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Abstract

Thermal stress can result in significant changes in the mechanical and transport properties of
building materials, especially in terms of cracking. Three building materials were studied: two
concretes, a siliceous and a calcareous one, and a natural calcareous rock, the Tuffeau. The sample:
were subjected to thermal shock, repetitive heating-cooling cycles, and high temperature heating in
order to analyze the effects of maximum temperature, cooling rate, and repetitive heating on the
three materials. The induced cracks were then characterized by physical and hydraulic
measurements, namely elastic wave velocities, porosity and effective thermal conductivity. Elastic
wave velocities were used to determine crack density while effective thermal conductivity was used
to determine crack connectivity. Cracks were also quantitatively described through direct
microstructural observations using scanning electron microscopy. Results show the effectiveness of
the different protocols in inducing cracks. Unexpectedly, repetitive heating-cooling cycles caused
the most significant sample damage, whatever the sample. A second main result is based on the
comparison of the different materials. It was found that the behavior of the two concretes was very
similar: the stronger the thermal treatment, the more the crack density and connectivity increased,
albeit with a slight difference in that the siliceous concrete appeared to be less resistant to sharp
thermal variations. This is interpreted as being linked to microstructural effects: in the siliceous
concrete, we observed cracks that nucleated around and inside grains, but not in the calcareous
concrete. Lastly, the behavior of the Tuffeau limestone was different from that of the concretes:
when crack density increased, the crack connectivity and the porosity both decreased. This different
behavior is interpreted in the light of microstructural observations of the crack apertures: the
thermally induced cracks in Tuffeau are too small to influence the effective thermal connectivity
measurement and to allow fluid flow during the porosity measurement, whereas in the concretes,
cracks were observed to be much more open. As an outlook, we discuss a possible equivalent test to
the normalized fire protocol, performed at high temperature, to test the fire resistance of materials.
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1. Introduction

Cracks reduce the resistance and rigidity of malgricontribute to the deterioration of civil
engineering structures, change the material priggeand compromise the safety and stability of
structures. Cracking can be caused by fatigue petiteve loading (Kong and Li, 2019), or by
accidental or natural thermal variations (Belayaehil, 2012; Samoulet al, 2019; Liet al,
2019). In the case of the accidental huge therraaatron due to fire, it has been observed that a
great amount of damage may also come from rapitingp@Botte and Caspeele, 2017). All these
conditions have a strong impact on the functiopalitthe structural elements as they significantly
reduce the material's performance. Thermally induceacks can, for example, increase the
permeability of materials, which may increase ttegport of aggressive agents (Hosehal,
2009; Wanget al, 2019). The most severe thermal condition fording materials is exposure to
fire (Sarkeret al, 2014), and several studies have been performeddess the fire resistance of
structural elements (Shah and Sharma, 201ét ki, 2018). However, it is essential to understand
the causes of the thermally induced cracks of nadgefrequently used in buildings under various
thermal conditions and not only in the extreme aasire. Studying the effect of cracking is very
beneficial for project design as thermal effectsegamany engineering issues that need to be
addressed in order to ensure resistance to fite eeasonal variations in temperature (Xiong and
Liew, 2016 ; Novak and Kohoutkova, 2017).

In the laboratory, the crack networks introduced tbgrmal stress are studied using different
protocols to represent the impact of fire, the dagoling and the seasonal temperature variations
(Lam Dos Santogt al, 2011). Rapid cooling is studied thanks to a protaf thermal shocks
(Yavuz et al, 2006), while seasonal variations are studieduthinoprogressive heating-cooling
cycles (Kharet al, 2010; Lam Dos Santag al, 2011). Some high temperature tests (Liu and Xu,
2015; Khan and Abbas, 2016; Lat al, 2018), and normalized thermal treatments (ISO1L288

be found in the literature to study the behaviomaiterials under extreme conditions. The objective
of these protocols is to determine the materiangfth under fire conditions (Xiong and Liew,
2016; Novak and Kohoutkovéa, 2017). However, theseful protocols are constraining due to the
material required (an accurate high temperaturen)oua addition, an accurate temperature curve
has to be followed (1ISO1999 and Yernetkal, 2017). For these reasons, despite the importaince
the topic, few studies are reported in the liteaton concrete or other building materials,
especially at high temperature (Mindeguia et all® Kodur and Agrawal, 2017). There is
therefore a need for an equivalent protocol to heghperature procedures in order to correlate the
results with tests simulating fire conditions.

