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ABSTRACT

In ltaly, as in many other European countries, aMjng diffusion of limestone cements has been
observed in the recent years. Several studies egred out since the late 1970s in order to evalua
the role of limestone in the hydration reactiongha clinker and the effect of limestone on coreret
performance, in terms of mechanical properties d@mchbility. Although the knowledge level has
continuously extended, there is a partial disagesgnon some topics, especially related to the
durability issues. In particular the available mh@ation on the contribution of limestone to the
resistance to chloride and carbonation penetratierlimited and controversial. This paper presants
study aimed at the evaluation of the effects ofghrial replacement of portland clinker with grdun
limestone, as a function of the water/cement ratid the cement content. In particular hardened
concrete was characterised by means of measuremieatsnpressive strength, electrical resistivity
and resistance to chloride and carbonation peimmiraResults showed that both mechanical
properties and resistance to penetration of aggeessgents, i.e. of carbonation and chloride,
decreased by increasing the limestone content.
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1INTRODUCTION

Recently an increase in the use of limestone cerfea been observed in Italy as well as in many
other European countries. Limestone cement is iobdaby replacing portland clinker with ground
limestone (up to 35% in accordance with the stahéN 197-1).

Due to the increment of limestone cement productiod of its utilization, several studies were
carried out since the late 1970s in order to evaltlae participation of limestone to the hydration
reactions of the clinker and the effect of limestan concrete performances, related to mechanical
properties and resistance to penetration of aggeesgents [Dhiret al. 2007, Hornairet al. 1995,
Liversey 1991, Matthews 1994, Tsivilet al. 2002, Zelt et al. 2000]. Regarding the carbonation
resistance, according to Tsivilis al. [2002] after 1 year of exposure lower carbonatiepths were
measured in portland limestone concrete with lim@stcontent up to 35% compared to portland
cement, while for Dhiet al. [2007] for cement with up to 15% of limestone #h&ras no significant
influence on carbonation resistance, while higheestone content showed a lower resistance to
carbonation. As far as the resistance to chlorigleepration is concerned, some authors reported that
the addition of limestone filler reduces the difeurs coefficient of chloride ions, due to the filler
effect of limestone [Hornaiet al. 1995], whilst other authors reported that diffeesin diffusion
coefficient, measured by means of an acceleratst] ¢¢ concrete with up to 15% of limestone
substitution, were relatively minor and they inea slightly with water/cement ratio compared to
OPC concrete [Dhiet al. 2007]. Hence, although the knowledge level hagitoausly extended, the
available information on limestone contribution tiee resistance to chloride and carbonation
penetration are limited and controversial.

This paper presents a study aimed at the evaluafithe effect of ground limestone, as a functién o
water/cement ratio, cement content and curing tiow,various performances of the hardened
concrete (e.g. compressive strength, carbonatienaad chloride diffusion coefficient evaluated by
means of accelerated tests).

2 EXPERIMENTAL PROCEDURES

In order to investigate the effects of the pamégdlacement of portland cement with ground limeston
on performances of hardened concrete, differerdstyd concrete were cast. A portland cement CEM
| 52.5R (OPC), according to EN 197-1 standard, wsexd for the reference concrete mix. Part of this
cement was replaced with 15% (15%LI) and 30% (3Q%kLIiground limestone, in order to simulate
cements CEM Il/A-L and CEM II/B-L. The patrticle sianalysis of both OPC and limestone is given
in Figure 1. Each type of binder (OPC, 15%LI an&B0 was used to produce concrete with three
different water/binder ratiosmb), equal to 0.42, 0.46 and 0.61, and different dindosageshy,
ranging from 250 kg/fhto 400 kg/m.
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Figure 1. Grain size analysis of OPC and cement limestone.
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Crushed limestone aggregates with maximum size ©f Mim were used, and an acrylic
superplasticiser was added to the mixes in ordachieve a class of consisterfkeaccording to EN
206-1 standard, i.e. a slump of 160-200 mm. Talderimarizes the concrete mixes.

