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ABSTRACT

Steel inserts are often present in ancient masimirder to improve the structural behaviour of
buildings or to prevent the propagation of cracksough, the presence of inserts embedded in the
materials of the masonry (e.g. mortar, bricks) tmeyarmful for the durability of the whole struatur
since their corrosion may produce deleterious esiparphenomena leading to cracking and detach-
ment of the covering materials. Inserts may haeeraplex corrosion behaviour, which depends on
the material they are in contact and its moistungtent. Starting from this problem, the paper shows
the preliminary results of a study on the corrodi@maviour of steel inserts embedded in masonry.
The effect of temperature and moisture on corrosate of steel and resistivity of mortar and brick
specimens exposed in a climatic chamber to cydderperature (20-40°C) and relative humidity
(65-80-95%) are discussed. In order to extend ¢lselts obtained on small-scale specimens to case
studies that should consider the effect of the mggtothermal conditions on corrosion of steel itse

in ancient masonry, numerical simulations have balso performed. The results obtained have
shown that corrosion rate is negligible in specisexposed to 65-80% RH (even at 40°C), whereas it
has reached high values in wet environments ohénpresence of water suction. A correlation be-
tween electrical resistivity of embedding materiafgl corrosion rate of steel has been observed. The
validation of these data by means of a bi-dimeraibtMT model is now in progress.
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1INTRODUCTION

Steel inserts are often present in ancient maseithger due to an original design choice or ag¢he
sult of later restoration works. They may havedtiht aims, e.g. improving the structural behaviour
of buildings (chains and ties) or preventing thepaigation of cracks, and they may be applied exter-
nally or embedded in the materials of the masommgrtar, bricks, stone blocks, etc.). In the latter
case, the presence of these elements may be hdonthe durability of ancient masonry, since their
corrosion may produce deleterious expansive phenarfeading to the detachment of the covering
materials [Bertoliniet al. 2009, Lourenco 2006, Straube & Schumacher 2006].

It is important to make a distinction between sieskrts dated to the creation of the original estru
ture, normally embedded in the structural elemesntsl those fixed later during restoration phases
(most often applied externally). While externallypéied steel inserts are directly exposed to the ac
tion of the atmosphere (either inside or outside libilding), inserts embedded in the masonry may
have a complex corrosion behaviour, which depemdthe material they are in contact (e.g. bricks,
hydraulic mortars, gypsum) and its moisture contbficrostructure of these materials and chemical
composition of the solution contained in their Eovell influence the corrosion behaviour of steel.
For example, the nearly neutral pH of some typemoftar can cause the corrosion process on the
steel surface as soon as they are wet; conveisdhg case of alkaline mortars that promote p#gsiv

of the steel, corrosion can only take place aftebanation of the mortar cover has occurred. The co
rosion rate will also depend on the availabilitywafter and oxygen in the pores of the embedding ma-
terial near the steel surface, hence it will berefion of environmental conditions. Temperaturd an
humidity of the environment influence the electrimsistivity of the mortar or bricks and the carro
sion rate of the embedded steel insert. As instameaortar with very high moisture content (that is
near saturation, e.g. due to wetting or water cosdton) is characterized by low resistivity, biit,
saturation conditions are maintained for long tithe, oxygen content at the steel surface may be low
due to the low diffusivity through the water-fillgmbres. Conversely, in the case of masonry charac-
terized by lower water content, although oxygeavailable at the steel surface, the resistivityiggh

and it increases as the moisture content decreases.

Concerning masonries, rarely condition of permasatiration are reached, thus oxygen is available
at the steel surface and the corrosion rate depemdbke resistivity of the materials in contacthwit
steel; in general, the lower the moisture contéa,higher the electrical resistivity of these miate

and the lower the corrosion rate of steel. Nevég®e a large number of parameters, related to both
the environment and the materials, may have a @muglle, which makes any prediction of the ac-
tual corrosion behaviour of steel inserts quitéiclift. As matter of facts, the study of the depemce

of resistivity of masonry and corrosion rate ofesiesert on the environmental conditions is a sobj

of great interest in relation to optimising restara methods and promoting a durability approaah fo
historical buildings. Improving the understanding aorrosion of steel embedded in masonry could
provide a tool for the design, of repair works whare not merely aimed at the remediation of corro-
sion damages, but also at the control of the cimmosate necessary to fulfil conservation require-
ments of preserving as much as possible the otigiaterials.