The occurrence of thermally induced cracks is ddpenhupon the temperature, thermal expansion,
initial porosity and grain size of the material {Let al, 2018). In addition, the damage due to
cracks under temperature variation is a complexhaui@sm that involves a mixture of chemical,
physical and mechanical processes (Ghazi Wakill, 2007). Thus, it is important to study the
mechanisms of thermally-induced cracks in differaaterials.

Concrete is the most widely studied material begaists extensive use in different structures and
its low reaction to high thermal stress. Moreowsgause of its low heating rate, concrete does not
reach temperatures that affect its mechanical cltemwstics. However, surface cracking and
spalling can lead to weakening of its propertiesr(ivaket al, 2017).

In traditional buildings, limestone is also oftesed, especially for its local availability. This
calcareous rock can be affected by temperaturati@ms (sharp or not), which can lead to building
instabilities. Indeed, Al-Omaet al. (2014) showed that when coupled to a salt poltutaeating-
cooling cycles can be highly destructive for thesdcareous stones. In addition, cracks are
observed on the wall surfaces and stone spalliodtés present (Beckt al, 2016). It is therefore
crucial to study stone decay due to thermal vanaitn heritage buildings.
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It is important to be able to characterize cracksmg non-destructive physical measurements in
order to be able to reproduce these measuremetnie ifield. In the present study, elastic wave
velocity measurements were used to characterizethienally induced crack networks. These

geophysical measurements allow for describing tiaekcdensity, a physical damage parameter
introduced by Walsh (1965a, b) (see the recenteveddiy Guéguen and Kachanov, 2011). In
addition, more recently, measurements of electrithermal conductivities are often considered in
order to describe the material transport propefttn et al, 2015), especially the crack network

connectivity. Porosity and microstructural obseiors were also carried out in order to complete
the crack characterization.

The study has two main objectives: (i) to compaee drack network characteristics introduced by
different thermal treatments and the effect of ttadure of the material; (ii) to see if another
protocol could give an equivalent cracking to tbltained after the normalized thermal treatment.
To do so, and because the microstructure has aigfeeence on the crack pattern (Nassaral,
2009), three materials were used: a natural on#edw limestone, used in traditional or historical
buildings, and two concretes with different aggtegasiliceous and calcareous. According to Xing
et al. (2011) and Calmeiro Dos Santos and Rodrigues (2@hé nature of the aggregates will
significantly affect the behavior of concrete aféaposure to fire. Their studies indicated that the
strength of calcareous concrete was more affeatel@éru400°C and that above this threshold, the
siliceous aggregate should be the most affected.apiplications of the present study are twofold:
to contribute to knowledge of the fundamental meatsof crack network descriptions and to the
applied engineering issue of understanding thecefté fire on building materials and more
generally the effects of thermal variation.

2. Methodology
2.1. Materials
Three different materials were selected (see TdbleThey present different properties and

microstructures (Figure 1). Between three to fiaeples per material were used for each initial
characterization.

Table 1. Materials’ initial properties.

Material Mass Porosity | Vp Vs structure
(Kg/m®) | (%) (m/s) | (mls)

Siliceous Concrete (SC) 2450 11.1 3450 1650 Coheasatrix

Calcareous Concrete (CC)| 2460 11.5 3500 1400 Qaohesatrix

Tuffeau 1360 46.4 1900 1250 Granular
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Figure 1. Picture of a) siliceous concrete b) catsaus concrete and b) Tuffeau limestone. Scaléshadicated for the three
pictures.

The first two samples are a siliceous and a cabcareoncrete, both prepared in the laboratory from
siliceous or calcareous aggregates (about 0/6.siz®) water cement ratio is about 0.5. The
microstructure is characterized by a cohesive mdtement paste) to which sand grains and the
corresponding aggregates were drowned. OrdinarylaAdr cement (OPC), CEM | 52.5 N was
used. No superplasticizer or additive was usedleTlgives the composition of the obtained two
concretes. The initial porosity was low in bothesssabout 11%.

Heating/cooling tests were performed after 28 dayshe concrete. Samples were placed in water
in a curing room at 20 °C.

Table 2. Concrete composition.

