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ABSTRACT 6 

Asphalt pavement damaging characterized by series of potholes was recently observed in 7 

France and Northern Europe. This type of pavement distress surprisingly occurred in short 8 

time laps over large distances during winters and after rainfalls had taken place. Based on 9 

these observations, a specific mechanism is suspected to be responsible for such disorders. 10 

This mechanism is believed to be related to the behavior under freezing conditions of asphalt 11 

concrete (AC) partially saturated with water, which is the focus of the present research. To 12 

investigate this behavior two types of experimental test are carried out in the laboratory. One 13 

test is performed under free stress condition while the other test is subjected to restrained 14 

strain. The experimental results from these two tests show the development of swelling strain 15 

and induced stress in the saturated asphalt specimens, respectively. These two effects are 16 

attributed to the phase change of pore water from liquid to solid. A constitutive law taking 17 

into account viscoelasticity of AC, thermal expansion and swelling induced by frost is 18 

elaborated. This law is implemented in a numerical program and validated against the 19 

experimental results. 20 
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1. INTRODUCTION 22 

This research was motivated by field feedbacks showing the apparition of series of potholes 23 

taking place in some asphalt pavements in France and other Northern Europe countries. Such 24 

degradation occurred almost simultaneously (typically in half a day) over some important part 25 

of road sections and under particular weather circumstances combining cold temperatures and 26 

rainfall events. Early investigations of these disorders [1][2] have pointed out that a specific 27 

mechanism could be at the origin of the problem and that this mechanism was likely related to 28 

the mechanical behavior of asphalt concrete (AC) partially saturated with water when 29 

subjected to freezing. Traffic and initial damage might represent propitious or aggravating 30 

factors to this deterioration mechanism. 31 

The mechanical response of partially saturated AC specimens undergoing freezing then 32 

started to be studied in the laboratory [3][4]. Experimental tests were performed at the 33 

timescale of one (or a few) frost/thaw cycle(s) focusing on the strain evolution during 34 

freezing. Results from these studies show that large swelling strain develops in the AC sample 35 

during cooling starting at the time at which temperature in the sample reaches some negative 36 

value. This swelling strain is attributed to freezing of the pore water occluded in the AC 37 

specimen. 38 

In this paper, we present additional tests performed on saturated AC to quantify the level of 39 

strain but also of stress that can originate from freezing of pore water. The objective is then to 40 

use these tests to elaborate a constitutive law dedicated to saturated AC. Two tests are 41 

considered. One is run considering traction free boundary condition that let the sample deform 42 

freely. The other test is performed under restrained strain and makes thermal stress occur in 43 

the sample. The tests performed clearly show the impact of the pore water phase change on 44 

the experimental data.   45 
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It is only recently and following feedbacks from the field that the combined effects of 46 

moisture and frost is considered as possibly leading to a frank mechanism of pavement 47 

structure deterioration, which often results from fatigue process. This mechanism is not well 48 

understood yet and for this reason is investigated in the present work.  49 

Note that in the past, moisture susceptibility and moisture damage of AC was studied putting into 50 

evidence its impact on the long term on stripping, raveling, shelling and hydraulic scour [5][6][7][8]. 51 

On the other hand, the impact of frost on pavements was also studied in the laboratory but rather from 52 

the sight of the long-term effect of repeated cycles [9][10]. Interestingly, the results from this research 53 

shows that the internal structure of AC is modified according to the number of cycles applied, 54 

resulting in an increase of void ratio and permeability [11][12] and a decrease of the AC stiffness [13]. 55 

All these effects can contribute to weaken AC pavements but cannot explain the sudden and 56 

simultaneous onset of potholes. 57 

This paper is divided into three main sections. First we present the experimental testing of saturated 58 

AC materials. Based on the test results, the development of a constitutive law as well as its 59 

implementation in a numerical program is presented in a second part. Finally, this law is validated 60 

against experimental data. 61 

2. EXPERIMENTAL TESTING 62 

Two tests are considered in this section to investigate the behavior of partially saturated AC under 63 

freezing. The first test performed according to traction free boundary condition is denoted CTFS 64 

which is the acronym for Cooling Test in Free Stress condition. This test is used to evaluate swelling 65 

strain that develops in saturated AC under freezing condition. The associated dual variable is the 66 

freezing-induced stress which is quantified by means of TSRST which stands for Thermal Stress 67 

Restrained of Specimen Test. AC samples are subject to restrained strain during this test. 68 

In this section, the AC materials used in the present study and the experimental procedures applicable 69 

to each tests are detailed prior to the experimental results are commented.  70 
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Material properties and preparation of the AC specimens 71 

The asphalt mixture used in this study is designed according to the French formulation 72 

method [14] and is denoted BBSG with a nominal aggregate size of 0/14mm. Its gradation 73 

curve is shown in figure 1. A bitumen classified 35/50 with a content of 4.45 ppc was used. 74 

 75 

Figure 1: Grading curve of the aggregates 76 

 77 

The test specimens used in CFTS and TSRST are cored in slabs of BBSG 0/14 that were 78 

compacted using the plate-compactor machine. Two series of cylindrical specimens are 79 

designed to comply with the geometry required by each test. Dimensions of the specimens 80 

used in CFTS are 80 mm in diameter (∅80) and 120 mm in height. All these specimens (6 in 81 

total) are cored vertically from the same slab. For use in TSRST, 8 cylindrical specimens of 82 

diameter 50 mm (∅50) and of height 160 mm are core-drilled horizontally according to the 83 

European standard NF EN 12967-46. Porosity of every specimen is checked by means of the 84 

X-ray method [15], which is performed for both dry and partially saturated AC samples. 85 

Saturation of an AC specimen is obtained considering the following process: (i) a negative 86 

pressure of -86kPa is applied during one hour to the initially dry specimen placed in a tank, 87 
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(ii) water is slowly added until full immersion of the specimen then maintaining the negative 88 

pressure during three hours. For all the specimens tested, the degree of saturation determined 89 

by weight measurements is found to be around 60% (Table 1). 90 

 91 

Type 

of test 

Number of 

specimens 

tested 

Specimen 

dimensions 

(mm) 

