪ داﻧﺸﮕﺎه ﺻﻨﻌﺘﻲ ﺷـﺮﻳﻒ،« »ﻃﺮاﺣﻲ و ﺳﺎﺧﺖ ﺳﺪﻫﺎي ﺑﺘﻦ ﻏﻠﺘﻜﻲ. داودرﺿﺎ، ﻋﺮب.1
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ABSTRACT
It has been found that physical properties of concrete, particularly strength and
permeability significantly depend on its pore structure. Ultra fine particles of nanoSiO2 fill the voids of CSH structure and provide more homogenous distribution of
hydrated products. This effect of nano-SiO2 enhances the durability of cement
composites as well as the strength. In this paper, influence of nano-SiO2 on
different properties of cement mortar was investigated in comparison with silica
fume (SF) as a well-known active pozzolan. Different amounts of nano-SiO2 (0,
1%, 3%, 5%, 7%and 9%) were incorporated into the ordinary cement mortar.
Mechanical properties, shrinkage, water absorption of the specimens were
determined. Results showed that the optimal content of Nano-SiO2 in plain cement
mortar was around 7%. Nano-SiO2 particles were more effective in developing
higher mechanical strength and lower water absorption than that of SF. Yet the
mortar containing nano-SiO2 experienced higher shrinkage than that of SF mortar.
Keywords: cement mortar, mechanical properties, nano-SiO2, silica fume,
shrinkage
1. INTRODUCTION
High strength concrete and mortar with high strength and durability properties
offer many advantages. They have been gradually replacing normal strength
concrete due to their improved mechanical characteristics and low permeability.
With such outstanding characteristics they can be utilized in structure, exposed to
severe loading or influenced by environmental conditions, for instance large
bridges and offshore constructions [1,2].
Silica fume has been widely used as a supplementary cementing material for
producing high performance concrete. It is used to enhance the strength and
durability of concrete. It has been reported that use of SF as a cement replacement
increased sulfate and acid resistance and decreased chloride permeability of
concrete. When SF is added to cement/concrete, it acts as a filler to fill the gaps
between cement particles resulting in finer pore structure. Also more CSH gel can
be formed in SF concrete due to the reaction that occurs between the silica in SF
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and the Ca(OH)2 in hydrating cement (pozzolanic reaction)[3,4].
Recently with the help of advanced nanotechnology developments, nano-SiO2 with
finer particles size and higher pozzolanic activity has been introduced. Studies have
shown that incorporating nano-SiO2 into cement based materials improved
mechanical properties of the products. Qing Ye [5] reported that nano-SiO2
improved the bond strength of paste-aggregate interface. Additional studies have
also concluded that pozzolanic activity of nano-SiO2 was much greater than that of
silica fume [6]. The abrasion resistance of concrete containing nano-SiO2 was
studied by Hui Li [7]. He suggested that nano-SiO2 was valuable for enhancing
abrasion resistance of pavement. Gengig Li [8] showed that nano-SiO2 added to
high-volume fly ash high-strength concrete could improve short and long term
strengths. K. Lin [9] reported that nano-SiO2 particles could potentially improve
the negative influences caused by sewage sludge ash (SSA) replacement mortar. It
has been found that when nano-SiO2 particles are uniformly dispersed in cement
paste they will accelerate cement hydration due to their high activity [10].
Owing to the unique properties of nano-SiO2 it seems that it has a potential to be
utilized in production of high strength concrete. Hence more assessments are
necessary to ensure usage possibility of nano-SiO2 in cement based materials.
Accordingly, in the present experimental study, Nano-SiO2 particles were
incorporated into ordinary cement mortar and compressive strength, flexural
behavior, water absorption and shrinkage of these composites were investigated.
Results were compared with mortar containing 10% silica fume.
2. MATERIALS AND METHOD
Materials: In this study, ordinary Portland cement type I, silica fume, nano-SiO2
particles and tap water were used. SF used in this experiment contained 91.1%
SiO2 with average particles size of 7.38 µm. The chemical compositions of SF and
cement were analyzed using an X-ray microprobe analyzer and listed in Table 1. In
order to achieve the desire fluidity and better dispersion of nano particles, a
polycarboxylate ether based superplastisizer was incorporated into all mixes.
Natural river sand was used with the fraction of sand passing through 1.18 mm
sieve and retaining on 0.2mm. The specific gravity of sand was 2.51 gr/cm3. Basic
material properties of nano-SiO2 are given in Table 2.
Table 3: Chemical composition of cement and silica fume
Chemical compositions (%)
Items
L.O.I SO3 MgO CaO Fe2O3 AL2O3 SiO2
1.35
4.8
61.5
2.76
3.68
21.5
O.P.C.
2.1
0.45
.6
2.24
2
1.55
91.1
S.F.

