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Abstract 9 

This work analyses the impact of elevated temperature on the permeability and on the damage 10 

of concrete according to its saturation degree. The Young Modulus and gas permeability were 11 

measured on samples with different initial saturation degrees that were subjected to thermal 12 

loading (80, 150 and 200 °C). These conditions were defined to simulate the hydrothermal 13 

loading of nuclear plant concrete in case of accident. To analyse the behaviour of concrete 14 

exposed to high temperature, it is necessary to distinguish the effects of water saturation and 15 

the impact of damage on permeability. Experimentations shows that concrete with high 16 

saturation degree can be permeable to air after thermal loading, while it was not permeable 17 

before the loading. Relations are proposed to link the permeability variation to temperature 18 

according to the initial saturation degree of the concrete and to evaluate the permeability 19 

variation from the induced damage. 20 
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1 Introduction 32 

Permeability quantifies the fluid flow through a porous medium under the effect of a pressure 33 

gradient. Sealing quality of concrete is an important property for specific structures. 34 

Permeability can also be used to evaluate the durability performance of concrete. 35 

Thermal loading due to temperature increase is an important risk for structures. The heating 36 

may be caused by fire or by accidental situations in nuclear power plants leading to loss of 37 

coolant accidents (LOCA). Thermal loading (increase of temperature expected from 20 °C up 38 

to 200 °C in case of LOCA) can lead to important cracking. Sealing is of prime importance for 39 

the enclosure vessels of nuclear power plants. After LOCA and resulting thermal loading, the 40 

increase of permeability due to induced thermal cracking leads to the decrease of sealing 41 

capacity. This consequence has to be evaluated to ensure the security of the equipment. The 42 

evaluation of the increase of permeability according to thermal loading is the main objective of 43 

this study. 44 

Exposure to high temperature and the resulting drying lead to many evolutions in the micro and 45 

macro-structure of concrete. These evolutions have various consequences on mechanical 46 

properties [1-5] and permeability [6-12]. 47 

Different origins can explain the damage induced by thermal loading: physicochemical origin 48 

(decomposition of hydrates [13-16]), micromechanical origin leading to cracking (in the 49 

interfacial transition zone due to differential dilation of aggregate and cement paste [17, 18], 50 

due to drying shrinkage of paste restrained by aggregate [8], or due to the increase in vapour 51 

pressure [19, 20]) and macro mechanical origin leading to structural cracking (temperature and 52 

humidity gradient [21]). In modelling, damage during thermal loading is thus evaluated from 53 

dehydration and crack development induced by thermally induced microcracking [10, 18, 22]. 54 

During drying, the reduction of the water content by evaporation due to heating [5, 23] leads 55 

also to an increase of free porosity. It has a strong impact on the connection of natural 56 

percolation paths and thus on permeability [24, 25]. The evolution of the concrete permeability 57 

after thermal loading may be regarded as a function of the accessible gas porosity due to water 58 

removal on the one hand, and as a function of diffuse micro-cracking in the material on the 59 

other [15]. The width, connectivity and tortuosity of old and newly created flow channels 60 

determine the concrete permeability after the loading. 61 

Water content in concrete is adapted to obtain correct rheology during casting. As a 62 

consequence, the saturation degree of concrete is high even when cement hydration is advanced 63 

(usual concrete saturation lies between 75 and 90% for hydration degrees upper than 80%). The 64 
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degree of saturation of concrete stays usually high in the cores of massive structures and in 65 

locations submitted to rainfall (over 80% at 50 mm depth [26]). For lower, but current, external 66 

environmental conditions (between 50 and 60% of relative humidity), the saturation of most 67 

concrete lies also between 50 and 60%. The loss of coolant accidents (LOCA) can occur at any 68 

time of the service life of the structures. Before the accident, the saturation degree of concrete 69 

skin of the internal enclosure vessel is about 60%. The saturation degree of the core of these 70 

massive walls (about 1 meter width) can be expected between 60 and 80% [27, 28]. It is thus 71 

important to evaluate the response of the concrete exposed to elevated temperature with high 72 

initial saturation degrees. 73 

The impact of temperature, saturation degree and thermal loading on concrete permeability has 74 

been widely studied and analysed in the literature [6-12, 29-35]. However, cementitious 75 

materials subjected to thermal loading in the previous experimental programs have low 76 

saturation degrees [7, 36]. The impact of exposure temperature on the permeability of partially 77 

saturated concrete has been little studied while the water saturation of porosity should have a 78 

major impact on overpressure due to thermal heating. The experimental program presented in 79 

this paper attempts to test the material under conditions close to those found in situ: the concrete 80 

is partially saturated with water at the time of the thermal loading. This gap has to be filled to 81 

be able to evaluate the containment properties after thermal loading of in situ concrete. The 82 

evolutions of the permeability and modulus of elasticity of concrete are presented and analysed. 83 

Correlation of the evolution of permeability of concrete exposed to elevated temperatures with 84 

the evolution of mechanical properties is also an important result of this study. 85 

 86 

2 Materials and methods 87 

2.1 Composition of concrete mix 88 

Concrete used in this work (Table 1) is representative of a wide range of concrete used in French 89 

nuclear plants. It is the same mix that the concrete used for the Vercors mockup built by EDF 90 

to help the management of long term operation of its fleet of Nuclear Power Plants [37]. 91 

Siliceous limestone aggregates were used. Silica contents of aggregates were about 80 and 5% 92 

for the sand and the gravels, respectively [38]. Twenty-four hours after casting, the samples 93 

were removed from their moulds and cured in lime water at a temperature of 20 ± 2 °C for at 94 

least 60 days. This long period in lime water was required to obtain a stabilized material 95 

regarding cement hydration [39]. The mean compressive strength of the concrete was 42 MPa. 96 
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 97 

Table 1. Concrete mix 98 

Constituents [kg/m3] 