Average 

porosity 

(%) 

Average 

degree of 

saturation 

(%) 

Test details 

CTFS 6 Ø80 × 120 6.2 63 
All specimens are tested successively 

under dry and wet conditions 

TSRST 8 Ø50 × 160 6.5 60 
3 specimens are tested under dry 

conditions and 5 under wet conditions 

 92 

Table 1: Summary of the experimental campaign carried out 93 

 94 

Experimental procedures 95 

The experimental procedures specific to the CFTS and TSRST tests are described in this 96 

section. In particular, instrumentation of the samples is focused on as well as the evolution of 97 

temperature imposed to the samples. 98 

Cooling test in free stress conditions (CTFS) 99 

In this test, the cylindrical AC specimens (Ø80 ×  120 mm) are equipped with two strain 100 

gages and a temperature sensor glued on surface of the specimen at mid-height (Fig. 2a). One 101 

of the strain gages is positioned vertically and thus measures the axial strain while the other 102 

placed horizontally measures strain in the (ortho-) radial direction. Both gages are protected 103 

against external temperature and moisture by a silicone coating. 104 
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The instrumented specimens are tested imposing traction-free boundary condition all over 105 

their outer surface within a climatic chamber. The controlled temperature of the climatic 106 

chamber is varied from 10 °C to -10 °C as shown in figure 2b. The specimens are tested first 107 

under dry conditions and then after partial saturation performed as explained before. The axial 108 

and radial strain evolutions are recorded during cooling of the AC samples which are free to 109 

deform given the mechanical boundary conditions. 110 

 111 

     112 

   (a)       (b) 113 

Figure 2: (a) Picture of the instrumented AC specimen. (b) Evolution of the controlled temperature of 114 

the climatic chamber and of the  temperature measured at the surface of a dry AC specimen during 115 

CTFS testing. 116 

 117 

Since strain gages are sensitive to temperature, their raw measurement must be corrected to 118 

obtain the correct value of strain under variable temperature. In this study, the correction is 119 

done based on the measurement of a particular gage glued on an invar rod also placed in the 120 

climatic chamber and thus subjected to the same controlled temperature as the AC samples. 121 

Invar is an alloy having a very small coefficient of thermal expansion  122 

(𝛼𝐼𝑛𝑣𝑎𝑟 ≈ 0.03 𝜇𝑚/𝑚/°𝐶). 123 
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 124 

The strain recorded on the AC sample can be decomposed into the following parts: 125 

    𝜀𝐴𝐶
𝑚𝑒𝑎𝑠𝑢𝑟𝑒(𝑡) = 𝜀𝐴𝐶

𝑡𝑟𝑢𝑒(𝑡) + 𝜀𝑔𝑎𝑔𝑒
𝑒𝑟𝑟 (𝑡)    (1) 126 

And that recorded on the Invar rod as follows: 127 

    𝜀𝐼𝑛𝑣𝑎𝑟
𝑚𝑒𝑎𝑠𝑢𝑟𝑒(𝑡) = 𝜀𝐼𝑛𝑣𝑎𝑟

𝑡𝑟𝑢𝑒 (𝑡) + 𝜀𝑔𝑎𝑔𝑒
𝑒𝑟𝑟 (𝑡)     (2) 128 

Quantity 𝜀𝑔𝑎𝑔𝑒
𝑒𝑟𝑟 (𝑡) reflects the measurement bias brought by the gage sensitivity to 129 

temperature. However, considering that 𝛼𝐼𝑛𝑣𝑎𝑟 is negligible then  130 

𝜀𝐼𝑛𝑣𝑎𝑟
𝑡𝑟𝑢𝑒 (𝑡) = 𝛼𝐼𝑛𝑣𝑎𝑟 ∆𝜃 ~ 0 and the actual (corrected) strain of AC samples is given by: 131 

    𝜀𝐴𝐶
𝑡𝑟𝑢𝑒(𝑡) = 𝜀𝐴𝐶

𝑚𝑒𝑎𝑠𝑢𝑟𝑒(𝑡) − 𝜀𝐼𝑛𝑣𝑎𝑟
𝑚𝑒𝑎𝑠𝑢𝑟𝑒(𝑡)   (3) 132 

 133 

Thermal stress restrained specimen test (TSRST) 134 

This test is adapted from the European standard NF EN 12967-46 (TSRST). The cylindrical 135 

specimens (∅50 × 160 𝑚𝑚) tested are clamped between two press pistons and placed into a 136 

climatic chamber, the controlled temperature of which is decreased at the rate of 10 °C/h (Fig 137 

3b). The length of the specimen is maintained constant during the test by acting on the force 138 

imposed between the two pistons. The value of stress in the AC specimen is inferred from this 139 

force that ensures a zero longitudinal strain during testing. This is controlled through the 140 

corrected measurement (as described in the previous section) of a strain gage glued to the 141 

lateral surface of the AC specimens. 142 

The TSRST campaign carried out in this study involves eight AC specimens among which 143 

three are tested under dry conditions and five after saturation.  144 
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   145 

   (a)       (b) 146 

Figure 3: (a) Experimental set-up used in TSRST testing. (b) Evolution of the controlled temperature 147 

of the climatic chamber and of the temperature measured by a sensor glued at the surface of an AC 148 

specimen. 149 

 150 

Note that to avoid variability effect from one sample to another in the comparison between 151 

the two tests considered in this paper, some saturated AC samples are utilized for both CTFS 152 

testing and then TSRST testing after the saturation has been set back to the initial level. 153 

 154 

Results and discussions 155 

Effect of water phase change on the measured strain evolution during CTFS testing 156 