Item
Target

Table 2: Basic material properties of nano-SiO2
Diameter (nm) PH value
Composition (mass%)
50

10

SiO2(30%) + H2O(70%)
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No
NS0
NS1
NS3
NS5
NS7
NS9
SF10

Table 4: Mix proportion of the specimens
% Content ( by weight )
Sand/Binder Water/Binder
O.P.C.
N.S.
S.F.
2.75
0.5
100
0
2.75
0.5
99
1
2.75
0.5
97
3
2.75
0.5
95
5
2.75
0.5
93
7
2.75
0.5
91
9
2. 75
0.5
90
0
10

Methods: Cement mortars containing SF or nano-SiO2 were prepared with the
same flowing capacity through the adjustment of superplastisizer (Table 3). The
water/binder and sand/binder ratios of all mixtures were 0.5 and 2.75 respectively,
where the binder weight is the total weight of cement, SF or nano-SiO2. The
amount of SF replacement in mortar (SF mortar) was fixed at 10% which is an
acceptable range and is used most often. In order to achieve the desired properties,
it is essential to disperse nano particles uniformly. Accordingly, mixing was carried
out in a rotary mixer as follows:
1. The nano-SiO2 particles were stirred with 90% of mixing water at high speed
and for about 1 min.
2. The Cement and SF were premixed for 30 s. Then dry mixed cement and SF
were added to the mixture. After adding, the mixer was allowed to run for 1
min at medium speed.
3. The sand was gradually added at 30s while the mixer was running at medium
speed.
4. The superplastisizer and remaining water were added and stirred at high speed
for 30s.
5. The mixture was allowed to rest for 90s. Then mixing was continued for 2 min
at high speed.
After mixing, the samples were cast into the 50×50×50 mm cubes for compressive
and water absorption tests and 50×50×200 beams for flexural and shrinkage tests.
The compressive samples were placed in two layers. Each layer was temped 32
times in about 10s using a hard rubber mallet following the procedure of ASTM C109 [11]. The flexural samples also were placed in two layers and each layer was
tamped 12 times in 4 rounds as per ASTM C-348 [12]. After 24 hours the
specimens were removed from the molds and cured in water at 23±2 °C for 7, 28, 60
and 90 days. The specimens were tested using a hydraulic testing machine under
load control at 1350 N/s for compressive test and 44N/s for flexural test. The
absorption test was carried out on two 50 mm cubes. Saturated surface dry
specimens were kept in an oven at 110°C for 72 h. After measuring the initial
weight, specimens were immersed in water for 72h. Then the final weight was
measured and the absorption was reported to assess the mortar permeability of
mortar in this study.
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3. RESULTS AND DISCUSSION
Compressive strength: Figure 1 shows the variation in the compressive strength
of mortars. It can be seen that the compressive strength of cement mortar with
nano-SiO2 is higher than that of plain cement mortar and gradually increases with
an increase in the amount of nano-SiO2. It is obvious that increase in the nano-SiO2
content beyond 7% did not change the compressive strength significantly. It is
found that large amounts of nano-SiO2 decrease the compressive strength of the
composites instead of improving it. Because when the content of nano-SiO2 is
large, nano particles are difficult to disperse uniformly. Therefore, they create a
weak zone in the form of voids, consequently the homogeneous hydrated
microstructure can not be formed and a lower strength will be probable [13]. Also
it can be observed that the compressive strength of the specimens containing 5%,
7% and 9% nano-SiO2 (Mixtures NS5, NS7, NS9) are higher than that of the SF
mortar. This indicates that nano-SiO2 has a higher pozzolanic activity and is more
valuable in reinforcement of mortar than that of SF.