Sand 0/4 830 

Gravel 4/11 R 445 

Gravel 8/16 R 550 

Cement CEM I 52.5 NCE CP2 NF 320 

Plasticizer 2.4 

Water 167 

 99 

2.2 Conditioning 100 

The aim of this study was to apply thermal loading to concrete with different initial saturation 101 

degrees. To control the saturation degree, the samples were exposed to drying. Such drying can 102 

generate moisture gradient, which can affect air permeability, particularly if moisture content 103 

is high. Samples underwent thus precise conditioning. This conditioning was inspired by the 104 

literature [40-42] and was intended to limit the thermo-hydric gradient and resulting skin 105 

cracking during conditioning before the tests. 106 

First, the samples were fully saturated under vacuum. Then, the samples were dried in an oven 107 

with a gradually increasing drying temperature (40 °C to reach 80%, 60 °C to reach, 60%, 30 108 

and 10%, 105 °C to obtain the smallest degree of saturation assumed to be 0% in this work). 109 

The targeted masses were determined from the concrete porosity measured on other samples 110 

casted during the same concrete batch, before the conditioning of samples exposed to elevated 111 

temperatures. Once the target mass was reached, samples were packed in aluminium and sealed 112 

bags. Then, they were put back into the oven for a period of time at least equal to the drying 113 

time under watertight sealing in order to partially rehomogenize the water distribution 114 

throughout the sample and thus minimize the impact of moisture gradient on air permeability 115 

measurements [42]. 116 

The dry state (S0 = 0%) can only be achieved with a conditioning temperature of 105 °C. Such 117 

a temperature can lead to significant cracking [43]. It is confirmed in this experimental study. 118 

The impact on the results of modulus and permeability are thus discussed in the analysis. 119 

 120 
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2.3 Methods 121 

2.3.1 Modulus 122 

In this work, the evolution of the concrete mechanical property is evaluated by the modulus of 123 

elasticity. It was measured on cylindrical specimens (diameter: 110 mm, height: 220 mm) 124 

according to the European standard [44]. The longitudinal deformation of the samples was 125 

measured with three gauges (KC 70 – 120- A1-11 having a gauge factor of 2.11 ± 1%). Gauges 126 

were stuck vertically and equidistant from one another on the lateral surface of the samples. 127 

The compression test was carried out using a hydraulic cylinder mechanical press with a 128 

capacity of 4000 kN. The force was applied in autopilot mode with force control at the speed 129 

of 0.5 MPa/s, respecting the CPC8 recommendations [45], which advise testing the specimen 130 

at 30% of the breaking load over five loading/unloading cycles. The elastic modulus was 131 

calculated on the last increase in load (5th cycle) from the following relation: 132 

where 𝜎30 is equal to 30% of the compressive strength; 𝜎0 is the strain preload of the press, 133 

which is equal to 0.5 MPa; 휀30 is the longitudinal strain corresponding to stress 𝜎30 of the 5th 134 

cycle; and 휀0 is the longitudinal strain corresponding to stress 𝜎0 of the 5th cycle. 135 

2.3.2 Permeability  136 

The permeability was measured with a Cembureau permeameter. After the curing period, the 137 

samples (diameter =150 mm, h=50 mm) were sawn from the original cylindrical specimens 138 

(diameter =150 mm, h = 200 mm) and the first 20 mm of both ends were removed to avoid skin 139 

effects. The coefficient of permeability was defined by the Darcy law and the gas apparent 140 

permeability of a porous medium was calculated using the Hagen-Poiseuille relationship for 141 

laminar flow of a compressible fluid through a porous medium with small capillaries under 142 

steady-state conditions [46]: 143 

𝑘 =
2 𝜇 𝐿 

𝑆(𝑃𝐼
2 − 𝑃𝑂

2)
𝑃𝑎𝑄𝑂 

 
Eq. 2 

where 𝑘 is the apparent permeability obtained for 𝑃𝐼 = 2 𝑏𝑎𝑟𝑠 according to standard [47], 𝑃𝑎𝑄𝑂 144 

is the outlet gaseous flow, PI and PO are inlet and outlet pressures with PO equal to atmospheric 145 

pressure 𝑃𝑎, S is the cross-sectional area of the specimen (m2), L is the thickness of the specimen 146 

in the direction of flow (m), μ is the dynamic viscosity of the fluid (N.s.m-2). 147 

𝐸 =
𝜎30 − 𝜎0

휀30 − 휀0
 Eq. 1 
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2.4 Experimental program 148 

2.4.1 Impact of drying on modulus and permeability 149 

The Young modulus and the permeability of the concrete was first measured for four saturation 150 

states: Sw = 100%, 60%, 30%, and 00% without thermal loading. It is necessary to quantify the 151 

effect of the drying obtained with moderate and progressive heating on the properties before 152 

the application of the thermal loading. The drying was applied to samples (diameter: 110 mm, 153 

height: 220 mm for the mechanical characterization and diameter: 150 mm, h: 50 mm for the 154 

transfer measurements) after a minimum of 60 days of curing in lime water in order to reach a 155 

stabilized material regarding hydration. The drying durations were determined according to 156 

temperature of conditioning to obtain the mass for the targeted saturation degrees as explained 157 

in the ‘conditioning’ part. 158 

2.4.2 Impact of thermal loading on modulus and permeability 159 

This part of the experimental program concerns the determination of the evolution of the Young 160 

modulus and of the permeability after thermal loading. The thermal loading was applied to 161 

samples (same sizes than for the study of drying) with four initial degrees of saturation (100, 162 