Some typical experimental results from CTFS testing are presented below showing the 157 

corrected strain evolution with respect to time. In particular, figure 4 displays the comparison 158 

between the radial and the axial strain obtained for the same AC sample tested under dry and 159 

wet conditions. The AC specimen under consideration has a porosity of 7.7% (𝑛 = 7.7%) and 160 

a degree of saturation equal to 65% (𝑆𝑟 = 65%). 161 
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As expected during cooling, the radial and the axial strain curves show an isotropic thermal 162 

contraction under dry condition. In this case, the change in strain for a temperature variation 163 

of -20 °C (Δ𝜃 = −20 °𝐶) is about -500 μstrain reflecting a coefficient of thermal expansion 164 

equal to 25 𝜇𝑚/𝑚/°𝐶, which is typical of AC materials. 165 

Concerning the saturated specimen, the evolution of the axial and the radial strain is similar at 166 

the beginning to that obtained under dry condition. However, it exhibits for a while afterwards 167 

a “chaotic” phase composed of several peaks oriented opposite to the strain direction 168 

observed until that moment during cooling. Once this phase is over, the strain evolution 169 

becomes smooth again till the end of the test and is homothetic to the temperature curve 170 

whose decrease is ending at this time to eventually reach a plateau. During the “chaotic” 171 

phase, the evolution of the axial strain is not exactly similar to that of the radial strain but the 172 

two curves are superimposed again during the last part of the test. 173 

 174 

 175 

Figure 4: Corrected measurements of the axial and the radial strain recorded for an AC sample tested 176 

under dry and wet conditions (𝑛 = 7.7% and 𝑆𝑟 = 65%) and temperature evolution measured on the 177 

outer surface of the dry specimen during CTFS testing. 178 
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The comparison between the strain plateaus obtained for the dry and the wet specimens at the 179 

end of the test at a temperature of -10 °C shows a positive difference (swelling) of about 180 

130 µstrain and 110 µstrain in the radial and the axial direction, respectively. This difference 181 

clearly results from the “chaotic phase” which undoubtedly can be associated to the water 182 

phase change from liquid to ice within the whole sample. Indeed solidification is known to 183 

induce an increase of 9% in volume in the case of free water. For the six tests of the CTFS 184 

campaign, the swelling (“chaotic”) phase starts as the external temperature is below -2 °C 185 

instead of 0 °C probably due to several physical phenomena taking place in the AC samples. 186 

These phenomena can be related to capillary forces, stagnancy of pore water and super 187 

cooling effect, the chemical change of pore water at contact with the aggregates, etc. 188 

Figure 5 shows a summary of the results obtained in this campaign. As displayed in figure 5a 189 

on the left, the coefficients of thermal expansion calculated for the dry specimens in the axial 190 

and the radial directions can be considered similar; the relative difference between them is 191 

lower than 3%. On the other hand, figure 5b shows that the relative difference in terms of 192 

swelling strain obtained in the two directions is also very small and of the order of 6%. 193 

Consequently, the behavior of the AC specimens (dry or saturated) can be assumed as 194 

isotropic.     195 
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 196 

Figure 5: Comparison between the corrected measurements recorded in the axial and the radial 197 

directions: (a) Coefficients of thermal expansion for the dry specimens. (b) Swelling strains in the case 198 

of saturated specimens. (Error bars show the standard deviation of the measurements performed on 6 199 

samples). 200 

 201 

Effect of water phase change on the measured stress evolution during TSRST testing 202 

Representative results from TSRST testing are shown in figure 6a which displays the stress 203 

evolution obtained for dry and wet specimens when temperature is decreased from 20 °C to  204 

-30 °C. The dry and the saturated AC samples have a porosity of 5.9% and 5.1%, 205 

respectively. The saturated sample was first subjected to CTFS testing and then to TSRST 206 

testing once saturation has been refilled to the initial level of 60%. The swelling strain for the 207 

saturated AC specimen is inferred from the difference between the final plateaus resulting 208 

from CTFS testing (Fig. 6b); a value of 150 µstrain is obtained (axial direction).  209 
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 210 

Figure 6: Comparison between the mechanical responses in terms of stress and strain obtained for the 211 

dry and wet AC samples: (a) TSRST, (b) CTFS 212 

Concerning stress evolution, the dry AC sample exhibits the characteristic response of asphalt 213 

concrete materials tested according to the TSRST protocol (Fig 6a); the axial tensile stress 214 

increases as temperature decreases to compensate thermal contraction. Due to hardening of 215 

the AC material with temperature (loss of relaxation capability), the tensile stress increases 216 

more and more as temperature diminishes. The tests stops brutally at failure of the specimen 217 

(i.e. 4 MPa at -21 °C), as illustrated by the drop of the stress curve in figure 6a. 218 

At the beginning of the test and as long as temperature is higher than the freezing point of 219 

pore water detected at around -5°C, the saturated sample exhibits a quite similar response as 220 

the dry sample. For temperature variations from -5 °C to -10 °C, a decrease of the stress 221 

magnitude is then observed, even leading to slight compression at -10 °C. Afterward, the 222 

stress curve for the wet AC becomes similar again to that of the dry AC, remaining parallel to 223 

it but below. Failure of the (partially) saturated specimen is reached for the same stress value 224 

as the dry specimen (≈ 4 MPa) but at a lower temperature (-26 °C instead of -21 °C). 225 

Basically, the shift between the two curves can be interpreted by a compressive stress of 226 

magnitude 1.4 MPa developing in the specimen during the phase change of water into ice. 227 

Comparison of the CTFS and the TSRST results for this saturated specimen indicates that the 228 
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1.4 MPa “swelling stress” can be considered roughly as the counterbalance effect of the 229 

150 × 10−6 “swelling strain” through a secant modulus of 10,000 MPa during the water 230 

phase change. 231 

The trend observed for this particular sample is confirmed by the rest of the TSRST 232 

campaign. The average temperature at failure is lower for the saturated than for the dry 233 

specimens. The values obtained are -23 ±2.5°C and -20.3 ±0.5°C, respectively (Fig 7). On the 234 

other hand, the average critical stress value at material failure seems to be slightly higher for 235 

dry than for saturated specimens with values equal to 3.8±0.01 MPa and 3.37±0.4 MPa, 236 

respectively (Fig 7).  237 

However, note that the lower temperature obtained at failure for the saturated specimens must 238 

not be interpreted as an improvement of mechanical performance of the material in presence 239 

of water. TSRST test rather shows that a frost front propagating into saturated AC layers of 240 

pavements can develop unexpected internal stress field which effects need to be further 241 

investigated. 242 

 243 

 244 

Figure 7: Comparison between the dry and the saturated AC specimens in terms of temperature and 245 

critical stress obtained at failure (averaged over all the samples of the TSRST campaign and error bars 246 

show the standard deviation of the measurements performed on 3 dry and 5 saturated samples). 247 
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 Effect of water phase change on the creep properties 248 