Compressive strength (MPa)
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Figure 1. Compressive strength of different cement mortars

Flexural strength: Flexural strength test results are shown in Figure 2. Results
show that nano-SiO2 is more effective in developing flexural strength than that of
SF. From the results it can be concluded that the optimum nano-SiO2 content in
ordinary cement mortar ranges between 5% and 7%.
Two fundamental mechanisms can be deduced for strength enhancement by nano-SiO2:
1) Strength enhancement by matrix densification and paste-aggregate interfacial
zone refinement
2) Strength enhancement by reduction in the content of Ca (OH) 2.
The first strengthening mechanism is called the filler effect. The micro filling
effect of nano-SiO2 is one of the important factors for the development of dense
concrete/mortar with very high strength, because small amount of air content
significantly decreases the strength of the mortar. Nano-SiO2 particles, due to their
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small size act as a filler to fill into the interstitial spaces inside the skeleton of
hardened microstructure of cement paste to increase its density as well as the
strength [14]. The filling effect of nano-SiO2 is also valuable for generating strong
transition zone. It has been reported that the microstructure of the transition zone
between cement paste and aggregates strongly influences the strength and
durability of concrete [15]. Nano-SiO2 particles reduce the wall effect in the
transition zone between the paste and the aggregate and strengthen this weaker
zone due to the higher bond between those two phases. It should be mentioned that
the silica fume causes reduction in the volume of large pores and increases the
mortar strength too, but as the size ratio between filler and the aggregates is one of
the main parameters that strongly affects the strengthening caused by filling effect,
and thanks to the high size ratio between nano-SiO2 and cement grains, the filling
effect of nano-SiO2 particles is more obvious. The second strengthening
mechanism is the pozzolanic activity. Pozzolans are defined as siliceous or
siliceous and aluminous materials that in themselves possess little or no cementing
property but in finely dispersed form in the presence of moisture chemically react
with calcium hydroxide at ordinary temperature to form compound possessing
cementitious properties. Two major products of cement hydration are calcium
silicate hydrate (CSH) and calcium hydroxide (CH) respectively. Calcium silicate
hydrate which is produced by hydration of C3S and C2S plays a vital role in
mechanical characteristics of cement paste. Whereas calcium hydrate which is also
formed by hydration of cement does not have any cementing property. It contains
about 20-25% of the volume of the hydration products. Calcium hydrates due to
their morphology are relatively weak and brittle. Cracks can easily propagate
through regions populated by them, especially at the aggregate cement paste matrix
interface [16]. Nano-SiO2 reacts with Calcium hydrates formed during hydration of
cement rapidly and produces calcium silicate hydrate with cementitious properties
which is beneficial for enhancement of strength in concrete/mortar.
9
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Figure 2. Flexural strength of different cement mortars
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Both nano-SiO2 and SF belong to pozzolanic materials, however results showed
that the pozzolanic activity of nano-SiO2 was much greater than that of SF. A
possible reason for this observation could be nucleation effect. Nano-SiO2 due to
its high specific surface serves additional nucleation sites for precipitation of the
hydration products whereby chemical reactions are accelerated [17]. Moreover it
has been suggested that the surface of pozzolan can adsorb many Ca+2 ions and that
lowering of the concentration of the calcium ions accelerates the rate of dissolution
of C3 S that increases the rate of hydration [18]. Owing to the higher specific
surface of nano particles they adsorb more Ca+2 ions and accelerate the rate of
hydration more effectively.
0.07
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Figure 4. Shrinkage behavior of different cement mortars