60, 30, and 00%) after 60 days of curing in lime water. Each sample was wrapped in aluminium 163 

and subjected to the thermal loading in an oven preheated to the target temperature T. The 164 

samples were directly exposed to the temperature in the oven. The duration of the thermal 165 

loading was 14 hours. This heating time was defined on the basis of experience gained on the 166 

slabs of the ENDE project [48]. The 14-hour duration allowed the target temperature to be 167 

reached and to be maintained for two hours in the specimen cores. The mechanical and 168 

permeability tests were performed after the return to ambient temperature. For a given 169 

temperature, three samples were tested per initial saturation degree. 170 

The Young modulus was measured after thermal loading for three temperatures: T = 80, 150 171 

and 200 °C. 172 

For the permeability measurements, twelve different samples (diam: 150 mm, h: 50 mm) were 173 

tested. The samples were first exposed to the thermal loading at 80 °C, then at 150 °C and 174 

finally at 200 °C. Before the exposition at 200 °C, the samples were resaturated to their initial 175 

saturation degree as explained just below. Permeability tests were performed between each 176 

exposure temperature and the next. 177 

Samples were packed in aluminium foil to limit the loss of water during the exposure. After the 178 

thermal loading at 80 °C, no loss of mass was noted for any of the samples. All the water stayed 179 
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in the concrete during the exposure at 80 °C, and the permeability tests were performed at the 180 

initial saturation degree (Sw0). After the permeability measurements, the same samples were 181 

exposed to the second thermal loading (150 °C). After the exposure at 150 °C and 200 °C, 182 

samples lost all their water content. It was decided to perform permeability tests after the return 183 

to ambient temperature for two saturation degrees: 184 

- The first permeability test (K1) was performed directly after the thermal loading. This 185 

measurement was thus representative of dry concrete. 186 

- The second permeability test (K2) was performed after resaturation: the permeability 187 

measurement was performed with the water content present before the temperature 188 

exposure and was representative of concrete exposed to steam and air during an accident 189 

[49, 50] and saturated again due to natural humid conditions after the accident. 190 

The samples were exposed to the third thermal loading (200 °C) after the permeability test K2 191 

and thus on samples resaturated to their initial saturation degree. 192 

In order to characterize the mechanisms at high saturation degree, three samples were subjected 193 

to the chosen temperature with 100% of saturation in order to simulate the case of the highest 194 

impact of water vapour. Permeability tests were then performed with 80% of saturation since 195 

there is no percolation path for gas when the material is entirely full of water (100%). At 80% 196 

of saturation, concrete permeability can be measured if the damage induced by the thermal 197 

loading is sufficient. 198 

3 Experimental results 199 

3.1 Modulus 200 

3.1.1 Evolution with the saturation degree  201 

The evolution of the mechanical properties with the saturation degree has been well studied in 202 

the literature [1-5, 51-58]. Most of the previous studies point out an increase in strength [51-55, 203 

58] and a decrease in Young modulus [52-55, 57, 58]. In concrete submitted to drying, two 204 

main mechanisms are in competition: the strengthening of material by capillary forces and 205 

surface tension, and the damage of concrete due to micro-cracking induced by drying [1, 8, 51-206 

53]. The first mechanism is preponderant in the strength evolution while the second mechanism 207 

has an important impact on modulus [53]. The contribution of water compressibility could also 208 

participate to greater modulus of the saturated concrete compared to dry material [58]. In some 209 

cases, a rare small increase of modulus can be observed for dry concrete [56, 59]. 210 
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In this study, it was important to characterize the dependence of the Young modulus on the 211 

saturation degree in order to separate the impact of the temperature and the effect of the 212 

saturation degree in the following analysis. The results are in good agreement with the literature 213 

with a decrease of modulus with the saturation degree (Figure 1).  214 

  

Figure 1.Evolution of modulus E as a function of the saturation degree Sw 

3.1.2 Evolution after thermal loading 215 

The mechanical properties were measured on the concrete before and after exposure to three 216 

temperatures (80 °C, 150 °C and 200 °C) for four initial saturation states (100%, 60%, 30% and 217 

00%). The evolution of the modulus is represented as a function of temperature in Figure 2. 218 

The results of the previous part have been added (T = 60 °C for samples E30, E60, E100 and T 219 

= 105 °C for samples E00) for comparison with the three thermal loading. For a given initial 220 

degree of saturation (Figure 2), the modulus of elasticity decreases significantly with the 221 

increase in temperature, as expected from the literature. 222 

The initial saturation state seems to have little impact on the evolution of the modulus. For high 223 

temperature, water vaporization occurs. For such small specimens, vapour moves out of the 224 

concrete quickly during drying and the impact of the pressure induced in the concrete is 225 

minimal. These tests were representative of concrete skin directly exposed to high temperatures 226 

or for elements with small thickness. They may not be representative of what happens in the 227 

core of a massive structure [19], although the vapour present in these areas could also migrate 228 

through the steel concrete-interfaces [60] in cases of severe thermal loads [61].  229 
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Figure 2. Evolution of the modulus E according to the temperature for four initial 

saturation degrees 

 230 

3.2 Permeability 231 

3.2.1 Evolution with the saturation degree 232 

The apparent permeability of all the samples was first tested before the thermal loading, just 233 

after the preconditioning at 40 or 60 °C (Figure 3) in order to quantify the variation of 234 

permeability with the saturation state. Experimental values are given in Figure 3-a versus the 235 

saturation degree. They were used as references in the following analysis of the impact of 236 

temperature on permeability. Even if the conditioning protocol uses moderate drying, it induces 237 

micro-cracking, which modifies the percolation network. The increase of permeability is thus 238 

due to the combination of the water departure and the cracking. The results are in good 239 

agreement with previous experimental and numerical works [34, 60, 62, 63]. 240 

  

(a) (b) 

Figure 3. Evolution of apparent permeability k as a function of the saturation degree (a) 

and relative permeability (b) 
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Usual dispersion was observed for most samples, particularly at 10% of saturation. It can be 241 

explained by the heterogeneity of the concrete in terms of microstructure and, more particularly, 242 

of porosity paths accessible to gas. The heterogeneity increased with drying. 243 

From these experimental results, the relative permeability was defined (Figure 3-b): 244 

