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Abstract: Thermal conductivities of five sandy soils subjected to freezing-thawing and 15 

drying-wetting cycles were determined. Specimens were prepared at five different clay 16 

contents of 0, 5, 10, 15, 20% prior to compaction at the Proctor maximum dry density. Soil 17 

specimens were saturated prior to freezing-thawing and drying-wetting experiments. During a 18 

freezing-thawing cycle, soil’s thermal conductivity and unfrozen water content were 19 

measured at different temperatures ranging from -3 °C to 0 °C. During a drying-wetting cycle, 20 

soil’s thermal conductivity was measured at different water contents. The experimental results 21 

were then compared with predictions by two of the most appropriate existing models, namely 22 

De Vries’s and Johansen’s models, in order to provide insights into the effects of clay content 23 

on soil thermal conductivity at (saturated and unsaturated) unfrozen and frozen states.  24 

Keywords: clay content, thermal conductivity, prediction, unsaturated soils, frozen soils.  25 
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1. Introduction  35 

Soil thermal conductivity is one of the key parameters for designing the balance and transfer 36 

of heat in many areas of engineering. In cold regions, for instance, soils exist in two states: 37 

unfrozen and frozen, depending on many factors such as their composition, pressure and 38 

particularly environmental condition (Andersland and Ladanyi, 2004; Cui et al., 2020a; 39 

Johansson, 2009; Tian et al., 2016; Zhao and Si, 2019). The state change strongly alters soil 40 

thermal conductivity (Cui et al., 2020b; Farouki, 1986; Ji et al., 2021) leading to complexity 41 

in the prediction of soil thermal conductivity.  42 

In general, thermal conductivity of soils can be measured using two approaches, based either 43 

on steady-state or transient-state regimes (He et al., 2021; Zhao et al., 2019). Each approach 44 

includes various methods, such as steady-state heat flow meter, steady-state flat plate, 45 

transient spherical probe, transient plate source and transient heat pulse  (Cui et al., 2020b; 46 

Zhao et al., 2019). Within the steady-state approach, thermal conductivity is determined from 47 

the proportionality between heat flow and the applied temperature gradient when heat transfer 48 

in soil has already reached the steady state. Reversely, within the transient-state approach, a 49 

heat input is applied to the tested soil during a certain time and thermal conductivity is 50 

determined from the measurement of increasing rate of soil’s temperature and the calibration 51 

of Fourier’s heat transfer law. These methods have been commonly used for measuring 52 

thermal conductivity of unfrozen soils. However, their efficiency when applied to frozen soils 53 

is questionable. For steady-state methods, a temperature gradient across a soil specimen can 54 

result in water redistribution and ice melting. These problems were also found in application 55 

of transient-state methods but with smaller impact because small heat input can be considered 56 

(He et al., 2021; Yan et al., 2019). 57 
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Various studies investigated the effects of several parameters on thermal conductivity of 58 

unfrozen soils such as temperature (Sepaskhah and Boersma, 1979; Tarnawski and Leong, 59 

2000), water content (Abu-Hamdeh, 2003; Nguyen et al., 2017; Smits et al., 2010), dry 60 

density (Abu-Hamdeh, 2003; Tang et al., 2008), salinity (Abu-Hamdeh and Reeder, 2000), 61 

mineralogy (Bristow, 1998; Côté and Konrad, 2005b) and fines content (Zhang et al., 2017, 62 

2015). These effects are directly related not only to thermal properties of each component but 63 

also to the arrangement of soil particles.  64 

A significant effort in measurement of thermal conductivity of frozen soil has been made, 65 

particularly, over recent years (Kersten, 1949; Lu et al., 2018; Penner, 1970; Tian et al., 2017; 66 

Zhang et al., 2018). These studies also demonstrated the effects of various parameters on 67 

thermal conductivity of frozen soils. The presence of ice (replacing water) changes thermal 68 

properties of components (2.2 W/(m.K) for ice and 0.57 W/(m.K) for liquid water) and also in 69 

arrangement of grain particles (ice segregation). Consequently, the ratio between ice and 70 

unfrozen water strongly affects the heat conduction in soils. In addition to temperature, the 71 

amount of unfrozen water or ice in frozen soils also depends considerably on the nature of 72 

fine particles and their fraction (Li et al., 2020; Tian et al., 2014; Tice et al., 1976; Zhang et 73 

al., 2020).   74 

Since several parameters can affect the thermal conductivity of soils, the prediction of the 75 

thermal conductivity requires adequate models, able to represent this complexity. For 76 

unfrozen soils, many models, developed over the past decades, have shown their efficiency 77 

(De Vries, 1963; Farouki, 1986; Johansen, 1977; Kersten, 1949; Mickley, 1951). In particular, 78 

by reviewing and evaluating 14 models applied to 62 sands from 20 studies, recently Wang et 79 

al. (2020) found that the models of Chen (2008) and Zhang et al. (2017) are the most accurate 80 

for thermal conductivity of unfrozen sands over the full range of water content. Unfrozen 81 
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soils models were also applied for predicting thermal conductivity of frozen soils (Côté and 82 