Shrinkage: Shrinkage is a common phenomenon generally encountered in almost
every cementitious product due to contraction of total mass upon loss of moisture.
It is sometimes accompanied by development of cracks specially in such members
whose surface area to volume ratio is large [19,20]. These cracks serve as conduits
for salt and water. The saline solution comes in contact with reinforcing steel and
promotes corrosion. Corrosion causes expansion of steel and inevitably pop-outs
occur in the concrete cover, Thereby reducing the strength and service life of the
concrete [21]. In view of the importance of the volume changes due to shrinkage
this section is devoted to the study of the influence of nano-SiO2 on the drying
shrinkage of ordinary mortars. Prismatic specimens with 50×50×200 mm
dimensions were prepared. The first measurement was taken using a length
comparator with a precision of 2µm after 24 h of mixing, while the rest of
measurements were taken at different ages of 3, 7, 14, 21, 28, 35, 42 days. The
specimens were cured in the laboratory environment. The average temperature in
the laboratory was 27±3 °C. The shrinkage behavior of mortars containing different
amounts of nano-SiO2 in comparison with SF mortar is presented in Figure 3.
Results showed that both SF mortar and mortar containing nano-SiO2 experienced
higher shrinkage than that of ordinary cement mortar. Moreover it can be seen that
the drying shrinkage of mortars with nano-SiO2 is higher than that of SF mortar
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and increases with increasing nano-SiO2 content. The increase in the drying
shrinkage of mortar containing nano-SiO2 might be due mainly to refinement of
pore size and increase of mesopores volume which is directly related with the
shrinkage due to self desiccation. Moreover nano-SiO2 particles act as an Activator
to accelerate cement hydration, therefore the degree of hydration increases as the
amount of nano-SiO2 increases and the autogenous shrinkage related to chemical
shrinkage also increases [22].
Water absorption: The absorption characteristics indirectly represent the porosity
through an understanding of the permeable pore volume and its connectivity [23].
In order to investigate the effect of nano-SiO2 particles on cement mortar
permeability, water absorption test was carried out at the curing age of 28 days.
The absorption values of mortars are listed in Table 4. It is clear that presence of
pozzolanic material in cement mortar decreased the water absorption value. NanoSiO2 was more effective in reduction of permeability than that of SF. The increase
of impermeability caused by nano-SiO2 can be attributed to two concomitant
phenomena:
i. Nano-SiO2 particles generate a large number of nucleation sites for the
hydration products and induce a more homogenous distribution of CSH and
hence less pore structure [24].
ii. Nano-SiO2 particles block the passages connecting capillary pores and
water channels in cement paste [25].
Table 5: Water absorption of mortars
Mixture
Water absorption (%)
NS0
6.12
NS3
5.11
NS5
4.35
NS7
4.23
SF10
5.18