This paper shows the preliminary results of a stodythe corrosion behaviour of steel inserts
embedded in brick masonry. The first part of tHisdg deals with the assessment of the corrosion
behaviour of low carbon steel embedded in mortéckband composite brick and mortar samples,
exposed to several environments. The effect of éeatpre and humidity on corrosion rate of steel
and resistivity of specimens exposed in a climatiamber to cycles of temperature (20-40°C) and
relative humidity (65-80-95%) are discussed. Ineortb extend the results obtained on small-scale
specimens to case studies that should consideeffeet of the real hygrothermal conditions on

corrosion of steel inserts in ancient brick maspnmymerical simulations have been performed.
Although different types of mortars (based on savgmpes of binders: gypsum, lime, or blends of
gypsum-lime, lime-pozzolana and lime-cocciopest@yveh been considered in the study; only
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preliminary results concerning fired brick and artao based on gypsum-lime blend will be
considered in this paper.

2 CORROSION OF LOW CARBON STEEL EMBEDDED IN BUILDING MATERIALS
2.1 Experimental procedure

2.1.1 Materials and specimens description

In order to study the behaviour of steel embedded masonry made of fired bricks and a blended
lime-gypsum mortar, different sets of specimensehbgen manufactured: mortar specimens (LG),
composite brick and mortar specimens (B+LG) amhlly, brick specimens (B). In 80x90x30 rhm
lime-gypsum mortar samples, two carbon steel &rar( in diameter) and two stainless steel wires
(AISI 304, 2 mm in diameter) have been inserteickBspecimens have a size of 55x120x60%yim
order to obtain many samples from the same brckyd of these specimens two carbon steel bars (6
mm in diameter) have been inserted in two holestaadpace between the bar and the brick has been
filled with lime-gypsum mortar; in the other speeimbars have been forced in direct contact with the
brick. A sketch of specimen geometry is shown ig. Bi. The blended lime-gypsum mortar has been
prepared using the following mix proportions (kd/mime 212, gypsum 430, sand 769 and water
404, resulting in a 0.63 water/binder ratio and#3low measured on the flow table (B 130 mm).
Concerning brick samples, reused fired masonnkbéiave been used. Finally, as far as steel bars ar
concerned, a low carbon steel (C 0.04%, Si 0.04%%0.285%, S 0.012% and P 0.012%) and fer-
ritic microstructure (grains size of about 2®) and little pearlitic inclusions, has been used.

2.1.2 Environmental conditions

Mortar specimens have been cast in PVC moulds antbdlded after 5 days, following the proce-
dure described in the EN 1015-11 standard. Evempkahas been cured for 28 days in a climatic
chamber (7 day at 95% RH and 21 days at 65% RH; 240° At the end of the curing time all the
specimens have been kept in a carbonation char@t# (CQ, 65% RH and 20°C), until complete
carbonation has been achieved (14 and 28 daysctesgg for the composite brick and mortar and
for the mortar specimens), as shown by tests withleoholic solution of phenolphthalein. At the end
of curing, specimens have been exposed to sevarabaments.
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Figure 1. Longitudinal section (up) and cross-section (lof)he specimens manufactured in the
laboratory: a) blended lime-gypsum mortar sampl@)(lith 2 low carbon steel bars and 2 stainless
steel wires; b) composite brick and mortar sampteLG) with 2 low carbon steel bars embedded in a
5 mm mortar layer; c) fired brick sample (B) witha®v carbon steel bars. Dimensions in mm.
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Brick and composite brick and mortar specimens Haaen exposed to three moisture conditions,
keeping constant the temperature at 20°C: 95% R, (@ater (C2), and again 95% RH (C3). In the
case C2, only 10 mm of the samples has been puater, to allow water uptake towards steel bars
placed at 20 and 60 mm from the water surface.af@$ mortar specimens are concerned, instead,
they have been exposed to six different environmevdrying relative humidity (65-80-95%) and
temperature (20-40°C). Each condition has been kepat least 28 days, apart from the storage in
water (7 days). Finally, one of the three mortangl@s has been further exposed to the moisture con-
ditions (C1, C2 and C3) undertaken by the brickeblaspecimens (though, storage in C2 has been
kept only for 1 day, maintaining steel bars at 28 80 mm form the water surface).