After the mixing, concretes were cast into mouldthwlifferent shapes, covered with a plastic sheet
and stored in laboratory at 20°C for 24 h, untindelding. 100 mm cubes were cured at 20°C and
95% relative humidity for 7, 28, 90 and 180 dayd. the end of the curing, as well as after
demoulding, compressive tests were carried outprdotg to EN 12390-3 standard. Electrical
resistivity was measured as a function of time 6r30*x100 mm specimens cured under water. In
order to evaluate the resistance to the penetrafimarbonation, 100 mm cube specimens were cast
and cured 1, 7 and 28 days at T = 20°C and R.Hh%. After 28 days from casting specimens were
masked with epoxy, so that carbonation was alloardg from two opposite faces, and exposed to an
environment with 20°C, 65% R.H. and a constant flaix 2%CQ (accelerated carbonation).
Carbonation depth was measured with the phenolithéest on 20 mm diameter cores, after
different times of exposure (i.e. 28 days, apprataty 3 and 6 months). Carbonation depths,
measured after different time were fitted through the relationship:

d=K, Gl 1)

and the carbonation coefficieldt.. was evaluated according to the minimum square odsth
Resistance to penetration of chloride ions wagtesh cylindrical specimens, cured 28 days at T =
20°C and R.H. = 95%, by means of the so-called dR@piloride Migration (RCM) test, according to
NT-BUILT 492 standard [1999]. A plastic tube wasunted coaxially to a 50 mm thick concrete
cylinder, and a chloride-free solution was pouneside. The specimen, laid on an inclined plastic
support, was placed in a container with a 10% Nsgllition. A potential difference of 30 V was
applied, the initial current was measured and, @liag to its value, the applied voltage was adjiste
and the duration of the test determined (6-96 Houtsthe end of the test, the specimen was split
axially, and on its fracture surface a 0.1 M AgNédlution was sprayed. The average chloride
penetration deptk,, (m) was measured and the chloride diffusion coffit Drcy Was calculated as:

_RT o=ay%,

D = 2
"M ZFE t @
whereR is the gas constant (J/K moll,the average temperature in the anodic solution ZKhe

absolute value of charge number (=1), F Faradayhstant (96500 C/molj,time (s); E =(U-2)/L (U
is the applied voltage in V, L the thickness of gpecimen in m) and is defined as:

a=2, /%erf ‘{1— Zij
i C, 3)

wherecy is the concentration at which the colour changebserved (assumed equal to 0.07 N) @nd
the chloride concentration of the test solution N2 [NT-Built 492 1999]. Further details on
experimental procedures, concrete compositions randlts of other experimental tests are given
elsewherdBertolini et al. 2007 and Bertolingt al. 2008].

3. RESULTSAND DISCUSSION

Mechanical properties of hardened concrete werduated after different curing times. Table 1
summarizes results of compressive test and elattrisistivity measurements, evaluated as the
average value of two replicated specimens, aftexr2B180 days of curing.

Figure 2 shows the influence of partial replacenwnportland cement with ground limestone, of
water/binder ratio and binder content on compressivength of specimens cured 28 and 180 days.
Regardless of the days of curing, the replaceméht 1% and 30% of limestone led to a decrease in
the compressive strength. For instance specimetiswilb 0.61 and cement content of 300 k§/m
cured 28 days had a strength that decreased froat 88 MPa when portland cement was used to 45
and 37 MPa when 15% and 30% of cement was replaitbdimestone ‘Fig 2'. The decrease in the
compressive strength of concrete could indicateiribet behaviour of limestone, i.e. limestone does
not react and, substantially, acts as a dilutiocesient, increasing the effective water/cement rati

XIl DBMC, Porto, PORTUGAL, 2011 3



Luca Bertolini, Federica Lollini and Elena Redaelli

Table 1. Composition and mechanical properties of theetesbncretes (average values of two
samples)w/b = water/binder ratiod= density;R. = compressive strength apnd- electrical

resistivity.
Series w/b binder o) R p
(kg/n?)  (kg/n®)  (MPa) (Ql)
Curing 28 28 180 28 180
OPC 0.61 300 2489 59.2 63.1 38 79
0.46 300 2544 87 94.9 53 153
0.46 350 2461 70.7 91.5 44 115
0.42 350 2525 86.6 127.6 52 140
15%LI 0.61 250 2474 54.5 59.8 27 63
0.61 300 2431 45.2 53.3 29 59
0.46 300 2571 47.8 83.0 40 92
0.46 350 2461 67.3 80.4 38 101
0.42 350 2511 83.3 99.4 40 112
0.42 400 2470 63.7 94.1 39 101
30%LI 0.61 300 2472 36.7 44.1 27 59
0.46 300 2492 62 78.3 39 95
0.46 350 2461 57.4 72.1 36 86
0.42 350 2490 66.6 79.9 43 103

©) Days of wet curing at 20°C and 95% R.H.