4. CONCLUSIONS
An experimental study was carried out to investigate the effect of nano-SiO2 on the
physical and mechanical properties of mortar. Based on the experimental results,
following conclusions can be drawn:
1. Noticeable increase was observed in compressive and flexural strength of
ordinary cement mortar upon adding nano-SiO2, however high amounts of
nano-SiO2 had a negative effect on mechanical properties especially flexural
strength. From the results it can be concluded that the optimum nano-SiO2
content in ordinary cement mortar ranges between 5% and 7%.
2. The effect of nano-SiO2 on drying shrinkage of mortar was significant. The
mortar samples containing nano-SiO2 experienced higher values of drying
shrinkage compared to reference mortars. This effect was more prominent for
larger amounts of nano-SiO2.
3. The absorption characteristics which indirectly reflect the porosity showed that
nano-SiO2 particles decreased the water absorption of cement composites by
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pore filling and pozzolanic effects. Also it was observed that nano-SiO2
particles were more effective in the reduction of permeability than that of SF.
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ABSTRACT
It has been demonstrated that the fiber-matrix bond strongly affects the ability of
fibers to stabilize crack propagation in the matrix. As the bond between fiber and
matrix is mainly mechanical, it seems that incorporating nano-SiO2 (NS) into fiber
reinforced cement composites provides better bond with matrix through pore
refinement and better distribution of the hydrated products. Hence in this paper an
effort was made to study the effect of polypropylene (PP) fibers on mechanical
properties and shrinkage of mortar incorporating NS. Three fiber volume fractions,
0.1%, 0.3% and 0.5% were considered. Compressive and flexural strength, water
absorption and shrinkage of mortars were reported. Results showed that NS
improved mechanical and water absorption characteristics of mortars significantly.
It has been observed that the addition of NS fairly enhanced the fibers effectiveness
in improving the mechanical strength of mortars.
Keywords: mortar, nano-SiO2, compressive strength, flexural strength, shrinkage
1. INTRODUCTION
Nano-particles possess unique physical and chemical properties that can improve
the function and properties of many types of materials. Among the nano-particles,
nano silica have been used to improve the properties of cement based materials and
some efforts on excellent mechanical properties and microstructure of cement
composite with NS have been also reported. Studies have shown that application of
NS into the production of mortar and concrete can lead to improvement in
compressive strength, flexural behavior and abrasion resistance [1-4]. Therefore
NS can be applied in production of high performance concrete (HPC) which has
been gradually replacing normal strength concrete. As the rate of pozzolanic
reaction is proportional to the amount of surface available for reaction and owing
to the high specific surface of nano particles, they possess high pozzolanic activity
that consume calcium hydroxide (CH) which arrays in the interfacial transition
zone between hardened cement paste and aggregates and produce hydrated calcium
silicate (CSH) which enhances the strength of cement paste [5]. In addition, due to
nano scale size of particles, NS can fill the ultra fine pores in cement matrix. This
physical effect of the finer grains leads to reduction in porosity of transition zone in
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the fresh concrete. This mechanism strengthens the bond between the matrix and
the aggregates and improves the cement microstructure and properties.
Furthermore, it has been found that when the small particles of NS uniformly
disperse in the paste due to their high activity, they generate a large number of
nucleation sites for the precipitation of the hydration products which accelerates
cement hydration [6].
Polypropylene fibers have been widely used for the reinforcement of cementitious
materials to improve the toughness and energy absorption capability of matrix [7].
They were found to be extremely effective in reducing free plastic shrinkage, in
retarding first crack appearance and in controlling crack development [8].
Although effectiveness of PP fibers in shrinkage cracking, impact resistance and
ductility of cement matrices has been proved by many researchers, effect of PP
fibers on compressive and flexural strength is not quit clear [9]. Studies have
shown that there can be little or no chemical adhesion between the fiber and matrix
as a result of their chemical inertness [10]. It seems that smooth surface of PP
fibers intensifies this effect. Moreover, it has been suggested that the presence of
PP fibers in cement paste results in the formation of a water film at the interface of
fiber and matrix called wall effect. Due to greater mobility of calcium ions in a
water environment, portlandite (calcium hydroxide) macro crystals can easily grow
and make the transition zone more pores [11]. This phenomenon has a negative
impact on the bond between fiber and matrix. It is clear that in order to utilize the
maximum strength of the fiber and improve the composite properties, it is essential
to enhance the interfacial bond of pp fibers. It seems that the physical and chemical
effects of nano particles can be useful in reduction of wall effect between fiber and
matrix. Accordingly, present study focuses on the effect of NS on mechanical and
physical properties of fiber reinforced cement composite mortar.
2. EXPERIMENTAL PROCEDURE
Materials and mix proportions: The cement used in all mortar mixes was
ordinary Portland cement which corresponds to ASTM type 1. The chemical
analysis of Portland cement is shown in Table 1. NS in liquid form with the
average particles size of 50 nm was used in this study. In order to achieve desire
fluidity and better dispersion of nano particles, a polycarboxylate ether based
superplastisizer was utilized. The content of superplastisizer was adjusted for each
mixture to keep constant the fluidity of mortars. Ottawa sand conforming to
ASTM-C778 [12] was used for mortar preparation. Table 2 reveals the physical
properties of PP fibers. All specimens were fabricated with the water/binder and
sand/binder ratios of 0.5 and 2.75 respectively. The weight of binder was
considered equal to the sum of the weight of cement and NS.
In the initial stage of the present study a total of 6 batches of mortars were prepared
to find the optimum amount of NS in ordinary cement mortar (Table 3). According
to the initial stage results, in the second stage 0.1%, 0.3%, and 0.5% PP fiber
(Compared with the total mortar volume) were added to the ordinary and the
optimum mixtures selected in the initial stage with the purpose of evaluating the
influence of the PP fibers on the strength and shrinkage properties (Table 4). In all
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the tests, specimens without fiber were considered reference materials.
Table 6: Chemical compositions of cement
Items
Chemical compositions (%)
SiO2
21.5
AL2O3
3.68
2.76
Fe2O3
CaO
61.5
MgO
4.8
SO3
L.O.I
1.35
Table 2: Properties of polypropylene fiber
Property
Polypropylene
Unit weight (gr/cm3)
0.9-0.91
Reaction with water
Hydrophobic
Tensile strength (MPa)
300-400
Elongation at break (%)
100-600
Melting point
175
Thermal conductivity
0.12
(W/m/K)
Length (mm)
6