𝑘𝑆0𝑇0_𝑅𝑒𝑙  =
𝑘𝑆0

𝑘0
 Eq. 3 

where 𝑘𝑆0𝑇0_𝑅𝑒𝑙 is the relative permeability for the saturation degree S0, 𝑘𝑆0
 is the apparent 245 

permeability for the samples at the saturation degree 𝑆0 and 𝑘0 is the apparent permeability in 246 

the dry state.  247 

One of the main difficulties was to obtain the apparent permeability 𝑘0 representative of the 248 

concrete studied. The dry state (S0 = 0%) was obtained with a conditioning temperature of 105 249 

°C. This drying leads to cracking and this state was not representative of the initial state of 250 

concrete subjected to the thermal loading in the following experiments (exposed to less than 60 251 

°C before the loading). To obtain relevant and representative analysis, 𝑘0 was evaluated from 252 

the permeability measurements obtained for conditioning temperatures lower than or equal to 253 

60 °C. A van Genuchten model [64] was used to deduce the corresponding 𝑘0 (Figure 3-b): 254 

 

Eq. 4 

where 𝑘𝑆𝑜,𝑇𝑜  is the apparent permeability for a given saturation degree Sw0. q and m are the van 255 

Genuchten parameters, which depend on material characteristics. 256 

For the concrete tested in this study, the apparent permeability 𝑘0  obtained from the van 257 

Genuchten model on samples conditioned at less than 60 °C was equal to 13.10-17 m2. q and m 258 

were respectively equal to 3.7 and 0.5. These values are in good agreement with usual literature 259 

values (q lies between 3.5 and 5 and m is equal to 0.5 [35, 65-67]). Apparent permeability in 260 

the dry state (0% of saturation) after drying at 105 °C was also measured at the end of the 261 

experimentation. It was equal to more than 18.5.10-17 m2 (with a standard deviation of about 262 

6.10-17 m2). The difference between the permeability deduced from the van Genuchten model 263 

and the permeability measurement after the conditioning at 105 °C can be explained by the 264 

impact of the damage on transfer properties of concrete when the temperature of conditioning 265 

becomes too high. For such temperatures, the origin of the damage changes: considerable 266 

thermo-chemical damage is then combined with hydric damage. This leads to strong 267 

nonlinearity for damage (Figure 1) and for permeability.  268 
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 269 

3.2.2 Evolution of permeability just after thermal loading  270 

Permeability measured on samples just after the thermal loading (K1) is presented in Figure 4 271 

for the four saturation degrees. 272 

The aim of this part was to quantify the permeability variation measured on dry samples. It was 273 

only achieved for 150 and 200 °C (specimens exposed to 80 °C were not dry at the end of the 274 

temperature exposure and are thus not analysed in this part). A thermal loading of 200 °C led 275 

to a greater increase in permeability than 150 °C (Figure 4). Such results can be explained by 276 

the increase in the thermo-chemical damage between 150 and 200 °C. 277 

 278 

  

(a)  (b) 

  

(c)  (d) 

Figure 4. Apparent permeability just after thermal loading at 150 and 200 °C for four 

initial saturation degrees 

After thermal loading at 150 and 200 °C, the permeability of samples lies in the same range 279 

whatever their initial saturation degree (Figure 4). As for mechanical characterization, samples 280 

lost free and combined water quickly and the difference of initial saturation degree had little 281 

impact. The temperature of loading seems to play the major role in the permeability increase 282 

when permeability is measured in the dry state. To distinguish the impact of the saturation 283 
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degree of concrete during measurement and the effect of damage, permeability measurements 284 

were performed after resaturation (protocol K2). This is presented in the following section. 285 

3.2.3 Evolution of permeability after resaturation 286 

The permeability of the samples measured after the resaturation of the concrete with the same 287 

quantity of water (protocol K2) is presented in Figure 5.  288 

Apparent permeability is small, and lower than permeability obtained for K1 in Figure 4. This 289 

result was to be expected as the saturation degree increased between the two protocols of 290 

measurement. Large relative increases have to be noted for high saturation degrees (Figure 5). 291 

For saturation degrees of concrete equal to 60 or 80% during measurement (samples 60Bi and 292 

80Ai in Figure 5), permeability was hardly measurable at initial temperature because very little 293 

flow could cross the samples. However, after exposure to 150 and 200 °C, flow was clearly 294 

detectable while the saturation degree was still high (Figure 5). 295 

Thermal loading below 100 °C seems to have little impact on air permeability. As samples were 296 

conditioned at 50°C to reach their target saturation degree the impact of thermal stress on 297 

percolation paths between 50°C and the thermal loading at 80°C was not sufficient to lead to a 298 

change in permeability. After thermal loading at 150 °C and 200 °C, the permeability increased 299 

for all the saturation degree as already observed for dry concrete in [68]. Physicochemical 300 

degradation and mechanical damage increased the accessible porosity and modified the 301 

concrete microstructure, so an increase of permeability was observed. 302 

  303 
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 304 

  

(a)  (b) 

  

(c)  (d) 

Figure 5. Apparent permeability as a function of the temperature for four initial saturation 

degrees 

The flow Q(T) measured during permeability tests after thermal loading can be compared to 305 

the flow Q(50), which is the flow measured for partially saturated samples before the thermal 306 

loading. Results are presented in Figure 6. For low saturation degrees, the proportion of air flow 307 

in the initial percolation path of the concrete is higher than 60%, while, at high saturation 308 

degrees, the air flow occurs mainly in new paths induced by the thermal loading (Figure 6). 309 

This information is important for the evaluation of leakage from damaged structures in real 310 

environmental conditions. 311 

Figure 6 is also interesting for the quantification of the cracking induced by the temperature. 312 

Crack openings were sufficient to allow significant transfer despite the high water content. 313 

Because of their size and their connection, these paths were drained even at high water contents. 314 