Compound Siliceous concrete (Kg)m | Calcareous concrete (Kgijn
CEMI1525N 400 400
Siliceous aggregates 990 -
Calcareous aggregates - 990
Sand 768 768
Water 195 195

The second material is a natural limestone. Tuffeaa commonly used stone for traditional and
historical buildings in the Loire region. It is maof 50% calcite, 10% quartz, 30% Opal CT and
10% of clay minerals and micas (Beekal, 2016), and is naturally very porous. Our samphes

an initial porosity of 46%.

Table 3 summarizes the samples collected in therdiit material blocks together with the thermal
treatments applied and the measurements performed.
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Table 3. Samples, thermal treatment and measuramigmh conductivity stands for the measuremeriteoéffective thermal
conductivity. HT stands for the High Temperatueatment
Material n° | Thermal treatmenf Measurements
Siliceous concrete 1 Control sample pV Vs, porosity, ETh conductivity,
microstructural observation (only large scale)
2 Shock at 70°C N Vs, porosity, ETh conductivity
3 Shock at 105°C A/ Vg, porosity, ETh conductivity
4 Shock at 200°C A Vg, porosity, ETh conductivity
5 Shock at 800°C A/ Vs, porosity
6 HT VP, VS, porosity, ETh conductivity,
microstructural observation
7 10 cycles at 180°C VP, VS, porosity, ETh connhitgt
8 20 cycles at 180°C VP, VS, porosity, ETh conihitgt
9 30 cycles at 180°CQ VP, VS, porosity, ETh connhitgt
Calcareous concrete 10  Control sample VP, VS, @grosETh conductivity,
microstructural observation (only large scale)
11 | Shock at 70°C A Vg, porosity, ETh conductivity
12 | Shock at 105°C 8/ Vs, porosity, ETh conductivity
13 | Shock at 200°C 8/ Vs, porosity, ETh conductivity
14 | Shock at 800°C p/ Vs, porosity
15 | HT VP, VS, porosity, ETh conductivity,
microstructural observation
16 | 10 cycles at 180°C VP, VS, porosity, ETh cottighiiy
17 | 20 cycles at 180°C VP, VS, porosity, ETh cortidity
18 | 30 cycles at 180°C VP, VS, porosity, ETh cottighiiy
Tuffeau 19 | Control sample VP, VS, porosity, ETh dactivity,
microstructural observation (only large scale)
20 | Shock at 70°C A Vs, porosity, ETh conductivity
21 | Shock at 105°C &/ Vg, porosity, ETh conductivity
22 | Shock at 200°C 8/ Vs, porosity, ETh conductivity
23 | Shock at 800°C p/ Vs, porosity
24 | HT VP, VS, porosity, ETh conductivity,
microstructural observation (only large scalg)
25 | 10 cycles at 180°C VP, VS, porosity, ETh conigitg
26 | 20 cycles at 180°C VP, VS, porosity, ETh cotishltg
27 | 30 cycles at 180°C VP, VS, porosity, ETh cotighltg

2.2. Thermal protocols

Three protocols were applied (see Figure 2) in otdeeproduce the high temperature conditions
of fire, the rapid cooling and the seasonal vasiegi Note that in all these protocols, no

thermocouples were used; the thermal variationsnar@tored by the oven capacities.
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a)
800°C
Quenched
into water
Tamb ____________________________________
3h 12h 18h 24h
C)
Tmax _______________________________________________
\95h
Tamb _________________________________________________
6h

Figure 2. The three thermal protocols. a) High temgture test, where samples are heated up to 8008(pesgressively cooled. b)
Thermal shock, where samples are heated up to Th@axd.05, 200 800°C) and then quenched in waterhe)ral cycling, where
samples are slowly heated up to 180°C and coolechimnaber of cycles (10, 20 and 30 cycles).

High Temperature treatment (HT) was performed following the normalized progesito study
the material resistance to fire. The normalizedcedure follows a particular temperature curve
(1ISO834-1999) in which samples are slowly heatdlbviong a logarithmic temperature increase,
firstly up to 800°C and then up to 1110°C. As we ot have at our disposal an oven able to reach
this second level, our HT treatment was slightlyedent from the normalized test (Figure 2a): the
temperature slowly reached 800°C in 3h. This is wueur high temperature furnace limitations
(about 900°C with a heating rate of 4°C/min andaasuracy of +/-1°C). After reaching this
temperature, samples were held at this level forihrder to ensure a homogeneous temperature
diffusion up to the sample core (recently discudsg@hanget al, 2018). Then, the temperature
was progressively cooled down. This high tempeeativen is not equipped with a cooling control,
but the temperature decrease was measured and tow®lslow, at around 1°C/min. Even if the
protocol is slightly different from the standardegmhe principle of thermal treatment is the same:
high temperature and slow heating and cooling, aamdthus be expected not to have a significant
impact on the mechanical results. This thermaltitmeat was therefore considered as our
normalized fire procedure. Due to the limited aadaility of this oven in our laboratory and its
complexity of use, it was used only for this treatrn