Test method: In order to achieve desire properties, it is essential to disperse NS
and PP fibers uniformly. Accordingly, mixing was carried out in a rotary mixer as
follows:
1. The NS particles were stirred with 90% of mixing water at high speed and for
about 1 min.
2. The specified amount of fiber was added and mixed for 2 min at medium
speed.
3. The cement was added and the mixer was allowed to run for 1 min at medium
speed.
4. The sand was gradually added at 30s while the mixer was running at medium
speed.
5. The superplastisizer and remaining water were added and stirred at high speed
for 30s.
6. The mixture was allowed to rest for 90s. Then mixing was continued for 2 min
at high speed.
Fresh mortar was cast into 50×50×50 mm cubes for compressive and water
absorption tests and 50×50×200 steel molds for flexural and shrinkage tests. The
specimens were tamped using a hard mallet to decrease the amount of the air bulbs.
After the feeding operation, each of the specimens was allowed to stand for 24 h.
Then the specimens were demolded and kept in water at 23±3 °C until they were
tested.
Compressive strength test was conducted in accordance with ASTM-C109 [13]
using a hydraulic testing machine under load control at 1350N/s. The three-point

1166 / A Method to Evaluate Seismic Demands of Low-Rise… –––––––––––––––––––––––

(i.e. center-point) loading flexural test was carried out with the span of 180mm and
at a loading rate of 44N/s. The flexural and compressive strength were determined
at 7, 28, 60 and 90 days of curing. Shrinkage test samples were cured in the
laboratory environment at 27±3 °C. Changes in the length of the mortar samples
were measured using a length comparator with the precision of 0.002mm. The first
measurement was taken after 24h of mixing, while the rest of the measurements
were taken at the ages of 3, 7, 14, 21, 28, 35 and 42 days. The water absorption test
was carried out at 28 days as follows: Saturated surface dry specimens were kept in
an oven at 110°C for 72 h. After measuring the initial weight, specimens were
immersed in water for 72h. Then the final weight was measured and the final
absorption was reported to assess the mortar permeability.
Table 3: Mix proportion of the specimens (initial stage)
Batch
No

Sand/Binder

Water/Binder

NS0
NS1
NS3
NS5
NS7
NS9

2.75
2.75
2.75
2.75
2.75
2.75

0.5
0.5
0.5
0.5
0.5
0.5

% Content ( by weight )
O.P.C.

N.S.

100
99
97
95
93
91

0
1
3
5
7
9

Table 4: Mix proportion of the specimens (second stage)
No

Sa/Bb

Wc/Bb

%Content(by
weight)
O.P.C

N.S

%PP
(Vol)

No

Sa/Bb

Wc/Bb

% Content
(by weight)
O.P.C

N.S

%PP
(Vol)

1

2.75

0.5

100

-

0

5

2.75

0.5

100

-

0.3

2

2.75

0.5

93

7

0

6

2.75

0.5

93

7

0.3

3

2.75

0.5

100

-

0.1

7

2.75

0.5

100

-

0.5

2.75

0.5

93

7

0.1

8

2.75

0.5

93

7

0.5

4

a: Sand

b: Binder (Cement +Nano-SiO2)

c: Water

3. EXPERIMENTAL INVESTIGATION AND RESULTS
Compressive strength: The compressive strength of cement mortars with different
dosages of NS at four ages are given in figure 1. It is clear that the compressive
strength of ordinary cement mortar increases with an increase in the amount of NS.
It can be seen that increasing the NS content from 7% to 9% didn’t improve the
compressive strength significantly. It seems that a large amount of NS even
decreases the strength. According to Hui Li [14] homogeneous hydrated
microstructure which is essential for the strength of cement matrix can not be
formed because nano particles can not be well dispersed. Strength enhancement of
NS can be attributed to reduction in the content of Ca(OH)2 which does not have
any cementing property and production of hydrated calcium silicate (CSH) that
plays a vital role in mechanical characteristics of cement paste [15,16]. NS
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particles also generate a large number of nucleation sites for the cement hydration
products making the paste microstructure more homogenous and improve its
strength and permeability [17]. In the view of the results above, cement mortar
with substitution of cement by 7% NS was selected as the optimum mixture. Figure
2 shows the compressive strength of fiber reinforced mortars. Results appearing in
this Figure indicate that PP fibers induce a slight modification in the compressive
strength. The compressive strength of mortar increased gradually at first with the
increase of fiber content but then decreased with the further increasing of fiber
content. Almost all the specimens containing 0.1% pp fiber by volume exhibited an
increase in compressive strength compared to the target specimens. A possible
reason for this may be that PP fibers act as crack arresters.