The air permeability is known to be a sensitive technique to detect damage [69]. For high 315 

saturation degrees, this experimentation shows that very small defects, which may have 316 

negligible impact on the mechanical properties, lead to large impact on the permeability. It 317 

confirms thus the high sensitivity of this measure to cracking, especially in saturated concrete. 318 
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Figure 6. Ratio of the flow in samples before and after thermal loading versus the 

saturation degree during permeability measurement 

 319 

4 Analysis 320 

4.1 Relative change in modulus 321 

The relative change in modulus is usually used to evaluate the concrete damage due to 322 

mechanical loading. Thermal loading leads also to relative change in modulus but the 323 

modifications are not only caused by mechanical reasons. The evolution of the modulus in 324 

concrete submitted to elevated temperatures is due to the combination of many mechanisms 325 

(cracking, physicochemical modifications, porosity saturation by pore solution). The use of 326 

relative change in modulus to evaluate the damage induced by elevated temperature in concrete 327 

is thus questionable. However, the part really due to damage in the modulus evolution is 328 

difficult to separate to the other contributions by usual measurable parameters. Therefore, the 329 

damage due to thermal loading is evaluated from relative change in modulus as is usual in 330 

modelling approaches presented in literature [10, 22]. It has not to be interpreted as the usual 331 

mechanical damage but as a global evaluation of the relative change in modulus due to all the 332 

mechanisms involved in temperature exposure. In the future, mesoscopic modelling could be 333 

used to have a better evaluation of the effects of each mechanism on the evolution of the 334 

modulus, and to distinguish clearly the mechanical damage to the contribution of other 335 

mechanisms, as particularly the water saturation of concrete porosity. 336 
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4.1.1 Impact of drying 337 

The evolution of the modulus with the saturation degree was evaluated through H regardless 338 

of the nature of its origins (physicochemical and/or mechanical): 339 

𝛿𝐻 = 1 −
𝐸𝑆 

𝐸100% 
 Eq. 5 

where 𝛿𝐻 is used to quantify the modulus evolution due to drying [70], 𝐸𝑆 is the modulus at a 340 

given saturation degree (after drying), 𝐸100% is the initial modulus after 60 days in lime water 341 

and before drying, taken as a reference. 342 

For saturation degrees higher than 30%, the damage increased linearly with the saturation 343 

degree. The decrease of modulus was slightly greater than 6% for a degree of saturation of 344 

about 30% (Figure 7). This decrease is small. The impact of the water loss on the Young 345 

modulus during exposure of the concrete to the chosen temperature appears to be small until 346 

30% of saturation is reached (drying at 60 °C). 347 

The linearity of the damage induced by drying can be evaluated as a function of the saturation 348 

degree as follows: 349 

The coefficient H thus defined is the rate of loss of rigidity of the material due to hydric damage. 350 

It can be used to evaluate the sensitivity of the concrete rigidity to drying: when H is high, the 351 

concrete modulus is more sensitive to loss of water. 352 

The parameter H was calibrated using the experimental measurements. It was equal to 0.10 for 353 

the concrete tested in this work, which is in good accordance with literature results (Table 2). 354 

 

Figure 7. Damage 𝛿𝐻 versus saturation degree 
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Table 2. Value of H deduced from literature data  356 

Concrete samples Deduced 

value of H 
Authors 

E/C  Rc100% (MPa) E100% (GPa) 

0.57 45 41 0.11 Bucher et al. [71] 

0.64 32 25 0.05 Vu [72] 

Most of experimental works on the evolution of Young modulus with saturation degree exhibit 357 

linearity between 100% and 20% of saturation [52, 57, 58]. For very dry materials (below 20%), 358 

the correlation between modulus and saturation can be linear [52, 58] or nonlinear [58] 359 

according to the concrete composition and test conditions. Particularly, the effect of the 360 

aggregate size on the opening of cracks due to cement paste restraint by aggregate [3] can 361 

explain a brutal increase in the impact of saturation on modulus for concrete containing coarse 362 

aggregate. 363 

In the present work, the evolution of damage with the degree of saturation is no longer linear 364 

below 30%. In the dry state (obtained at 105 °C), the damage increases rapidly for a small 365 

difference of saturation. The loss of linearity of the Young modulus evolution indicates the 366 

creation of a cracking network having a marked impact on the permeability. For 0% of 367 

saturation (drying temperature equal to 105 °C), the concrete damage is mainly due to thermo-368 

chemical mechanisms. Drying at high temperatures increases the importance of microcracking 369 

(density, width, length…) [43]. The density of cracking increases significantly between 50 °C 370 

and 105 °C [43]. It can explain the non-linearity of damage obtained for very small saturation 371 

degrees. However, the correlation between modulus and saturation cannot be determined for 372 

low saturation degrees as the number of measurements is not sufficient. Future works on the 373 

mechanical behaviours of concrete submitted to severe drying should focus on this domain of 374 

saturation. 375 

Above 30% of saturation, the damage is supposed to be mainly due to water departure (impact 376 

of drying for temperatures lower than 60 °C). To quantify the damage principally associated 377 

with the water departure, it seems appropriate to keep the linear relation of the Young modulus 378 

with saturation degree. Although the nature of the cracking is different, damage of about 5% 379 

(equal to the drying damage at 30% of saturation) caused by a compressive load usually has 380 

little impact on the permeability, while damage of about 12% (equal to the drying damage at 381 

0% of saturation) can increase the permeability by a factor lying between 2 and 5 [68, 70]. 382 
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The hydric damage, as defined in this paper, does not integrate the impact of cycles of drying 383 

and re-humidification that can occur in the material on site. Additional studies are necessary to 384 

analyse the impact of the life cycle of concrete on this property. 385 

 386 

4.1.2 Impact of elevated temperatures 387 

The evolution of the modulus with the temperature of the thermal loading according to the 388 

initial saturation degree was evaluated through 𝛿𝑇,𝐻0
 regardless of the nature of its origins: 389 

𝛿𝑇,𝐻0
= 1 −

𝐸𝑇,𝑠 

𝐸𝑆0
 
 Eq. 7 

where 𝛿𝑇,𝐻0
 is used to quantify the modulus evolution due to thermal loading in comparison 390 

with the state of samples just before the thermal loading at saturation degree Sw = S0. 𝐸𝑆0
 and 391 