The impact of the phase change of pore water into ice on the creep function was studied in 249 

[16] on the basis of complex modulus test campaigns performed on the same AC sample in 250 

dry and saturated conditions. For temperatures above the freezing point of pore water no 251 

difference is observed between these two conditions, whereas ice formation is found to 252 

increase the stiffness of saturated AC specimens. However, the increase is less than 10 % and 253 

is not considered in the following. 254 

3. CONSTITUTIVE MODEL DEDICATED TO THE BEHAVIOR OF SATURATED 255 

AC EXPOSED TO FREEZING  256 

The experimental results presented earlier in this paper are used here to develop a constitutive 257 

law for the modeling of the thermo-mechanical behavior of partially saturated AC materials 258 

exposed to freezing. As well known, bituminous mixes are thermo-sensitive materials 259 

exhibiting viscoelastic properties which are accurately captured by the Huet model [17]. 260 

Consequently, the developed law is based on this model and extends its scope to taking into 261 

account variable temperature condition, thermal expansion and swelling effects due to phase 262 

change of pore water. 263 

The development of the constitutive law is presented step-by-step in this section, going from 264 

the unidimensional behavior of AC under isothermal condition to the full tridimensional 265 

expression including all the aforementioned physical phenomena, especially frost effects. The 266 

developed constitutive law is then discretized in time and implemented in a numerical 267 

program. Finally this law is used to model the CTFS and the TSRST tests and is validated 268 

against the experimental data. 269 
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The Huet model under isothermal condition 270 

Rheological model and strain as a convolution integral (1D)  271 

The Huet model is a viscoelastic model composed of a linear elastic spring of modulus 𝐸∞ 272 

connected in series with two parabolic dashpots of exponent k and h (Fig 8). The creep 273 

function for this model depends on time, 𝑡, and temperature, 𝜃, and reads:    274 

 275 

 276 

Figure 8: The Huet rheological model. 277 

 278 

    𝐽𝐻(𝑡, 𝜃) = 𝐽ℎ,𝑘 (
𝑡

𝑎(𝜃)
 )       (4) 279 

With  280 

   𝐽ℎ,𝑘(𝑢) =
1

𝐸∞
(1 +

𝑢ℎ

𝛤(ℎ+1)
+ 𝛿

𝑢𝑘

𝛤(𝑘+1)
)     (5) 281 

in which Γ(∙) stands for the gamma function and 𝛿 is a weight parameter associated to the 282 

dashpot of exponent 𝑘. 283 

The creep function is written with respect to the single scalar variable 
𝑡

𝑎(𝜃)
 by virtue of the 284 

time-temperature equivalence principle applying for asphalt materials. 𝑎(𝜃) denotes the time-285 

temperature shift factor, which in this work is expressed as follows: 286 

 287 

   𝑎(𝜃) = 𝑒𝑥𝑝(𝐴0 + 𝐴1𝜃 + 𝐴2𝜃2)      (6) 288 

 289 

where 𝐴0, 𝐴1 and 𝐴2 are constant parameters of the model.  290 
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The Huet model parameters can be identified using experimental data stemming from 291 

complex modulus tests performed in the frequency domain. 292 

The constitutive law is then provided by the mathematical relationship below (of type Stieltjes 293 

convolution integral), which expresses the strain response (𝜀) to the stress history function 𝜎: 294 

 295 

  𝜀(𝑡) = 𝐽𝐻(𝑡, 𝜃)⨂ 𝜎̇(𝑡) = ∫ 𝐽𝐻(𝑡 − 𝜏, 𝜃)
𝑑

𝑑𝑡
𝜎(𝜏)𝑑𝜏

∞

−∞
   (7) 296 

 297 

Tridimensional strain response in the time domain 298 

For an isotropic material, the above constitutive equation (Eq. 7) can be extended to the 299 

tridimensional case by considering the deviatoric and the volumetric components of strain and 300 

stress tensors and introducing the creep function for each of them. In this paper, Poisson’s 301 

ratio is assumed real and constant leading to the following Hooke type constitutive 302 

relationship: 303 

 304 

𝜺(𝑡) = 𝐽𝐻(𝑡, 𝜃) ⊗ [(1 + 𝜈)𝝈̇(𝑡) − 𝜈 𝑡𝑟(𝝈̇(𝑡)) 𝑰] = ∫ 𝐽𝐻(𝑡 − 𝜏, 𝜃)
𝑑

𝑑𝑡
[(1 + 𝜈)𝝈̇(𝜏) −

𝑡

0
305 

𝜈 𝑡𝑟(𝝈̇(𝜏)) 𝑰] 𝑑𝜏          (8) 306 

 307 

where 𝜺, 𝛔 are tensors of strain and stress, respectively and  𝐈 is the unit 3 × 3 tensor  308 
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Constitutive law for asphalt materials under variable temperature condition 309 

Temperature variation has two significant effects to be considered on the behavior of dry 310 

asphalt materials: (i) thermal expansion, (ii) change of creep function. Considering the case of 311 

saturated AC material, a third effect due to swelling has to be added as shown by the 312 

experimental findings presented before. 313 

 314 

Model for the case of dry AC material 315 

The thermal expansion is accounted for through the classical relationship:  316 

     𝜺𝑡ℎ(𝜃) = 𝛼 ∆𝜃 𝑰      (9) 317 

in which α is the coefficient of thermal expansion (𝜇𝑚/𝑚/°𝐶) and ∆𝜃(𝑡) =  𝜃(𝑡) − 𝜃𝑜 is the 318 

difference between the temperature at time t and that of the reference state denoted 𝜃𝑜. 319 