The thermal shocks were performed with a simple oven in which thetimgarate is fixed at
1°C/min. Three maximum temperatures were appliedu(é 2b): 70, 105 and 200°C. Higher
temperatures were not possible due to oven liroitati The temperature was maintained for 12 h in
order to ensure a constant temperature up to thplsacore as in the previous procedure. Then, the
samples were quenched in water (Madietl, 2013, 2014) and remained in the water for 6 hil unt
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1 total cooling (NF-EN14066). They were then overedrand placed in a desiccator. The rock mass
2 evolution was monitored to ensure that completendryvas achieved. As the influence of the
3 cooling process is an important parameter thatcefféhe mechanical properties and the crack
4  network (Botte and Caspeele, 2017), a fourth thestmack was applied. Each sample put in the HT
5 oven was duplicated and one of the two was quenahedater after the 12 h at 800°C. This
6 thermal shock at such a high temperature was peebrin order to examine the effect of cooling
7 rate.
8
9 Thermal cycle is a repetitive protocol (Figure 2c). Samples wplaced in an oven that was
10  progressively heated up to 180°C in 30 min and ttmoled after 6 h down to 20°C in 30 min.
11  These progressive 7-hour cycles were repeateddl@n@ 30 times (Yavuet al, 2006; Lam Dos
12  Santoset al, 2011). It is commonly considered in the literatuhat this protocol leads to
13 homogeneously damaged samples due to its progeeaspect (Wang et al., 2013). A perfectly
14  controlled oven was used that allows temperatugalagion from -60°C to 200°C with a precision
15  of 0.1°C. This furnace can be programmed for autmnegcles.
16
17  After all the thermal treatments, the samples weeserved in an oven with controlled humidity
18  (dry, Hr=40%) and temperature (45°C).
19
20 2.3. Measurements
21
22  Elastic wave velocities were measured with piezoelectric sensors (Pl Ciejaifhe sensors were
23 placed directly on the sample surface and maindaiihenks to rubber bands (Figure 3). Honey was
24 used as couplant in order to ensure a good cobé&haieen the sensor and the sample. Two sensors
25 were placed on opposite faces of the sample in rédwal direction of the cylinder. The
26  measurement principle is as follows: an electris@wf 150 V is generated and transmitted to the
27  first sensor. It triggers a mechanical vibratiomattipropagates into the sample. This wave has a
28 resonant frequency of 150 kHz. The opposite seresmrds this vibration and transforms it into an
29 electrical signal that is amplified at 30 dB. Thgnal is recorded and observed on a dedicated
30 interface (Figure 3). Finally, the travel time dfetelastic pulse through the sample is manually
31  picked. Knowing the distance between the two sexnsbe elastic wave velocity can be determined
32  (Birch, 1960). We used compressional (P) and sf®awave sensors to obtain the P- and S-wave
33  velocities.
34
35
36 Figure 3. Elastic wave velocity measurement assgmbith the generator (on the left), the sample twal opposite sensors, and the
37 view of the dedicated interface for the wave obs@mat(on the right).
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The elastic wave velocities were determined witlaecuracy of £50 m/dNote that this measurement
accuracy is due to the travel time picking anddigmal samplingThe elastic modulus can be obtained
from these velocities considering a simple isotaymmetry by:

K+526
V.2 = 3

P
p - - -

whereK and G are the bulk and shear modulus, respectively, @msl the sample density. The

sample density was measured by weighing the sarbplese the thermal treatments. The densities
are given in Table 1.

, G
and Vi =—,

Crack density is a mechanical damage parameter introduced byshWWdI965a, b) in order to
guantify the effect of cracks on the elastic prtipsr In scalar definition and the isotropic cases
defined by the ratio of the sum of all cubed creaukii versus the total volume of the sample:

1
pC :V_TZai3l

i
where q; is the radius of the™icrack andV; is the total volume of the sample. Then, still
considering the simple isotropic case, the cracisite can be linked to elastic parameters (and thus
elastic wave velocities) by the following relatibijss derived from the study by Kachanov (1993):

K, 16(1 — vo2)
7 =1t Pe™ 1 "2,
and
Go 16(1 —vo/5)(1 —vy)
G TP 91 —v,/2)

where the substript O refer to the initial sammé@h{out cracking), and, is the Poisson'’s ratio.