𝐸𝑇,𝑠 are the modulus of concrete before and after the thermal loading, respectively.  392 

Literature data indicate that a linear evolution can be established for the evolution of the 393 

decrease of modulus according to temperature [73]. Figure 8 illustrates the results obtained in 394 

this study. They are in good agreement with the results presented in [22]. 395 

   

Figure 8. Evolution of the thermo-chemical damage as a function of exposure temperature 

The linear regression deduced from the experiments (Figure 8) is: 396 

where 𝐴𝑇𝐻 and 𝐵𝑇𝐻 are calibration parameters. In this study, 𝐴𝑇𝐻 was equal to 0.0017 and 𝐵𝑇𝐻 397 

to -0.0965. These values are close to parameters obtained in Schneider’s work [74]. In this 398 

study, dried concrete was subjected to temperatures increasing from 20 to 800 °C [74]. From 399 

his data, 𝐴𝑇𝐻 and 𝐵𝑇𝐻 can be evaluated at 0.0011 and -0.0376 respectively. 400 
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In the last part of the paper, these results are used to analyse the correlation between the thermo-401 

chemical damage and the evolution of the permeability induced by the exposure to temperature. 402 

 403 

4.2 Permeability 404 

4.2.1 Relative permeability after thermal loading 405 

The evolution of the permeability highlighted in the previous part was caused by the 406 

combination of two mechanisms: the impact of the saturation degree on initial transfer paths 407 

and the impact of the thermo-chemical damage on the increase of the transfer path (due to 408 

decomposition of hydrates and/or cracking). In order to distinguish the two phenomena, the 409 

relative permeability 𝑘𝑇𝐻,𝑅𝑒𝑙 is defined in this part. In the experiments, it was almost impossible 410 

to obtain exactly the same saturation degree before and after the thermal loading and 411 

resaturation. For partially saturated concrete, a small difference of saturation degree can lead to 412 

a large variation of permeability (Figure 3). As the saturation degree was not exactly the same, 413 

experimental permeability values could not be directly compared to define 𝑘𝑇𝐻,𝑅𝑒𝑙. To 414 

circumvent this difficulty in the analysis, the permeability was normalized taking into account 415 

the saturation degree of concrete: 𝑘𝑇𝐻,𝑅𝑒𝑙 was related to the reference state obtained from the 416 

van Genuchten model and has been presented in Figure 3-b. Thus, the impact of the saturation 417 

degree was evaluated from the van Genuchten model and the impact of the thermo-chemical 418 

damage could be highlighted. For a given saturation degree  𝑆0: 419 

𝑘𝑇𝐻,𝑅𝑒𝑙  =
𝑘𝑆0𝑇 

𝑘𝑆0𝑇0
 
 Eq. 9 

where 𝑘𝑆0𝑇 is the permeability for a given saturation state after exposure to the chosen 420 

temperature T (80, 150 and 200 °C) and 𝑘𝑆0𝑇0
 is the reference permeability, considering the 421 

effect of the saturation degree by Eq. 4. Thus, 𝑘𝑇𝐻,𝑅𝑒𝑙 does not depend on the saturation degree 422 

of the sample during the permeability measurement. If the permeability is not modified by the 423 

thermal loading, 𝑘𝑇𝐻,𝑅𝑒𝑙 is equal to 1. If this relative permeability is higher than 1, the difference 424 

has been induced by the temperature. 425 

Figure 9 presents the relative permeability 𝑘𝑇𝐻,𝑅𝑒𝑙 for samples just after the thermal loading 426 

(protocol K1). 427 
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Figure 9. Relative permeability just after the thermal loading (K1) 

For measurements performed just after the thermal loading (Figure 9): 428 

- The exposure at 150 °C had a negligible impact on permeability: 𝑘𝑇𝐻,𝑅𝑒𝑙 is about 1. 429 

- For the loading at 200 °C, 𝑘𝑇𝐻,𝑅𝑒𝑙 lies between 2 and 3. The temperature loading induced 430 

thermo-chemical damage in the concrete but the consequences in terms of permeability 431 

remain moderate at this temperature level. 432 

For the two temperatures, the large effect on permeability shown in Figure 4 was mainly due to 433 

the decrease of the water content of the concrete. 434 

In contrast, the impact of thermal loading on the permeability of partially saturated concrete 435 

was significant (Figure 10). 436 

   

Figure 10. Relative permeability after resaturation (K2): experimentation and empirical laws 

For the lowest temperature, all the relative permeability 𝑘𝑇𝐻,𝑅𝑒𝑙 must be equal to 1 as the 437 

samples have not been subjected to the thermal loading. However, the samples with an initial 438 

saturation degree of 60% show a mean relative permeability of about 2. This is due to an 439 
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approximate evaluation of 𝑘𝑆0𝑇0
 by the van Genuchten model (differences between the model 440 

and experimental results in Figure 3-b). For the same reason, at Sw equal to 30%, 𝑘𝑇𝐻,𝑅𝑒𝑙 is 441 

slightly higher than 1 because the van Genuchten estimation of experimental permeability is 442 

too low. At Sw = 10%, 𝑘𝑇𝐻,𝑅𝑒𝑙 is less than 1 because of overestimation by the van Genuchten 443 

model. 444 

For measurements at high saturation degrees of (60 and 80%), the impact of thermal loading at 445 

80 °C on the permeability is quite small. If it exists, it is of the same order as the discrepancy 446 

due to the use of the van Genuchten model as explained just above. However, exposure to 200 447 