On the other hand, the computation of the mechanical strain under variable temperature can 320 

be achieved using the concept of “equivalent time” defined by  [18]:  321 

     𝑡𝑒(𝑡) = ∫
𝑑𝜏

𝑎(𝜃(𝜏))

𝑡

0
      (10) 322 

This expression can be easily derived for a Kelvin-Voigt model which viscosity is 323 

proportional to 𝑎(𝜃). Using the time 𝑡𝑒 instead of t makes it possible to express this model as 324 

a Kelvin Voigt constitutive law but with constant viscosity and independently of the 325 

temperature. This property extends to the Huet model using the spectral decomposition of its 326 

creep function as an infinite series of Kelvin Voigt elements which viscosity depends for all 327 

of them upon the same 𝑎(𝜃) function.  328 

Considering only on the mechanical strain, the Stieltjes integral then writes: 329 

 330 
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  𝜺(𝑡𝑒) = ∫ 𝐽ℎ,𝑘(𝑡𝑒 − 𝜏𝑒)
𝑡𝑒

0
[(1 + 𝜈)

𝒅𝝈

𝒅𝒕𝒆
(𝜏𝑒) − 𝜈 𝑡𝑟 

𝒅𝝈

𝒅𝒕𝒆
(𝜏𝑒) 𝑰] 𝑑𝜏𝑒  (11) 331 

That is, coming back to time t and taking also the thermal strain part, the viscoelastic law 332 

under variable temperature: 333 

 𝜺(𝑡) = ∫ 𝐽ℎ,𝑘(𝑡𝑒(𝑡) − 𝑡𝑒(𝜏))
𝑡

0
[(1 + 𝜈)𝝈̇(𝜏) − 𝜈 𝑡𝑟 𝝈̇(𝜏) 𝑰]𝑑𝜏 + 𝜺𝑡ℎ(𝜃(𝑡))   (12) 334 

Model for the case of partially saturated AC material 335 

In addition to thermal expansion and change in the creep (resp. relaxation) capability and as 336 

evidenced by the experimental tests presented in section 2, saturated AC exhibits swelling 337 

effects when temperature is varied passing through the freezing point of pore water.  338 

With regards to CTFS test, here we suggest to model the swelling effects by adding a strain 339 

component 𝜺𝑓 to the constitutive law (Eq. 12). This one is assumed isotropic and depending 340 

on the difference between the temperature of the material and that of the freezing point of 341 

pore water 𝜃𝑓. As already mentioned, 𝜃𝑓 may depend on several physical phenomena taking 342 

place in the porous asphalt and not considered in the model. From the macroscopic point of 343 

view of the present approach, 𝜃𝑓 is set according to the temperature at which the behavior of 344 

the saturated AC sample departs from that of the dry sample in the experimental tests. Thus, 345 

the swelling strain is defined as: 346 

    𝜺𝑓(𝜃(𝑡)) = 𝜀𝑓0
1−𝑡𝑎𝑛ℎ[𝑚(𝜃(𝑡)−𝜃𝑓)]

2
 𝑰     (13) 347 

where 𝑚 is a parameter that allows us to adjust the temperature range (centered in 𝜃𝑓) for 348 

which most of the swelling deformation occurs (Figure 9). This parameter is used to calibrate 349 

the transition of 𝜀𝑓 from zero prior to freezing to 𝜀𝑓0 after full completion of the phase change 350 

of pore water. Depending on the value of 𝑚, this transition can go from quite smooth to sharp. 351 

 352 
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 353 

Figure 9: Swelling strain as a function of temperature for different values of parameter 𝑚 and 354 

 𝜃𝑓 = 0 °𝐶 355 

 356 

Finally, the constitutive law developed to represent the thermo-mechanical behavior of AC 357 

partially saturated with water can be schematized by the rheological model shown in figure 358 

10. Considering a constant Poisson’s ratio, the three dimensional expression of this law (for 359 

variable temperature) is given by: 360 

𝜺(𝑡) = ∫ 𝐽ℎ,𝑘(𝑡𝑒(𝑡) − 𝑡𝑒(𝜏))
𝑡

0
[(1 + 𝜈)𝝈̇(𝜏) − 𝜈 𝑡𝑟 𝝈̇(𝜏)  𝑰]𝑑𝜏 + 𝜺𝑡ℎ(𝜃(𝑡)) + 𝜺𝑓(𝜃(𝑡))    (14) 361 

 362 

 363 

Figure 10: Sketch of the rheological model developed to model saturated AC materials. 364 
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 365 

Time discretization of the three-dimensional constitutive law 366 

As shown by Eq. (14) the developed constitutive law is complex and its use requires 367 

numerical computation. In this section, we present the time discretization of this law for 368 

isothermal and variable temperature conditions. For both cases, expression of the strain tensor 369 

at time 𝑡𝑛 for a given stress history function is derived as well as the dual expression of the 370 

stress tensor in response to a given strain history function. 371 

 Constitutive law in isothermal condition 372 

Under this condition, the 𝜃 variable is omitted in the following equations. Using the Euler 373 

method and considering the time interval [𝑡𝑖 , 𝑡𝑖+1] , we approximate the time derivative of the 374 

stress tensor in Eq. (12) by the following finite difference:  𝝈̇(t) ≈
𝛔i+1−𝝈i

∆t
 , where ∆𝑡 =375 

𝑡𝑖+1 − 𝑡𝑖 is the time step assumed constant. At first, we focus on the assessment of 𝜺(𝑡𝑛) at 376 

the different times 𝑡0, 𝑡1,…, 𝑡𝑖,… 𝑡𝑁  resulting from the following implicit calculation of 377 