Compressive strength (MPa)

7 days

28 days

60 days

90 days

70
60
50
40
30
20
10
0
0

1

2

3

4

5

6

7

8

9

10

Dosage of nano-SiO2 in ordinary mortar

Figure 1. Compressive strength of ordinary mortars at different contents of nano-SiO2

Figure 2. Compressive strength of different mortar mixtures according to the PP
content

The uniformly distributed PP fibers reinforce the mortar against disintegration by
resisting further opening of initial cracks and disallowing the microcracks from
growing into macro cracks [18].
The strength development at 0.1% pp fiber addition varied depending upon the
nature of mixtures. The mortar containing 7% NS showed greater average
enhancement by 6.49% compared to plain cement mortar by 3.1%. At 0.3% fiber
addition, the compressive strength of plain cement mortar decreased contrary to
mortar containing 7% NS that still increased. It is obvious that increase in pp
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dosage beyond 0.3% decreases the compressive strength. This is understandable
because large contents of pp fibers are more difficult to disperse uniformly.
Therefore fibers form clusters and create more micro-defects in cement matrix
which inevitably reduces the compressive strength of mortar.

Figure 3. Flexural strength of different mortar mixtures according to the PP content

Flexural strength: The flexural strength of mortar specimens are presented in
Figure 3. Comparing the flexural strength of nonfibrous specimens revealed that
NS effectively increased the flexural strength of mortar. Results of fiber reinforced
specimens showed that the flexural strength in fiber reinforced mortars was slightly
higher than that of mortars without fibers. The values of flexural strength of cement
composites increased with increasing the fiber content until it reached an optimal
amount of 0.3% and then dropped to some lower value at 0.5%, however for
mortar containing NS a slight increase of flexural strength was observed beyond
0.3%. It should be noticed that presence of NS in cement matrix improved the
effectiveness of fibers in reinforcement of cement mortar. The microstructure of
cement paste at the interfacial between fiber and matrix is the most important
region influences of the fibers effectiveness. The addition of NS strengthens this
weak region through reduction of the internal porosity especially in the transition
layer by consumption of porous portlandite crystals which array in the interfacial
between fiber and matrix. Therefore, fiber/matrix contact area increases and higher
friction can be formed between the two. Typical flexural load deflection response
of different mixtures containing 0%, 0.1%, 0.3% and 0.5% PP fibers at 90 days are
represented in Figure 4. The test was controlled automatically by computer with a
constant cross head movement of 1mm/min. It was found from the figures that for
the unreinforced mortar, the materials demonstrated brittle behavior. The samples
fully fractured with increase of mid span deflection after peak load while fiber
reinforced mortar exhibited some what ductile behavior. A study of the loaddeflection graphs showed that mortar containing NS was obviously more brittle
than that of plain mortar, however integrating PP fibers somewhat compensated for
this shortage. A small effect was noted upon fiber volume fraction of 0.1% and a
relatively bigger increase was observed while increasing fiber content to 0.5%.
When cracks occur and propagate, fibers are able to bridge across the surface of the
cracks and prevent the crack face separation in the tension half of the reinforced
beam. The fibers sustain the load until they pullout from the matrix. This
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mechanism provides an additional energy-absorbing which leads to a stable
fracture process and higher fracture energy. The presence of NS enhanced the
efficiency of transforming load from matrix to fiber by increasing the friction
coefficient between fiber and composite matrix. Hence effect of pp fibers on postpeak resistance was more obvious for mortars containing NS.
Water absorption: The water absorption of specimens is shown in Table 5. A
study of the water absorption values of the unreinforced specimens revealed that
incorporating NS into cement mortar improved the water absorption properties of
the products. The reason for this observation is that the fine particles of pozzolan
block the channels connecting capillary pores in cement paste and generate more
homogenous distribution of CSH gel resulting in less pore structure and permeable
voids [19].
0

0.5

1

1.5

2

2.5

3

3.5

Load (N)

4500
4000
3500

4

4.5

5

Deflection (mm)