Effective Thermal conductivity was measured in order to describe the crack cdinitgcAs
shown by Xiong and Liew (2016), thermal or ele@iconductivities are linked to the connectivity
of a crack network. When a sample is more pordsseffective thermal conductivity decreases.
Thus, when cracks are more numerous and connexieirease in conductivity can be expected.
This measurement was performed by the hotwire fgaenfollowing ASTM D5930-97 and the
RILEM recommendation (AAC11-3). The Neotim appasatised is equipped with a probe of
50 mm in length. The accuracy of the measuremenb® with a repeat accuracy of 3%. The
temperature range of the apparatus is from -20°COfC. The measurement range of effective
thermal conductivity was 0.02 to 5 W/mK. For evenmgasurement, the average conductivity was
obtained from 10 measurements in order to minirtheestandard deviation.

Lastly, Porosity was measured, thanks to water saturation. It i thie water accessible porosity.
To do so, the sample mass has been measured andhihalensity could be follow. However, these
results are not presented here. They do not sheguskable tendency as in the high temperature
investigation performed by Motra and Zertani (201\8) also performed sonmaicrostructural
observations under an optical microscope for qualitative dgamns.

3. Results

3.1. Elastic wave velocity and crack density

Figure 4 presents the P-wave (in blue) and S-wWewerange) velocities measured after
the different thermal treatments. Figures 4a ambricern the siliceous and calcareous concretes,
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respectively, while Figure 4c concerns the Tuffeanestone. The velocities measured on the initial
samples are represented as an empty circle. Reshthned after thermal shocks are plotted as
stars; after the thermal cycles, as squares (wittx@onent corresponding to the number of cycles);
and after the HT treatment, as a filled circle. dNtitat for the S-wave, it is not easy to distinguis
the squares, but for every case, the results forlhcycle protocol are the highest velocities and
those with 30 cycles are the lowest.

Increasing the maximum temperature of the therimatls decreased the elastic velocities, although
this is not very marked for the first three valwéshe Tuffeau limestone, as considering the error
bar of the elastic wave measurements (x50 m/$eraial shock of 70 or 105°C appeared to lead to
no velocity variations in this material comparedhe initial state. In contrast, we always observed
a variation with the increasing number of cycledjatever the sample. Concerning the high
temperature treatment, we can see that for thev@whe velocity reached is equivalent to the one
obtained after a thermal shock at 800°C. For tHeacaous materials (calcareous concrete and
Tuffeau), the velocities measured after the HTtinemt presented the biggest difference with the
initial state. This was not the case for the sdice concrete where the thermal shock at 800°Coled t
even lower velocities than with the high tempemtireatment. In order to interpret the cracking
behavior in greater detail, we now focus on thelcrdensity inferred from both P- and S-wave
velocities.

In Figure 5, the crack density is plotted with Hane symbols as previously. Here also, Figures 5a
and b concern the siliceous and calcareous cosg¢regspectively, while Figure 5¢ concerns the
Tuffeau. Because it is known that crack densitycdlbes the mechanical damage due to cracks, this
Figure can be directly interpreted in terms of siengpacking. For the two calcareous samples (the
calcareous concrete and the Tuffeau), the maximrankcdensity was obtained after the high
temperature treatment, and the result obtained th@élthermal shock performed at 800°C was the
closest to the HT results. For the siliceous cdecrié was the thermal shock at 800°C that caused
the most damage, and the result obtained aftery8@< was the closest to the HT results. This
material appears to be much more affected by gdfigh temperature decrease than the calcareous
concrete, as expected according to the study byné&led Dos Santos and Rodrigues (2016).

These results on thermal shock and repetitive sysh®w that the concrete and Tuffeau samples do
not have the same behavior.

For the concretes, the slightest thermal chock idiately favors an increase in crack density. This
is not the case for Tuffeau where the first twaritted shocks present the same crack density as the
initial state (i.epp. = 0). For the concretes, the increasing number ofesybls a strong effect on
the crack density (particularly for the siliceoumcrete) as can be seen from the great difference
between 10, 20 and 30 cycles, with crack densitgggérom 0.2 to 0.8 for the siliceous concrete
and from 0.45 to 0.8 for the calcareous concrete. fEpetitive cycles at 180°C strongly affect the
damage. Crack density is greater at lower tempexyadtter 20 cycles. In addition, the cracking
obtained after 30 cycles is close to the crackitiemeduced by the high temperature treatment (at
least compared to the result obtained on Tuffead especially for the siliceous concrete).