°C leads to a significant increase in permeability. The impact of the thermal loading on 448 

permeability decreases when the initial saturation degree is lower. For high water content, 449 

significant thermo-chemical damage occurs. Even if the concrete is resaturated with the same 450 

water content, the water is not able to fill all the new paths created during the exposure to 451 

temperature. These new paths are probably micrometric and interconnected and can be drained 452 

even at high relative humidity. The consequence is a significant increase in permeability for 453 

concrete with a high saturation degree. This result is important for the evaluation of the leakage 454 

of damaged structures after exposure to elevated temperatures. Such experimental data are 455 

necessary to evaluate the capacity of mesoscopic modelling considering the impact of thermal 456 

damage on permeability [18] for partially saturated concrete. 457 

4.2.2 Combination of saturation and thermal damage impacts 458 

Phenomenological relationships have been proposed to evaluate the permeability of damaged 459 

concrete in relation to the initial permeability and to the temperature [7, 75]: 460 

where k0 is the initial permeability of concrete subjected to the reference temperature T0 and CT 461 

is a parameter that can be calibrated using experimental results. 462 

The analysis proposes here to combine the van Genuchten model (Eq. 4) with the law presented 463 

in Eq. 10 to separate the impact of the saturation degree at the time of permeability measurement 464 

from the effect of the thermal damage.  465 

With this objective, two parameters are defined:  466 

- 𝑇𝑆: the temperature limit above which the thermal loading leads to an increase in 467 

permeability.  468 

𝑘 = 𝑘0𝑒𝑥𝑝[𝐶𝑇(𝑇 − 𝑇0)] Eq. 10 
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- 𝐶𝑇,𝑆 is the coefficient CT in Eq. 10 but with dependence on the initial saturation degree at 469 

the beginning of the thermal loading.  470 

The following equation is thus proposed to evaluate the apparent permeability:  471 

where 𝑘𝑆0𝑇0
 is given by the van Genuchten model, ⟨𝑇−𝑇𝑆⟩ = 0 when 𝑇𝑆 > 𝑇 and ⟨𝑇−𝑇𝑆⟩ =472 

𝑇 − 𝑇𝑆 when 𝑇𝑆 < 𝑇. 473 

𝐶𝑇,𝑆 and 𝑇𝑠 are both calibrated to reproduce the results for each saturation degree (Figure 10) 474 

and to give a gradual trend of their evolution with the saturation degree according to: 475 

where AC, BC, AT, BT are calibration parameters. For the concrete tested in this study, AC, BC, AT 476 

and BT are equal to 0.012, 0.89, 163, and -1.12 respectively. 477 

The literature reports values of CT lying between 0.01185 and 0.02019 [7] (for tests performed 478 

on dried samples, S0 = 0%). With Eq. 12, CT,S is equal to 0.012 for S0 = 0%. It is thus in good 479 

agreement with the literature values. 480 

To obtain a good calibration (Figure 10), it seems important to replace the reference temperature 481 

𝑇0  in Eq. 10 by a limit temperature 𝑇𝑠(𝑆𝑤) (Eq. 13). This limit temperature depends on the 482 

initial saturation degree. Below this temperature, the thermal loading has no significant impact 483 

on the permeability. This modification was necessary to obtain a good representation of all the 484 

measurements. 485 

For the permeability measured with the protocol K1 (measurements on dried samples just after 486 

the thermal loading), the proposed model (Eq. 11) leads to 𝑘𝑇𝐻,𝑅𝑒𝑙 equal to 1 and 1.8 for 487 

temperatures of 150 °C and 200 °C, respectively. Figure 9 indicates that, for T = 150 °C, 𝑘𝑇𝐻,𝑅𝑒𝑙 488 

lies around 1 and, for T = 200 °C, 𝑘𝑇𝐻,𝑅𝑒𝑙 is about 2.5. The proposed relationship leads to a 489 

suitable evaluation of the experimental results of the first protocol. 490 

In order to assess the rate flow of their structures, engineers in charge of the management of 491 

containment structures need phenomenological laws to evaluate the concrete permeability 492 

submitted to various loading. Such laws can also be useful for macroscopic modelling of these 493 

very large structures for which precise evaluation of cracks can be complex or too time 494 

consuming. As shown by the present analysis, the combination of two laws of the literature give 495 

a correct evaluation of this transfer property after thermal loading according to its saturation 496 

 

Eq. 11 

𝐶𝑇,𝑆  = 𝐴𝐶  exp (𝐵𝐶 . 𝑆𝑤) Eq. 12 

𝑇𝑠  = 𝐴𝑇  exp (𝐵𝑇 . 𝑆𝑤) Eq. 13 
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degree before exposure. The relationships proposed for the dependence of the parameters of 497 

these laws on the saturation degree allows their generalization to various environmental 498 

conditions. In this approach, concrete is supposed homogeneous without distinction of the 499 

different phases of the material and of the cracks induced by the thermal loading. More precise 500 

modelling could be helpful to better evaluate the part of the flow in the concrete porosity and 501 

in new paths formed by cracking resulting of the thermal loading. Such modelling can also be 502 

very interesting to evaluate the impact of the mechanical properties of concrete exposed to such 503 

loading on the increase of transfer property. In the future, modelling combining mechanical and 504 

transfer considerations [76] should be used to propose a more complete and precise evaluation 505 

of the effects of thermal loading on the transfer properties of concrete. 506 

4.3 Discussion 507 

4.3.1 Correlation between relative permeability and relative change in modulus 508 

As the thermo-chemical damage has a linear relation with the temperature (Figure 8), the 509 

correlation between permeability and damage can be drawn from Eq. 8 and Eq. 11:  510 

where 𝑘𝑆𝑟0𝑇0
 is given by the van Genuchten model.  511 

𝐴𝑇𝐻, 𝐵𝑇𝐻, 𝐶𝑇,𝑆 and 𝑇𝑆 have been calibrated in the previous parts (Eq. 8, Eq. 12 and Eq. 13). 512 

The relative permeability 𝑘𝑇𝐻,𝑅𝑒𝑙 as expressed in Eq. 14 is plotted in Figure 11 for comparison 513 

with the experimental data obtained in this program. 514 

 