3000

0% fiber

2500

0.1% fiber
0.3% fiber

2000

0.5% fiber
1500
1000
500
0

Plain cement mortar
4500
4000
3500
3000

0.5
Load (N)

0

1

1.5

2

2.5

3

3.5

4

4.5

5

Deflection (mm)

0% fiber
0.1% fiber
0.3% fiber

2500

0.5% fiber

2000
1500
1000
500
0

Cement mortar containing 7% nano-SiO2

Figure 4. Flexural behavior (load-deflection) of different mixtures

Adding PP fibers changed the water absorption properties. The water absorption
values of the mixtures decreased at 0.1% fiber content. It was observed that
increasing the fiber percentage increased the water absorption of cement mortars.
The reason behind this observation could be the poor dispersion of PP fibers in
mortar that consequently increases the pore volume of cement matrix, for plain
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cement mortar water absorption started to rise up at 0.3% fiber content, while in
mortars containing NS at 0.5%. This means that presence of NS in cement matrix
provided better fiber dispersion. The reason may be due to an increase in the
cohesiveness of the cementitious matrix by NS which is beneficial for better
dispersion of PP fibers [20].
Table5: Water absorption of different mixes.
Batch
Absorption
Batch
Absorption
No
(%)
No
(%)
1
6.120
5
6.45
2
4.230
6
4.187
3
6.040
7
7.091
4
4.204
8
4.211

0.07

0.07

0.06

0.06

0.05

0.05

Shrinkage (%)

Shrinkage (% )

Shrinkage behavior: The shrinkage behavior of mortars is presented in figures
5and 6. From the results it can be concluded that presence of NS in mortar
increased the drying shrinkage apparently. It may be due to self desiccation caused
by pore size refinement of NS [21]. Moreover, from the data presented by the
previous researchers it is seen that NS particles act as an activator to accelerate
cement hydration [22]. Therefore, the autogenous shrinkage related to chemical
shrinkage can be increased.
Results of fiber reinforced specimens demonstrated that small amounts of fiber
could contribute positively to moderate the length change caused by drying
shrinkage. All the mortars reinforced with 0.1% pp fiber, provided better
improvement for shrinkage. Obviously, using higher content of PP fibers (beyond
0.3%) did not work for moderating shrinkage strain. At 0.5% PP content, drying
shrinkage of all specimens increased even more than reference mortars. More
investigations are needed to explain this effect.

0.04
0.03
0% fiber

0.02

0.04
0.03
0% fiber

0.02

0.1% fiber

0.1% fiber
0.01

0.3% fiber

0.01

0.3% fiber
0.5% fiber

0.5% fiber

0

0

0

0
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14

21

Age (days)

28

35

Figure 5. Effect of PP fibers on
shrinkage of plain cement mortar

42

7

14

21

28

35

42

Age (days)

Figure 6. Effect of PP fibers on shrinkage
of cement mortar containing 7% nano-SiO2

4. CONCLUSIONS
A comprehensive experimental investigation was carried out to evaluate the
influence of nano-SiO2 on properties of fiber reinforced cement composite mortars.
Based on the test and analysis results the following preliminary conclusions are
obtained.
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•

•

•

•

Utilizing polypropylene fibers in cement matrix caused a slight enhancement in
compressive and flexural strength. The contribution of further increase of the
fiber content to mechanical strength was not positive. A possible reason for
this observation could be the poor dispersion of PP fibers in mortar that
increases pore volume and creates more micro defects in cement matrix.
The fiber reinforced mortar demonstrated higher post-peak flexural strength
compared with reference mortars. This effect was more obvious at larger
contents of fibers. The effectiveness of the fiber reinforcement on mechanical
strength somewhat improved with the incorporation of nano-SiO2 particles.
This can be due to reduction of the internal porosity especially in fiber/matrix
transition zone that provides higher contact surface and hence friction between
the two.
Water absorption of ordinary mortar decreased by incorporating nano-SiO2.
Adding small amount of pp fibers resulted in an improvement in water
absorption characteristics, however higher amounts of fiber especially in
ordinary cement mortar did not have any positive effect.
Presence of nano-SiO2 in cement matrix increased the dying shrinkage of
mortars. The inclusion of fiber reinforcement within composite cement mortar
could moderate this effect. However, utilizing high contents of fiber (beyond
0.3%) didn’t have any positive impact on shrinkage strain.
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