2.1.3 Corrosion measurements

Corrosion behaviour of specimens has been investigay monitoring electrical resistivity of the
mortar or brick §, Qm), corrosion potential (5, mV vs Ag/AgCl) and corrosion rate.§j, mA/n¥)

on the steel bars. Resistivity measurements coudigee information about the moisture content of
specimens and their porosity. Electrical conduaafte, mS) has been measured with a conductiv-
itymeter and converted in resistivity by using te&tionship;p = K / G (whereK is the cell constant
that considers the specimen geometry, which wasrm&ted with a FEM model); these measure-
ments have been carried out using pairs of starde=el wires (in the case of LG samples) or carbon
steel bars (in the case of B and B+LG specimem®ed to the conductivitymeter. Corrosion poten-
tial has been measured versus an external refeedecteode (Ag/AgCl) using a high impedance volt-
meter. Finally, corrosion rate has been measuréd the polarisation resistané® method, by im-
posing potential steps & =+10 mV versus the corrosion potential and measuhagesulting cur-
rent density i mA/nt); corrosion rate has been calculatedias:= B / (AE/i), considering B = 26
mV [Bertolini et. al, 2004]. With regard to the measurement of corrogiate on LG samples,
stainless steel wires have been used as coungetsoeles; carbon steel bars have been utilizegrim t
as counter electrode or working electrode in tlteead B and B+LG specimens.

2.2 Results and discussion

Figure 2a shows corrosion potential (empty symbae) corrosion rate (filled symbols), as a function
of time, of different specimens (LG, B and B+LG)three different moisture conditions (at 20°C):
humid environment at 95% RH (C1), wet (C2), andimdmumid (C3). Red, green and blue curves
represent an average of the measurements perfaespdctively on different replicate bars. Corro-
sion potential values corresponding to -200 mV wgA4CIl (suggesting negligible corrosion) have
been registered only on brick-based specimens 8ah.G) in the 95% RH condition (C1), while in
all the other cases corrosion potential falls @0-4600 mV showing active corrosion. These observa-
tions are supported by the corrosion rate measursmiadeed, only in brick-based samples (B and
B+LG) in humid condition (C1) negligible corrosioate have been measured (being the threshold
conventionally fixed at 1 mA/fwhich is equal to 1.1@m/year, assuming uniform corrosion); in the
other situations, moderate (2 mA&/on LG sample, in environment C1) or even high @@B-mA/nt

on every other sample, in C2) corrosion rates lien observed. Table 1 shows the average values
and standard deviations of steady state measursrireeaich exposure condition (C3 condition has
been excluded since steady values have been ndieda In this table, for condition C2, separate
values are reported for corrosion potential andasion rate of bars at different distance from the
water uptake surface (20 and 60+80 mm). Lower @r20 mm that experienced a higher water con-
tent have shown higher corrosion rate, though, p&snen was more affected by this phenomenon.

Corrosion behaviour of steel can be correlatedeBults of electrical resistivity measurements. In-
deed, Fig. 2b shows the resistivity, as a funcabtime, of the specimens. Extremely high values of
resistivity have been achieved in C1 condition By 8 specimens (red curve represents an average
of two replicate specimens). This could be attebluto the presence of a discontinuity between the
brick and the mortar layer; though, further invgations are required for a full comprehension of
such an aspect. Lower resistivity is shown by LGédbcurve, about 110@m) and especially B
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(green curve, about 5Dm) specimens, the latter being more porous thariatmeer. In wet condi-
tion (C2) these differences tend to become nedédialues roughly 10+4@m), whereas in the fi-
nal condition (C3) there is a progressive recovethe initial differences. Comparing the wetting
process with the drying one, it is possible to ewtihe differences in the kinetic of the hygronwetri
pattern: in the former case (C1-C2 boundary) thedient is very short (constant curve is reached in
few hours), while in the latter (C2-C3 boundary}liewer (resistivity returns to its first range walin
more than 10 days). Moreover, the drying procesmseto be quicker in the B+LG specimens, fol-
lowed by the B sample and by the LG one.