Moreover it was observed that both water/bindeorand binder content influenced the compressive
strength: not only the water/binder ratio led te thell known decrease in compressive strength, but
also a strength decrease was observed when therlmodtent increased.

Figure 3 shows the effect of limestone on the aldtresistivity measured after 28 and 180 days of
curing. The electrical resistivity is an importgr@rameter used to measure the resistance of aiahater
to ion penetration. It is strongly influenced byethoisture content of concrete; nevertheless in a
saturated material the effect of the humidity caraloided thus enabling the resistivity to be ezlat

mainly to the microstructure of the material (asgunthat the composition of the pore solution does
not significantly change in the different concrete)
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Figure 2. Effect of the partial replacement of portland ceteith limestone, of water/binder ratio
and binder dosage (white symbols = 250 Kglstack symbols = 300 kghngrey symbols = 350

kg/m’and dark grey symbols = 400 kgjnon compressive strength after 28 4nd 18016) days of

curing.
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Figure 3. Effect of the partial replacement of portland ceteith limestone, of water/binder ratio
and binder dosage (white symbols = 250 Kglstack symbols = 300 kgAngrey symbols = 350
kg/m?and dark grey symbols = 400 kdjnon electrical resistivity after 2&)and 1801¢) days of

curing.

Therefore a concrete electrical resistivity, in @aev saturated specimen, is an indirect measutgeof
concrete porosity and it can be used to follow dvelution in time of the hydration. For each
water/binder ratio and curing, the replacement r@ugd limestone led to a decrease in electrical
resistivity of hardened cement paste. For instaoee8-day cured specimens with water/binder ratio
of 0.46 and binder dosage of 350 kgfectrical resistivities of 53, 40 e $8m were measured on
portland, 15 and 30% of limestone concrete ‘Fag. Ihe electrical resistivity decrease in saturated
concrete with the increase of the limestone peaggntshows that, for the same curing time and
water/binder ratio, the replacement of portland eetmwith limestone leads to an increase of the
capillary porosity of cement paste.

Table 2. Carbonation coefficienK,., from accelerated test and diffusion coeffici@tey, from
rapid chloride migration test (average value of teplicate samples).

Series w/b binder Kace,: Kace ; Kace,2: Drewm
(kg/in?)  (mmlyeal®) (mmiyeal®) (mmiyeal®) (10" nv/s)
Curing 1 7 28 28
OPC 0.61 300 30.6 21.2 18.4 12.55
0.46 300 15.9 12.8 3.9 7.69
0.46 350 19.2 12.9 4.6 7.75
0.42 350 - 7.3 - 5.43
15%lLI 0.61 250 36.9 29.5 20.5 18.92
0.61 300 32.2 26.6 22.2 19.81
0.46 300 17.9 11.8 8.4 15.08
0.46 350 17.9 12.1 7.8 13.62
0.42 350 - 11.2 - 11.30
0.42 400 - 13.6 - 11.42
30%LI 0.61 300 404 34.6 27.4 38.27
0.46 300 29.2 20.7 16.8 18.05
0.46 350 22.5 23.2 16.1 23.51
0.42 350 - 12.2 - 13.12

OTests started 28 days after casting (after wethguspecimens were exposed in the laboratory at 20fC
about 65% R.H.).
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Figure 4. Effect of the partial replacement of portland cetneith limestone, of water/binder ratio
and binder dosage (white symbols = 250 Kghitack symbols = 300 kgfingrey symbols = 350
kg/m? and dark grey symbols = 400 kgjmon accelerated carbonation coefficidfif,, on specimens
cured 1 4), 7 () and 28 €) days.