The behavior of Tuffeau is different. The first ske do not induce a marked increase in cracking
damage since for thermal shocks up to 105°C, taekcdensity is almost zero. It presents a slight
increase, but this is negligible considering th®mebar on the elastic wave velocities (leadin@to
crack density known with an accuracy of +0.005 aeieed by Malletet al, 2013). The increasing
damage due to the heating-cooling cycles is lems tbr the concrete. The first two thermal shocks
do not induce a damage increase compared to ttial isiate. Moreover, unlike the concrete, the
thermal shock at 200°C is the most damaging. Thiferdnce no doubt comes from the
microstructure of the sample, studied in the folluywsection.
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shocks, the squares are after the successive aotethe filled circle is the measurement obtaiagedr the high temperature

Nou b~ wN

(o]

treatment. For each point, the error bar is abo604m/s which is approximately the dot size.
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3.2. Porosity and effectivethermal conductivity

Figures 6 and 7 show the effective thermal conditgtiand porosity versus the crack density
results obtained after the different thermal stdicons. The symbols are the same as for Figures 4
and 5.

3 1.8 3 1.8
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2 Tuffeau 9 o
0.2L , A A = L . , A , . J
L 0.1 0.2 0.3 0.4 0.5 L 0'20 02 04 06 08 1 12 14
Crack density Crack density

Figure 6. Effective thermal conductivity evolutieith crack density. Green dots are for siliceousarete (SC) blue dots are for
calcareous concrete (CC) and orange dots are fofTilfifeau. On both figures and as for Figure 4, thepty circle is the initial
state, the stars are the measurements obtainedthfiemal shocks (a), the squares are after theasssive cycles and the filled
circle is the measurement obtained after the héghperature treatment (b). Effective thermal conigitgtis known with an
accuracy of 5%. Larger discrepancies are shown wéttical bars.

The effective thermal conductivity is a good iratar to monitor the damage evolution,

especially the fluid flow capacity as it is a sigihcrack connectivity (Haet al, 2015; Xiong and
Liew, 2016). When a material is cracked, if thewwak is fully connected, the air tunnels will
block thermal diffusion. Thus, a decrease in effecthermal conductivity is expected when the
crack connectivity increasesn civil engineering, thermal or electrical conduity is also
considered in order to assess cracking in buildithgsasteet al, 2003). In the present study, the
effective thermal conductivity was compared to whidal value of the non-damaged material in
order to determine the relative variation of thebgll connectivity of the crack network. It is,
however, not our purpose to propose a quantitatieasurement of this property.
We observe that for the three materials, when crdeksity increases, effective thermal
conductivity decreases. This decrease is much mpoveounced for the concretes and for the
repetitive cycling protocols. Looking in greatentale the calcareous concrete appears to have a
different behavior from the siliceous concrete: thecrepancy between the measurements of the
two concretes is larger than for the measuremesrfonned after the thermal shocks (Figure 6a).
Finally, we observe a strong decrease, again edpjedor the concretes, between the low
temperature treatment and the treatment at 800t Mat the sample submitted to the thermal
shock performed at 800°C could not be measureddlite lack of integrity.
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Figure 7. Porosity evolution with crack density. Bagne symbols are used as in Figure 6. When tleeegiancy for the porosity
measurement was larger than 2% (the dot size) itleen added on the Figure.

Figure 7 represents the evolution of the measuoedsgly with the crack density. Two behaviors
can be clearly observed: for the concretes, whaeta similar behavior whatever the aggregate,
when crack density increases, the global porosityeiases. This result is unsurprising. An opposite
trend is observed for the Tuffeau, although theeesame discrepancies in the results. The increase
in crack density is not followed by a porosity iease. This result is not intuitive and will be
discussed below.