Since electrical resistivity measurements can i@vhformation about the water content of speci-
mens and their porosity, it could be used as aosivity index in the different environments. In gen
eral, the lower the resistivity of the embeddingenial, the higher the corrosion rate of insertsisT
can be clearly observed in Fig. 3a, where theicglahip between electrical resistivity and corrasio
rate in the specimens is presented, hence alloaimgvaluation of the influence of different hy-
grothermal conditions on such parameters. As aemaftfact, in the B+LG samples (red curve) the
safest condition has been achieved (highest ragjstind lowest corrosion rate), if compared tottha
reached in the B specimen (green curve) and ih@ene (blue curve).

Also in the case of the LG mortar specimens, itlddie useful to analyse the relationship between
electrical resistivity and corrosion rate (Fig. 3Bach of them has been stored at a fixed relditive
midity, just varying the temperature (blue curviers to 20°C and red one to 40°C). As far as corro-
sion rate is concerned, it is below 1 mAffor samples stored at both 65% RH (empty symizots)
80% RH (filled symbols), whatever the temperatsteAit 95% RH (bold symbols), instead, corrosion
rate increases up to 10 mAdnwith regards to electrical resistivity valueseyidecrease as the mois-
ture level increases; this happens at any tempetatuven though this is more evident at 40°C. Con-
cerning the role of temperature, it can be als@okel that in dry environment (65% RH) an increase
in temperature enhances drying out hence redubmgdarrosion rate of bars (below 0.01 mAnas
relative humidity raises (80% RH), this effect éluced to the point of being negligible. Indeed, at
95% RH the increase in the kinetic of the corrogiocess is the key factor, so corrosion rate is
higher at 40°C (10 mA/fnthan at 20°C (3 mA/f. In Table 2, average values and standard dewiatio
of resistivity, corrosion rate and corrosion poignialues, measured on LG mortar, are reported.

1000

1000000 5

Yo '€2:C3
100 100000 f o
- 3 A —ah = i
ctfn q \14:_ : E Al
10 < 10000 o - A
= B 3 v 1 e
NE 4 = ;L\ T: H &
£ " - p
a4 1 > A 1000 4 P A -
& > & 3'—::';"‘0-w4r A
[ a 1 P
E =4 : - — o
& 01 B 100 4 :
;:48 = > d //
+ B :
0,01 10 > i i
s LG g ¥
0,001 | A
0 10 20 30 4 50 60 70 30
Time (days)

b)
Figure 2. a) Corrosion potential & and corrosion ratgg, as a function of timeof steel bars em-
bedded in different materials, in three exposuraimns at 20°C (C1 and C3 refer to 95% RH,
while C2 refers to wet environment). Green, red blng symbols refer respectively to brick (B),
composite mortar and brick (B+LG), mortar sampleS){ empty symbols refer to.k values, filled
ones to dor Values. b) Electrical resistivify, as a function of time (same specimens and expasn-
ditions). Average values of replicate specimenisa@ for LG, and 2 bars for B and B+LG).
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Table 1. Mean valugu and standard deviatianof electrical resistivityp, corrosion potential &
and corrosion ratgg, measured on brick (B), brick and blended lime-gypsnortar (B+LG),
blended lime-gypsum mortar (LG), exposed to diff¢environmental conditions.