Eq. (12): 378 

  𝜺(𝑡𝑛) ≈ ∑ ∫ 𝐽𝐻(𝑡𝑛 − 𝜏)𝑑𝜏
𝑡𝑖+1

𝑡𝑖

(1+𝜈)[𝝈𝑖+1−𝝈𝑖]−𝜈 𝑡𝑟(𝝈𝑖+1−𝝈𝑖) 𝑰

∆𝑡

𝑛−1
𝑖=0    (15) 379 

Here we assume that at step 𝑛 all strain and stress quantities 𝛆i, 𝛔i for 0 ≤ 𝑖 ≤ 𝑛 − 1 have 380 

already been computed and are known. 381 

The definite integral of the creep function at each time step is computed according to the 382 

trapezoidal rule, which for only one interval between 𝑡𝑖 and 𝑡𝑖+1 leads to: 383 

 𝜺(𝑡𝑛) ≈ ∑
𝐽𝐻(𝑡𝑛−𝑡𝑖+1)+𝐽𝐻(𝑡𝑛−𝑡𝑖)

2
∆𝑡 ×

(1+𝜈)[𝝈𝑖+1−𝝈𝑖]−𝜈 𝑡𝑟(𝝈𝑖+1−𝝈𝑖) 𝑰

∆𝑡

𝑛−1
𝑖=0    (16) 384 
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For the sake of simplification, we denote by 𝝌̅ the tensor of all the known values from 𝑡0 to 385 

𝑡𝑛−1 related to history of the stress tensor. 𝝌̅ is defined by: 386 

 387 

𝝌̅ = 𝐽𝐻𝑛,𝑛
[(1 + 𝑣) 𝝈(𝑡𝑛−1) − 𝜈 𝑡𝑟(𝝈(𝑡𝑛−1)) 𝑰] − ∑ 𝐽𝐻𝑛,𝑖+1

[[(1 + 𝜈)𝝈(𝑡𝑖+1) −𝑛−2
𝑖=0388 

𝜈 𝑡𝑟𝝈(𝑡𝑖+1) 𝑰] − [(1 + 𝜈)𝝈(𝑡𝑖) − 𝜈 𝑡𝑟𝝈(𝑡𝑖) 𝑰]]      (17) 389 

 390 

in which: 391 

   𝐽𝐻𝑛,𝑖+1
=

𝐽𝐻(𝑡𝑛−𝑡𝑖+1)+𝐽𝐻(𝑡𝑛−𝑡𝑖)

2
      (18) 392 

Using this notation, Eq. (17) simply reads: 393 

   𝜺(𝑡𝑛) = 𝐽𝐻𝑛,𝑛
[(1 + 𝜐) 𝝈(𝑡𝑛) − 𝜐 𝑡𝑟 (𝝈(𝑡𝑛)) 𝑰] − 𝝌̅   (19) 394 

Eq. (19) can be used to compute the response in terms of strain at time 𝑡𝑛 to a prescribed 395 

stress history function. To obtain the response in terms of stress to an imposed strain history 396 

function, Eq. (19) must be reversed. To accomplish this, we first notice from Eq. (19) that: 397 

   𝑡𝑟 𝝈(𝑡𝑛) =
1

(1−2𝜈)𝐽𝐻𝑛,𝑛

[𝑡𝑟 𝜺(𝑡𝑛) + 𝑡𝑟(𝝌̅)]    (20) 398 

Substituting Eq. (20) into Eq. (19) leads to: 399 

 𝝈(𝑡𝑛) =
1

(1+𝜈)𝐽𝐻𝑛,𝑛

[𝜺(𝑡𝑛) + 𝝌̅] +  
𝑣

(1+𝜈)(1−2𝜈)𝐽𝐻𝑛,𝑛

[𝑡𝑟𝜺(𝑡𝑛) + 𝑡𝑟𝝌̅] 𝑰  (21) 400 

With: 401 

   𝜆𝑛 =
𝜈

(1−2𝜐)(1+𝜈)𝐽𝐻𝑛,𝑛

 , and  𝜇𝑛 =
1

2(1+𝜈)𝐽𝐻𝑛,𝑛

    (22) 402 

the expression of the stress tensor at the time 𝑡𝑛 is finally given by: 403 

 404 
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   𝝈(𝑡𝑛) = 2𝜇𝑛𝜺(𝑡𝑛) + 𝜆𝑛𝑡𝑟𝜺(𝑡𝑛)𝑰 + 2𝜇𝑛 𝝌̅ +  𝜆𝑛 𝑡𝑟𝝌̅ 𝑰   (23) 405 

 406 

This equation at time 𝑡𝑛 is similar to Hooke’s law with “initial” stress. 407 

 408 

Constitutive law for variable temperature condition 409 

In the case of a partially saturated AC subjected to variable temperature condition the 410 

constitutive law is given by Eq (14). Its discretized expression is derived in a similar way as 411 

that of the isothermal case adding the concept of equivalent time, thermal expansion and the 412 

swelling strain. The discretized form at time 𝑡𝑛 reads: 413 

 𝜺(𝑡𝑛) = 𝐽𝐻𝑛,𝑛
[(1 + 𝜐) 𝝈(𝑡𝑛) − 𝜐 𝑡𝑟 (𝝈(𝑡𝑛)) 𝑰] − 𝝌′̅ + 𝜺𝑡ℎ(𝜃(𝑡𝑛)) + 𝜺𝒇(𝜃(𝑡𝑛)) (24) 414 

where the quantities  415 

    𝐽𝐻𝑛,𝑖+1
=

𝐽𝐻(𝑡𝑒(𝑡𝑛)−𝑡𝑒(𝑡𝑖+1))+𝐽𝐻(𝑡𝑒(𝑡𝑛)−𝑡𝑒(𝑡𝑖))

2
    (25) 416 

are now computed considering the equivalent time evaluated as: 417 

   𝑡𝑒(𝑡𝑛) = ∫
𝑑𝜏

𝑎(𝜃(𝜏))

𝑡𝑛

0
= ∑

∆𝑡

2
[

1

𝑎(𝜃(𝑡𝑖+1))
+

1

𝑎(𝜃(𝑡𝑖))
]𝑛−1

𝑖=0    (26) 418 

The tensor 𝝌′̅ refers to quantities evaluated for past times (from 𝑡0 to 𝑡𝑛−1) and is given by:  419 