4. Discussion
4.1. Materials comparison and interpretation in terms of crack network

The two concretes respond to the different therstia@sses in the same manner as many other
geomaterials. The increase in crack density widrtal shock has been widely observed in non-
crystalline materials that could represent the tehaof the concrete matrix (Mallet et al., 2013,
2014) but also in granite (Liet al, 2018) that presents an equivalent microstructirgrain
variation. With the increasing number of cyclesg ttrack network is much denser and more
connected, which was also observed in Westerlyitgrdhiu et al, 2018). In the latter study, the
authors presented an experimentally validated madkieal model based on fracture mechanics and
thermo-elasticity to describe how transport prapsrtor in our case, effective thermal conductivity
changes with a higher thermal stress. Their resutisated that thermal cracking is mainly driven
by the difference between mineral thermal expansaefficients. This explains our observation for
the concrete: even if the temperature increaseslyslavhen thermal treatment increases, grains
dilate, and because of the cemented matrix, cracksiucleated. These same differences observed
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for the studied materials have been explained énliterature (see for example Ingham 2009 and
Zhang et al. 2017).

The difference between the two concretes couldxptamed by the different strength of the two
aggregates. In the high temperature treatmentdifference could also come from the alpha-beta
quartz transition observed after 575°C that caruoat siliceous concrete (Shapiet al, 1967;
Carpenteret al, 1998). This well-known phenomenon which produsésictural changes may
cause changes in volume and differential crackirag is even observed in amorphous materials
(Chakrabartet al.,1995).

For the Tuffeau, there is no damage at the beginafrthe thermal treatments. This is similar to
what is observed in many different limestones ardstones, and can be explained by the calcite
matrix and the high porosity which allow the graitws dilate unhindered. It could also be an
explanation for the non-intuitive porosity variatiof the Tuffeau. Because of the high initial
porosity (46%), when the samples are heated, ge@ndilate, decreasing the void between them
as observed in the study by Bachratfal. (2000). On the other hand, it must be borne indntirat

we are measuring water porosity. It is possiblé¢ the apertures in the created cracks are too small
for water to penetrate. It has been shown in posargistones that two mechanisms can occur
(Fortin et al, 2009): grains can “leave” their original placedafall” into the pores, or small
microcracks can be created inside grains (Figurée@ying in both cases to a pore collapse and a
decrease in water-accessible porosity.

Figure 8. Schematic illustration of porosity decsedn granular and porous material versus micro&sdeveloping at the grain
scale (adapted from Fortin et al., 2009).

4.2. Effect of the different thermal treatments

As previously mentioned, one of the goals of thisdg was to show the possibility of using a
simple test to replace the normalized fire tese €omparison presented above shows however that
the three materials do not present the same behaitio respect to the used protocols. The nature
of the material has therefore to be consideredrderoto describe an equivalent protocol to the
normalized one.

For the calcareous concrete, the repetitive themrgeales are more damaging than the thermal
shocks. Comparing the crack density gap betweercy®@les and the HT protocol result, an
equivalent protocol to the normalized one couldmyntonsist in increasing the number of cycles
with a smaller temperature. However, the diffedeabhavior between the shocks and the heating-
cooling cycles observed with the effective therg@iductivity indicates that the cracks induced by
these two stresses do not present the same contyeciVhen trying to adapt the normalized
protocol, the cooling rate needs to be especidligied.
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For the siliceous concrete, the sample appearsetanbch more sensitive to sharp thermal

variations. Nevertheless, as for the calcareousreta, at lower temperature, the repetitive cycles
give very similar results to those of the HT treafta One possibility in this case, therefore, would

be to mix these protocols, involving a successibnsltarp temperature variations of 200°C,

cyclically repeated. Alternatively, perhaps a singhermal shock at an intermediate temperature
around 400°C would be enough.

For Tuffeau it is much more complicated to propasesquivalent protocol as none of the thermal
treatments give similar results to those of thetkeRtment. It seems that for this material it i$ no
possible to find an equivalent test because afdtaplex fire behavior.

4.3. Limitations of our interpretations

We interpreted the observed damage evolution amgrbperty variations by considering cracking,
assessed by the variation in crack density andieasill see, by some microstructural observations.
However, we are aware that complementary effeatkdcarise, such as a decarbonation reaction for
the calcareous samples treated at 800°C. It has $lemwvn that in the presence of calcite, some
decarbonation reactions coupled to microcrackimmiBcantly reduce the rock strength (see for
example the studies by Mollet al, 2013 and Heagt al, 2013). In addition, some chemical
reactions may occur when the concrete is quenchadiier. These other mechanisms may also be
part of the global process, but were beyond thpesod this paper.