Environmental Material P Ecorr I corr
condition [Qm] [mV vs Ag/AgCl] [MA/m?]
7 o 7 o 7 o
T 20°C B+LG 36532 14001 -197 77 0.03 0.01
RH 95% (C1) B 482 51 -201 32 0.97 0.22
LG 1072 535 -415 10 2.06 1.65
_ T 20°C B+LG 39 2 -510 (a) 76 (a) 3.53(a) 0.55(a)
in H,0 (C2) -587 (b) 9 (b) 9.95(b) 1.15 (b)
B 16 3 -545 (a) 20 (a) 33.72(a) 1.65(a)
-579 (b) 55 (b) 35.25(b) 5.01 (b)
LG 9 0 -472 (a) 54 (a) 6493 (a) 9.84(a)
-494 (b) 60 (b) 118.93 (b) 16.65 (b)
(a) bars at 60+80 mm, (b) bars at 20 mm from themaptake surface
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Figure 3. a) Relationship between electrical resistiyitgnd corrosion ratgd, in different materials

during the exposure to various RH conditions (Tstant at 20°C). Green, red and blue symbols refer
respectively to brick (B), composite mortar ancckiB+LG), mortar samples (LG). Filled symbols

refer to 95% RH (C1), bold ones to water uptake) (€&pty ones to drying at 95% RH (C3). b) Rela-
tionship between electrical resistivipyand corrosion ratg., in blended lime-gypsum mortar sam-
ples (LG) during the exposure to different hygrotha conditions. Red and blue symbols refer to
40°C and to 20°C; empty symbols refer to 65% RHiediones to 80% RH, bold ones to 95% RH.

Table 2. Mean valugu and standard deviatianof electrical resistivityp, corrosion potential &
and corrosion ratgg, measured on blended lime-gypsum mortar (LG), eaqghds different environ-
mental conditions.

Environmental P Ecorr i corr
condition [Qm] [mV vs Ag/AgCl] [MmA/m?
U o U o U o

T 20°C RH 65% 28096 10339 -241 28 0.01 <0.00
RH 80% 2567 1685 -360 39 0.39 0.36
RH 95% 935 475 -415 10 3.17 2.59

T40°C RH65% 239199 155042 -219 34 0.01 <0.01
RH 80% 9235 10683 -413 23 0.21 0.12
RH 95% 113 44 -359 25 10.24 3.25
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3HYGROTHERMAL SIMULATIONS

Laboratory trials have highlighted the key roletefmperature, relative humidity and water (rising
damp, condensation or rainwater) on the corroserabiour of steel bars embedded in masonry ma-
terials. Though moisture and temperature conditiitisin a brick masonry wall consist of a complex
set of parameters (e.g. material properties, inémor outdoor environmental conditions), taking into
account for all these variables could be done bgnseof hygrothermal models. Indeed, heat and
moisture transfer (HMT) models and tools have hagdeat spread in the last two decades [Straube, J
& Burnett, E.F.P. 2001], and have shown a gooduiin predicting moisture and temperature con-
ditions with a reasonable degree of accuracy [KUbh265]. Therefore, in order to extend the results
obtained in the laboratory on small-scale specimenmerical simulations have been performed:
temperature, relative humidity and water conditiahghe interface between the metal inserts and the
materials in which they are embedded have to bi/seth By now, an effort to do the first steps in
the definition of the kind of analysis requestetddsgly or unsteady state) and in the selection ef th
input data (defining geometry, material charactegsand environmental conditions) for the hy-
grothermal simulations have been done. Moreovegmetiminary assessment of thermal and hygro-
metric behaviour of brick masonries exposed to Mitime and to several laboratory climatic cham-
bers conditions has been performed.