𝝌′̅ = 𝐽𝐻𝑛,𝑛
[(1 + 𝑣) 𝝈(𝑡𝑛−1) − 𝜈 𝑡𝑟(𝝈(𝑡𝑛−1)) 𝑰] − ∑ 𝐽𝐻𝑛,𝑖+1

[[(1 + 𝜈) 𝝈(𝑡𝑖+1) −𝑛−2
𝑖=0420 

𝜈 𝑡𝑟𝝈(𝑡𝑖+1) 𝑰] − [(1 + 𝜈) 𝝈(𝑡𝑖) − 𝜈 𝑡𝑟𝝈(𝑡𝑖) 𝑰]]      (27) 421 

 422 

The thermal expansion and freezing strain at time 𝑡𝑛 are computed using the following 423 

expressions: 424 
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     𝜺𝑡ℎ(𝜃(𝑡𝑛)) = 𝛼 (𝜃(𝑡𝑛) − 𝜃(𝑡0)) 𝑰     (28) 425 

and 426 

      𝜺𝑓(𝜃(𝑡𝑛)) = 𝜀𝑓0
1−𝑡𝑎𝑛ℎ[𝑚(𝜃(𝑡𝑛)−𝜃𝑓)]

2
 𝑰   (29) 427 

 428 

𝜺(𝑡𝑛) can be computed from Eq. (24) when 𝝈(𝑡𝑛) is given. Conversely, Eq. (30) provides the 429 

stress tensor at time 𝑡𝑛 as a function of strain and quantities related to the loading history of 430 

the material: 431 

  𝝈(𝑡𝑛) = 2𝜇𝑛 𝜺(𝑡𝑛) + 𝜆̃𝑛 𝑡𝑟(𝜺(𝑡𝑛))𝑰 + 𝚼𝑛       (30) 432 

With 433 

 𝜰𝑛 = 2𝜇𝑛[𝝌′̅ − 𝜺𝑡ℎ(𝜃(𝑡𝑛)) −  𝜺𝑓 (𝜃(𝑡𝑛))] +  𝜆̃𝑛𝒕𝒓[𝝌′̅ − 𝜺𝒕𝒉(𝜽(𝒕𝒏)) −  𝜺𝒇(𝜽(𝒕𝒏))] 𝑰 (31) 434 

 435 

and 436 

    𝜆̃𝑛 =
𝜈

(1−2𝜐)(1+𝜈)𝐽𝑛,𝑛
 ,   and   𝜇𝑛 =

1

2(1+𝜈)𝐽𝑛,𝑛
    (32) 437 

 438 

Eq (30) also reads like Hooke’s law with “initial” stress 𝜰𝑛. 439 

Algorithm for the computation of the mechanical response 440 

The equations above are implemented in a numerical program. Figure 11 shows the different 441 

steps of the algorithm utilized to compute the whole set of strain and stress tensor components 442 

in response to the given ones considering variable temperature, thermal expansion and 443 

swelling strain. The developed program is used in the next section to model the behavior of 444 

dry and saturated AC during CTFS and TSRST testing. 445 
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 446 

Figure 11: Algorithm for evaluation of the constitutive law under variable temperature  447 

Input data 

Time loop: 𝑛 = 0 𝑡𝑜 𝑁 

Initialization: 𝑡𝑒(𝑡0) = 0 

∆𝑡𝑒 =
∆𝑡

2
[

1

𝑎(𝜃(𝑡𝑛))
+

1

𝑎(𝜃(𝑡𝑛−1))
] 

𝑡𝑒(𝑡𝑛) = 𝑡𝑒(𝑡𝑛−1) + ∆𝑡𝑒 

                 Calculation: 𝛆𝑓(𝜃(𝑡𝑛)); 𝛆𝑡ℎ(𝜃(𝑡𝑛)) 

 Initialization: 𝛘′̅=0 
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𝛘̅ = 𝛘̅ + 𝐽̃𝐻𝑛,𝑗+1
[[(1 + 𝜈) 𝛔(𝑡𝑗+1) − 𝜈 𝑡𝑟𝛔(𝑡𝑗+1) 𝐈]

− [(1 + 𝜈)𝛔(𝑡𝑗) − 𝜈 𝑡𝑟𝛔(𝑡𝑗) 𝐈]] 
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Solving of 𝝈(𝑡𝑛) and 𝜺(𝑡𝑛) from Eq (30) using the input 

components of stress and strain at time 𝑡𝑛 

Initialization: 𝛔(𝑡0) = 0, 𝜃(𝑡0) 

𝛘′̅ = 𝛘̅ + 𝐽𝐻𝑛,𝑛
[(1 + 𝑣) 𝛔(𝑡𝑛−1) − 𝜈 𝑡𝑟(𝛔(𝑡𝑛−1)) 𝐈] 

  
𝜰𝑛 = 2𝜇𝑛[𝝌′̅ − 𝜺𝑡ℎ(𝜃(𝑡𝑛)) −  𝜺𝑓 (𝜃(𝑡𝑛))] +  𝜆̃𝑛𝒕𝒓[𝝌′̅ −

𝜺𝒕𝒉(𝜽(𝒕𝒏)) − 𝜺𝒇(𝜽(𝒕𝒏))] 𝑰   
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4. MODELING OF CTFS AND TSRST WITH THE DEVELOPED CONSTITUTIVE 448 

LAW 449 

The developed constitutive relationship can be used now to simulate the transient response of 450 

AC samples in the CTFS and TSRST tests, assuming homogeneous temperature, strain and 451 

stress within the samples over the all duration of the tests. The numerical results are compared 452 

with the experimental data presented in section 2 obtained with the same specimen submitted 453 

to the two tests. The viscoelastic properties of the AC material are characterized from 454 

complex modulus tests [19] for the dry AC sample and the use of software Viscoanalyse to 455 

determine the Huet parameters. The values obtained are shown in Table 2. Poisson’s ratio is 456 

set to 0.28. The other material parameters related to thermal expansion and freezing are 457 

inferred from the CTFS and TSRST testing (Table 2). 458 

The input temperature for the simulations is that measured by the sensor placed at the surface 459 

of the dry specimen. 460 

 461 

Huet model parameters 

Thermal expansion 

coefficient 

(𝜇𝑚/𝑚/°𝐶) 