Figure 11. Comparison between experimental results and proposed model  
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The correlations between the relative permeability and the damage induced by the thermal 515 

loading can thus be deduced from the previous relationships (Figure 11). For low saturation 516 

degrees, the exposure to temperature leads to considerable damage but to low permeability 517 

variations. For small saturation degrees, the water in the percolation path is released and the 518 

initial permeability is already high. The relative increase after the temperature exposure is thus 519 

not so marked as for high saturation degrees. 520 

Empirical relations (Eq. 14) can be used to evaluate the relative permeability with quite good 521 

accuracy, in relation to usual experimental dispersion for permeability and damage assessments. 522 

The distinctions between the experimental results and the predictions for the smallest damage 523 

are due to the evaluation of 𝑘𝑇𝐻,𝑅𝑒𝑙 as explained in the previous part (particularly for concrete 524 

at 60% of saturation). 525 

Because of the dependence of the correlation on the saturation degree, the relative permeability 526 

cannot be directly deduced from the damage. For example, for 25% damage, the relative 527 

permeability lies between 2 and 100 according to the saturation state. For measurements on site, 528 

this correlation can be used to evaluate the relative permeability from indirect measurements. 529 

If the damage and the saturation degree of in situ concrete are known, such experimental 530 

relationships could allow the relative permeability to be evaluated without direct measurement 531 

of the permeability. Additional work will be necessary to confirm this method. 532 

4.3.2 Comparison with literature 533 

One of the objectives of this study was to analyse the correlation between relative permeability 534 

and damage induced by thermal loading. In the literature, such results are scarce for thermal 535 

loading lower than 200 °C and damage lower than 0.2, but several studies have analysed the 536 

impact of mechanical loading on permeability in this range of damage [31, 77]. As the damage 537 

due to mechanical and thermal loading has different origins, the consequences in terms of 538 

induced cracking and thus permeability variation have to be compared. 539 

Figure 12 compares the results of the present study obtained on concrete subjected to thermal 540 

loading and the results of concrete subjected to mechanical compressive loading [31, 77] 541 

(obtained on concrete dried at 105 °C until constant mass). In [31, 77], the damage is calculated 542 

from (E0-Ed)/E0 with E0, the modulus before the mechanical loading and Ed, the modulus after 543 

the mechanical loading. The relative permeability 𝑘𝑅𝑒𝑙 is the ratio between the apparent 544 

permeabilities measured after and before the loading. For the present study, only the four trends 545 

obtained with the previous equation have been kept, to simplify the figure. 546 
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The nature and location of the damage is different according to the nature of the loading. 547 

However, thermal and mechanical loadings seem to induce similar correlations between relative 548 

permeability after loading and damage evaluated from the Young modulus (Figure 12). 549 

The evolution of permeability according to damage is of the same order whatever the origin of 550 

the damage (mechanical or thermal). For dry concrete, mechanical loading seems to cause 551 

higher relative permeability than thermal loading. 552 

As for compressive loading [31, 77-79], thermal loading shows a threshold of damage for 553 

unsaturated concrete. Below this threshold, the damage induced by thermal loading does not 554 

impact the permeability. The new paths induced by the thermal loading are not coalescent or 555 

not sufficiently wide to impact the permeability until this damage threshold is reached. It can 556 

be related to the threshold of crack width observed for the effect of mechanical loading on 557 

permeability [78]. 558 

For most of the experimental works, only small increases of permeability were noted for 559 

damage lower than 0.06. This is the value of damage obtained for drying to 30% of saturation 560 

(Figure 7). Drying from 60% to 30% could lead to a small increase in permeability (the 561 

maximum relative permeability is 1.8 for damage of 0.06 for all the experimental studies 562 

presented in Figure 12). 563 

 564 

 

Figure 12. Evolution of permeability with damage after thermal loading (lines) and after 

mechanical loading (points, OC = ordinary concrete, HPC = High Performance Concrete) 

from [31, 77] 
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5 Conclusion 566 

The findings presented in the paper can contribute to the knowledge of the evolution of concrete 567 

permeability after exposition to elevated temperatures. It deals also with the correlation between 568 

concrete damage and permeability after such loading. 569 

Permeability of partially saturated concrete through air permeability measurement has been 570 

analysed. If the permeability is measured just after the thermal loading and drying, the initial 571 

saturation state of the concrete seems to have little impact. The permeability is then mainly 572 

impacted by the saturation state during measurement. It is thus necessary to separate the effect 573 

of thermal damage from the effect of saturation. It can be obtained after resaturation of concrete 574 

to the initial saturation degree. Permeability measurement after resaturation shows small 575 

modifications for concrete with a low saturation degree and large modifications for saturated 576 

concrete. During the thermal loading, the temperature has to be high enough to induce 577 

significant damage. This temperature limit, under which the thermal loading has no impact on 578 

concrete permeability, is dependent on the saturation degree. When the saturation degree is 579 

high, even low thermal loading may induce an increase of permeability while, when the 580 

saturation degree is low (lower than 30%), the thermal loading has to be more severe (above 581 

100°C) before leading to a significant increase of permeability. 582 

After exposition to elevated temperatures, air flow occurs mainly in the initial percolation path 583 

of concrete for low initial saturation degrees but the air flow occurs in new paths induced by 584 

the exposure to temperature for high initial saturation degrees. The degree of saturation of 585 

concrete on site is usually high, concrete saturated at 80% can be permeable to air after thermal 586 

loading, which was not the case before exposure. For concrete with high saturation degree, even 587 

a small damage can lead to large permeability increase. 588 

To obtain a good representation of all the saturation degrees (from 10% to 100%), it has been 589 

necessary to revisit the usual empirical relations between permeability and temperature. A van 590 

Genuchten model cannot be used alone to predict the permeability of saturated concrete 591 

damaged by thermal loading. It can be combined with a phenomenological model to account of 592 

the increase of permeability due to thermo-chemical damage. Adaptations of existing laws have 593 

been proposed in this paper to take the impact of the initial saturation degree into account. 594 

These experimental data and analysis are necessary to obtain relevant modelling to predict the 595 

behaviour of structures in field after thermal loading due, for example, to accidental situation. 596 

 597 
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