The penetration of carbonation was evaluated ogisms exposed under accelerated conditions.
After different exposure times the carbonation depas measured and the carbonation coefficient,
Kaco Was calculated through the relationship (1) [€a®). Figure 4 shows the influence of limestone
replacement on carbonation coefficiei,, measured on concrete cured 1, 7 and 28 days. Yérén

of portland cement was replaced with 15% of limestand specimens were cured 1 and 7 days,
compared to a porland cement only slight differsnicethe carbonation coefficient were observed
‘Figs 4a and 4. For instance, for 1-day cured concretes wiilh = 0.61 andb = 300 kg/rd, the
accelerated carbonation coefficient was 30.6 and@ B&n/yeat® respectively for OPC and 15% LI.
However increasing the curing time up to 28 dayS£@Bncretes performed better than 15% LI since
they showed a lower carbonation coefficient, i.aigher resistance to the penetration of carbonatio
‘Fig. 4c’. For instanceK, increased from 4 to 8.4 mm/y&érfor 28-day cured concrete withib =
0.46 andb = 300 kg/m, when 15% of cement was replaced with limestoregaRdless the curing
time, the replacement of part of portland cemenh\80% of limestone led to a higher carbonation
coefficient, which was more than doubled for 28-dayed specimens. For instance, 7-day cured
specimens withw/b ratio of 0.42 and binder content of 350 k§j/mad an accelerated carbonation
coefficient that increased from about 7.3 mm/y®amshen portland cement was used to 12.2
mm/year§® when 30% of cement was replaced with ground liorest
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At any time of curing, a significant influence dfet water/binder ratio, whose decrease led to a
reduction in the accelerated carbonation coefficiean be observed, while the binder content did no
strongly influence the accelerated carbonation fameft. Comparing concretes with the same
composition at different curing times, a strongrdase in the carbonation coefficient, which le@to
more impervious material, can be observed whemgunicreased from 1 to 7 or 28 days. For instance
in concrete with 15% limestone, 350 k§/of binder andw/b ratio of 0.46, values of accelerated
carbonation coefficient of 17.9, 12.1 and 7.8 mmf@were measured respectively on specimens
cured 1, 7 and 28 days.

The resistance to chloride penetration was invasdayby means of the Rapid Chloride Migration test
on specimens cured 28 days [Table 2]. Figure 5 shitve diffusion coefficienDrcy, calculated
through equations 2 and 3, as a function of coaccemposition (limestone content, water/binder
ratio and binder content). A remarkable influenéghe limestone content was observed; with the
replacement of 15% of cement with limestone théudibn coefficient was doubled. For instance
specimens withw/b ratio of 0.46 and binder content of 300 k§j/mad a diffusion coefficient that
increased from 7.680"° m’/s when portland cement was used to 1808 m’/s when 15% of
cement was replaced with ground limestone. Dhgy further increased with 30% of limestone and,
in this case, a higher sensitivity to the wateideinratio was observed, which led to a rather high
value ofDrcym in concrete withw/b ratio of 0.61. For instance taking into accoumader/binder ratio

of 0.42 the diffusion coefficient was 548" and 13.1210"* m?/s respectively for OPC cement and
30% limestone. For any binder the significant mfieeducing thew/b ratio clearly appears in ‘Fig. 5,
while the binder content showed a negligible efféair instance for OPC concrete the diffusion
coefficient decreased from 12[%6" to 5.4310"* n/s, when the water/binder ratio decreased from
0.61 to 0.42.
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Figure5. Effect of the partial replacement of portland ceteith limestone, of water/binder ratio
and binder dosage (white symbols = 250 Kglstack symbols = 300 kghngrey symbols = 350
kg/m’and dark grey symbols = 400 kgjnon the rapid chloride migration coefficieBzcy, on 28-
day cured specimens.

4 CONCLUSIONS

The influence of limestone content as well as ofterameters such as water/binder ratio, binder
content and curing, on the properties of hardemedtrete was studied with particular regard to the
resistance to carbonation and chloride penetratimasured by means of accelerated tests. The effect
of limestone content was studied by replacing pathe portland cement with 15 and 30% of ground
limestone in concretes with different values of evAiinder ratio and binder content. Results showed
that both compressive strength and electrical tiegisdecreased by increasing the limestone cdnten
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The replacement of 15% of limestone only slightiffiences the carbonation resistance compared to
a portland cement, while increasing the substitutiontent the resistance to carbonation is drdistica
reduced.

A remarkable increase in the chloride diffusionfioent was observed even replacing in concrete
with 15% limestone, showing that limestone cemeats not suitable in chloride bearing
environments.

The beneficial effect related to the decrease énwhater/binder ratio and the increase in curingetim
was estimated and some influence of the dosagmdébwas observed in the compressive resistance.
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