Swelling strain coefficients 

𝐸∞ = 34862 𝑀𝑃𝑎; ℎ = 0.57; 

𝑘 = 0.21; 𝛿 = 1.96; 𝜈 = 0.28 
𝛼 = 25 

𝑚 = 5; 𝜀𝑓0 = 150 𝜇𝑠𝑡𝑟𝑎𝑖𝑛; 𝜃𝑓 =

−6 °𝐶 for CTFS and 𝜃𝑓 = −10 °𝐶 for 

TSRST 

Table 2: Properties of the used AC materials 462 

 463 
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CTFS test modeling 464 

In this test, stress free boundary condition applies on the outer surface of the specimen 465 

𝝈(𝑡) = 0. The components of the strain tensor in cylindrical coordinates check: 466 

 𝜀𝑟𝑟(𝑡) = 𝜀𝜃𝜃(𝑡) = 𝜀𝑧𝑧(𝑡) and 𝜀𝑟𝑧(𝑡) = 𝜀𝑟𝜃(𝑡) = 0. 467 

Figure 12 shows the computed strain for the dry and saturated conditions as well as the 468 

comparison with the experimental data. The model accuracy for the dry condition is 469 

satisfying; a thermal expansion coefficient of 25 𝜇𝑠𝑡𝑟𝑎𝑖𝑛/°𝐶 leading to a thermal strain 470 

approximately equal to 500 𝜇𝑠𝑡𝑟𝑎𝑖𝑛 for 𝛥𝜃 =  −20 °C. On the other hand, the numerical 471 

curve obtained for the saturated condition exhibits globally a similar evolution as the 472 

experimental curve. However, in accordance to the modeling approach considered here only 473 

one single peak is observed during the phase change time period. The model performs 474 

relatively well though, when 𝜀𝑓0 is determined as the difference of strain between the plateaus 475 

obtained for the dry and the saturated conditions at the end of testing. 476 

 477 

 478 

Figure 12: Comparison between the numerical results and experimental data obtained for CTFS under 479 

dry and wet conditions. 480 
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TSRST test modeling 481 

In that case, the two unknowns are the axial stress 𝜎𝑧𝑧(𝑡) due to the force applied by the 482 

piston to ensure zero deformation of the specimen in the axial direction and the resulting 483 

radial strain 𝜀𝑟𝑟(𝑡). The other strain and stress components are assumed zero. 484 

Figure 13 shows the comparison between the curves of experimental and computed axial 485 

stress obtained for dry and wet conditions. Obviously the specimen rupture observed at the 486 

end of the test (Figure 6a) cannot be reproduced since not accounted for in the model. In the 487 

simulations, 𝜀𝑓0 is set to zero and 150 𝜇𝑠𝑡𝑟𝑎𝑖𝑛 (according to CTFS testing results) for the dry 488 

and saturated conditions, respectively. As shown in Figure 13, a good agreement is obtained 489 

for the dry condition revealing the relevance of the concept of equivalent time. The results 490 

obtained for the saturated case are also fairly good overall. As long as temperature is greater 491 

than 𝜃𝑓 = - 10°C, the stress evolution is superimposed with that of the dry AC. For 492 

temperature around 𝜃𝑓, the axial stress shows an abrupt decrease and even enter the 493 

compressive domain. This phase coincides in the model with the occurrence of the peak due 494 

to 𝜀𝑓. This drop in the axial stress is well captured by the model as the counterpart of the 495 

swelling effect modeled through  𝜀𝑓. Afterwards the curve evolves similarly again to that of 496 

the dry specimen but is shifted due to the drop undergone at freezing. 497 

 498 
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 499 

Figure 13: Comparison between TSRST experimental data and the simulated axial stress obtained for 500 

the dry and partially saturated conditions 501 

 502 

Finally, the agreement of the simulations with the experimental data is fairly good for both 503 

tests what validates the developed model incorporating thermal expansion and swelling strain 504 

and relying on the concept of equivalent time. It is shown that the calibration of the swelling 505 

strain can be performed according to CTFS testing once full solidification of pore water has 506 

taken place. Then the model makes it possible to simulate accurately the complex evolution of 507 

the axial stress observed during TSRST testing of the saturated AC specimens. 508 

5. CONCLUSION 509 

The purpose of the present research was to study the thermo-mechanical behavior of partially 510 

saturated asphalt concrete (AC) materials subjected to freezing. This research program was 511 

initiated following the sudden damaging of asphalt pavements observed during recent winters 512 

in France and Northern Europe countries. 513 
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Two types of experimental tests were carried out in this study; CTFS and TSRST testing were 514 

performed on dry and partially saturated samples to evaluate the impact of freezing pore water 515 

on the behavior of saturated AC. The test results have revealed a significant effect with 516 

prominent and brutal changes of the mechanical response in terms of strain (swelling) or 517 

stress of the specimens tested. In addition, these tests have indicated that deformation due to 518 

thermal expansion and swelling was quite isotropic. Concerning TSRST testing, the 519 

(negative) temperature at which failure occurs was found to be 12% lower for the saturated 520 

specimens than for the dry ones. In that case, the critical stress at failure was also slightly 521 

smaller. 522 

In parallel, a tridimensional constitutive model dedicated to saturated AC materials was 523 

developed on the basis of experimental results. The development of this model has taken into 524 

account the following characteristics of AC: viscoelasticity, thermal expansion and swelling 525 

effect under variable temperature. Discretization of this law was implemented in a numerical 526 

program and was validated through simulation of the CTFS and TSRST testing. 527 

It is believed that the significant frost effects observed during CTFS and TSRST transposed to 528 

a pavement structure could lead to the issue mentioned above. Further steps in this research 529 

will thus include testing on pavement structures and implementation of the developed 530 

constitutive law in a finite element (FE) code coupling the mechanical problem to the heat 531 

equation with phase change. These simulations will be used to investigate the impact of 532 

swelling and self-stress effects developing at the frost front. 533 
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