3.1 Simulation models

As far as preliminary assessment is concerned sevies of simulations have been performed, both
considering mono-dimensional geometries and impfeimg a finite difference algorithm: the first
one studies only the temperature field; the seanralanalyses the simultaneous effects of tempera-
ture and relative humidity. In particular, concexgptemperature and relative humidity variations, th
behaviour of a typical ancient brickworks (consigtof non-hydraulic mortar and fired bricks, width
380 mm) has been studied by means of differentdtlggrmal boundary conditions, which are steady
state ones (20°C T, 50% RH) and dynamic sinusaidak (48, 24, 12, 6 and 3 hours periods, mean
value and maximum variation respectively of 20°@ &iC for T, 50 and 15% for RH). Moreover,
two further series of situations have been modelldw first one simulates again traditional brick
masonries (width 380 mm), assuming as external demyncondition a reference year in the geo-
graphic area of Milan, whereas as internal boundandition constant temperature and relative hu-
midity (20°C T, 50% and 65% RH) has been considelreadrder to validate the experimental data
obtained in the laboratory, instead, the secondrepmduces brick blocks (width 120 mm) subject to
the hygrothermal fluctuations laboratory tests dtmals: temperature steps have been imposed (20-
40°C), keeping constant the relative humidity (669%%); in addition, relative humidity steps have
been fixed (65-80-95%), keeping constant the teatpez (20-40°C).

3.2 Results and discussion

The simulations results have shown that an unstetadg analysis is needed for a consistent evalua-
tion of the thermal behaviour of the brick masosensidered (Fig. 4a), whereas a steady state ap-
proach is enough to describe the hygrometric belavinside the domain, apart from the boundary
zone (Fig. 4b): while the thermal fluctuations iwthe whole samples thickness, the relative hu-
midity variations are limited to the very first ¢egnetres from the interface with the environmeriteT
simulations of the experimental laboratory testgficming such results, have highlighted a very fas
thermal response (24 hours are enough to reachghibrium with the environment) and a slower
hygrometric one (asymptotic values are not readghdtie core region). Finally, since these results
have to be validated by the experimental laboratlata concerning the corrosion behaviour of steel
inserts, an attempt to consider bi-dimensional H¥ddels is in progress.
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Figure 4. a) Thermal response of a 380 mm brick masonry teall sinusoidal variation, 24 hours
period on side A (down), constant on side B (upH¥grometric response of the same wall to a sinu-
soidal variation, 24 hours period on side A (blueve), constant on side B (red curve).

4 CONCLUSIONS

This study has shown the key role of temperat@lative humidity and water on the corrosion behav-
iour of low carbon steel inserts embedded in masomaterials. Tests in specimens with blended
lime-gypsum mortar and fired brick have shown tt@tosion rate is strongly related to the moisture
content of the embedding material. Corrosion rases wegligible in specimens exposed to relative
humidity of 80% and 65%, even at 40°C. Conversiglywet environments or in presence of water
suction, corrosion rate has reached high valuesleAr correlation between electrical resistivity of

embedding material and corrosion rate of steelbes observed. Moreover, with the aim to extend
the results obtained on small-scale laboratoryispaEts to case studies that should consider theteffe
of the real hygrothermal conditions on corrosiorstael inserts in ancient brick masonry, numerical
simulations have been performed. Concerning thisteempt to define a bi-dimensional HMT model,

which can predict corrosion behaviour of insertadsnction of the hygrothermal conditions, is now

in progress.

REFERENCES

Bertolini, L., Carsana, M. & Matrra, E. 2009, ‘Dededion of mortars and steel inserts from the cibor-
ium of the medieval abbey of San Pietro al MoniteSpecial Topics on Materials Science and Tech-
nology — An Italian PanoramaBrill Publisher.

Bertolini, L., Elsener, B., Pedeferri, P. & PoldRr,2004 Corrosion of steel in concret@Viley-VCH.
Kinzel, H.M. 1995Simultaneous Heat and Moisture Transfer in BuildB@mponentsBP Verlag.

Lourenco, P.B. 2006, ‘Recommendations for restonatif ancient buildings and the survival of a ma-
sonry chimney’Construction & Building Materials20, 239-251.

Straube, J. & Burnett, E.F.P. 2001, ‘Overview ofjtothermal (HAM) analysis methods’, &’STM
Manual Series MNL 40 — Moisture analysis and cosdtion control in building envelopesd. H.R.
Trechesel, Philadelphia, pp. 81-89.

Straube, J. & Schumacher C. 2006, ‘Assessing tmabdity impacts of energy efficient enclosure
upgrades using hygrothermal modellingy TA-Journal 2, 197-222.

8 Xl DBMC, Porto, PORTUGAL, 2011