There is another limitation of our interpretationked to the use of the crack density parameter.
Thanks to the numerical studies by Grechka and &amh (2006) and the experimental study by
Mallet et al. (2014), an empirical threshold of around 0.25 t&nfixed for the use of this
parameter. This does not mean that beyond thigwaéicannot calculate the crack density, but the
mechanical interpretation based on the effectivdiome theories are no longer valid. In this paper,
because our interpretations are based both onldeicewave velocities and the crack density, we
chose to keep the observation of the variationmaglcdensity. It should be borne in mind, however,
that its exact value is questionable after the ebuentioned threshold. Moreover, concerning
Tuffeau, its high initial porosity will affect thdetermination of the crack density. However, here
again, because we are comparing the initial stateug the damaged one, we are not looking for an
exact value, but rather a relative behavior. Ingdéeltbwing the studies of Schopfet al. (2009)
and Panzat al. (2019) relative crack density can still be invgsted even for samples with an
initial high porosity.

4.4 Microstructural observations

The global microstructure of the Tuffeau and thecacetes was observed in the initial state and after
the HT treatment (Figure 9). Note that we are ankgrested here in providing a qualitative
description. Thus no SEM images were produced. ietpe crack nucleation in the other thermal
treatments, the cracks were visible with the na&gd only for the HT process. We therefore
confined our observations to these samples.
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Figure 9. Pictures of the samples subjected tchtgk thermal treatment: a) siliceous concrete, &lcareous concrete, ¢) Tuffeau.
Pictures are of the whole prismatic samples of 1B/

The Tuffeau presents only a few large cracks atstivéace. The others are small and difficult to
observe due to their narrowness. This observatmfircns the interpretation of the small aperture
blocking water penetration during the porosity neasient. While this could imply that the quality

of the measured porosity is not good enough, #tils an interesting result because it provides
information about the crack aperture size (aboutewaize) and the interpreted micro-cracking
process. We have just to keep in mind that it isthe real porosity but only the water accessible
porosity. For future investigations, a mercury aomeasurement would be more accurate.

For the same thermal treatment, the two concretesept a different crack network. The cracks are
much more numerous and larger than in the Tuffeaapling us to perform much more accurate
observations under the optical microscope. On ilfgus concrete, we observed the presence of
two crack families that developed around and ingidéns (Figure 10a,b). Similar observations are
reported in the literature in other granular maiderisuch as the Westerly granite (Nasseéral,
2009). In the calcareous concrete, this differewas not clearly observable. Only cracks in the
matrix and around grains are found (Figure 10c)s Tould explain the different behavior due to
grain strength. Our results are in agreement Vkibise of previous investigations (Xiegal, 2011;
Calmeiro Dos Santos and Rodrigues, 2016): at reghpéeratures, the siliceous-based concrete is
more affected and shows many more cracks. Howevacking occurred in the same way for the
two concretes at the paste-aggregate interface.
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Figure 10. Microstructural observation of cracksthe siliceous concrete (a-b). A crack developsiima grain (a) and around a
grain (b). c) cracks observed in the matrix of tadcareous concrete, around grains. Scale bar ddated for the three pictures.

5. Conclusion

This paper has presented an experimental investigatto the behavior of building materials
subjected to thermal variations. Three traditiomalterials were used, calcareous and siliceous
concretes and Tuffeau limestone. Properties rel@mdbdermal cracking such as porosity, effective
thermal conductivity and wave velocity were exardirefore and after exposure to temperature
variations. Samples were exposed to heating-coalyetes at 180°C, thermal shocks up to 200°C
and high thermal heating according to the 1ISO8@&1diandard.

Based on the results of this study, the followingausions can be drawn:

(1) For the concretes, the greatest damage is causibe Ioypprmalized high thermal treatment or
the thermal shock at 800°C. The closest damaghetdiil is obtained with the repetitive
thermal cycles.

(2) Sharp thermal variations have a more significaiéctfon siliceous concrete than on
calcareous concrete. The use of calcareous aggeegauld be an effective method to
increase the crack resistance of concrete.

(3) For Tuffeau, the damage observed after the thesmatk at 200°C is the closest to that
obtained after the high temperature treatments.

(4) The porosity of siliceous and calcareous concreteeased with the increase in crack
density. The Tuffeau limestone showed an oppositabior due to grain expansion.

(5) The crack connectivity after thermal shock andratfte repetitive heating-cooling cycles is
different: thermal shocks lead to more connectadks.

(6) There is no single equivalent protocol to high mhalr treatment but rather different
protocols depending on the material properties.
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