Konrad, 2005a; Johansen, 1977; Tian et al., 2016). By reviewing and evaluating 39 thermal 83 

conductivity models for frozen soils, recently He et al. (2021) identified four best models 84 

corresponding to four categories consisting of linear/non-linear regression model, physical 85 

model, mixing model and normalized thermal conductivity model. However, none of these 86 

models could prove a high prediction accuracy.  The occurrence of ice at decreasing 87 

temperature indeed complicates the role played by soil components (content and distribution) 88 

on soil thermal conductivity.   89 

Among various parameters, fine particles play an important role in filling the pores between 90 

coarse grains and also in increasing surface contact between coarse grains. Depending on the 91 

nature of each type of fine particles, their impact on thermal conductivity of soil varies. In the 92 

study of Zhang et al. (2015) with pure quartz sand, thermal conductivity of sands was 93 

increased to a peak value by increasing the fines content to a critical value. However, the 94 

critical fines content depends on the mean grain size ratio of fines to coarse grains, the grain 95 

shape and also moisture state. Additionally, in the case of clay-sand mixture, Zhang et al. 96 

(2017) showed lower values of critical clay content.  97 

Measurements of thermal conductivity were also performed on different types of frozen soils 98 

(He et al., 2021; Tian et al., 2016). Kersten (1949) conducted thermal conductivity 99 

measurements on 19 soils at various densities, water contents and negative temperatures (-28 100 

°C, -18 °C and -4 °C). These 19 studied soils are very diverse in terms of grain size, from clay 101 

to gravel. The study showed a higher range and a lower range of thermal conductivity 102 

corresponding to sandy soils and clayey soils, respectively. Penner (1970) studied thermal 103 

conductivity of two clays at temperatures between 0 °C and -22 °C. Afterwards, Penner et al. 104 

(1975) also studied 10 other natural soils of different grain sizes at -5 °C and -15 °C. These 105 
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two studies showed that, in the high-water content range, thermal conductivity of soils 106 

increases with increasing grain size at frozen state. Recently, Tian et al. (2016) showed 107 

measurements on five soils consisting in loams, clays and sands at -10 °C. The measurements 108 

were combined with data of previous studies to elaborate a simplified de Vries-based model 109 

for better prediction. In addition, Lu et al. (2018) specifically studied thermal conductivity of 110 

one aeolian sand at -15 °C. In general, these previous studies mainly focused on the effects of 111 

dry density or water content on thermal conductivity of frozen soils. Consequently, no 112 

experimental study has been conducted on the effects of clay content on frozen soils. 113 

However, clay content would modify the microstructure of sandy soils and its hydro-thermal 114 

behaviour such as soil freezing characteristic curve (Vu et al., 2022). 115 

The present study aims at systematically investigating the effect of clay content on thermal 116 

conductivity of unfrozen and frozen sandy soils in two series of experiments corresponding to 117 

freezing-thawing and drying-wetting tests. Clean sand was mixed with clay to obtain sandy 118 

soils with clay content of 0, 5, 10, 15, and 20% by dry weight prior to compaction at the 119 

Proctor maximum dry density followed by a saturation stage. For freezing-thawing process, 120 

soil’s thermal conductivity and unfrozen water content were measured at different soil’s 121 

temperatures (ranging from -3 °C to 0 °C) during a freezing-thawing cycle. In parallel, 122 

measurement of soil thermal conductivity during a drying-wetting cycle was performed on the 123 

same materials. Finally, the performance of two of the most appropriate models (after a recent 124 

review) in predicting the obtained experimental results was assessed in order to provide in-125 

depth understanding of the heat conduction process in unfrozen and frozen soils within 126 

various clay contents. 127 

2. Materials and experimental method 128 
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2.1. Material  129 

Fontainebleau sand (97-99% quartz) and Speswhite Kaolin clay, whose physical properties 130 

determined by Boussaid (2005) are shown in Table 1, were mixed with distilled water to 131 

obtain optimum water content determined from Standard Proctor compaction (ASTM, 2021) 132 

curves obtained on the same soils. Prior to compaction in a rigid metallic cylindrical cell (150 133 

mm in height and 150 mm in diameter) to reach the predetermined density, the wet soils were 134 

packed in a plastic bag for at least 24 h for moisture distribution homogenisation. Fig. 1 135 

presents the grain size distribution of the investigated soils (the name of each soil corresponds 136 

to its clay content: for instance, S10 corresponds to a soil having 10% of clay and 90% of 137 

sand in dry mass). Table 2 shows physical properties of specimens in two experiments: 138 

freezing-thawing (noted by T1) and drying-wetting (noted by D1). The dry density of the 139 

samples shown in Table 2 is close to the maximum dry density of the corresponding sand-clay 140 

mixture. Water content at compaction was taken equal to the optimum water content 141 

determined by Boussaid (2005). It is worth noting that optimum water contents for 142 

intermediate fines content (5% and 15%) have been interpolated from the available data.   143 
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 144 

Fig. 1. Grain size distribution curves. 145 

Table 1. Physical properties of Speswhite Kaolin clay and Fontainebleau sand (Boussaid, 146 

2005). 147 

Properties Speswhite Kaolin clay Fontainebleau sand 

Median grain size, D50 (mm) - 0.21 

Uniformity coefficient, CU - 1.52 

Minimum void ratio, emin - 0.54 

Maximum void ratio, emax - 0.94 

Particle density, ρs  (Mg/m
3
) 2.65 2.65 

Minimum dry density, ρd,min  (Mg/m
3
) - 1.37 

Maximum dry density, ρd,max (Mg/m
3
) 1.45 1.72 

Liquid limit, LL (%) 55 - 
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Plastic limit, PL (%) 30 - 

Plasticity index, PI 25 - 

Specific surface area (m
2
/g) 0.94 - 

Particle diameter < 0.002 mm (%) 79 - 

Particle diameter > 0.01 mm (%) 0.5 - 

Table 2. Physical properties of soils in freezing-thawing (T1) and drying-wetting (D1) 148 

experiments. 149 

Test No. Clay content 

(%) 

Water content at 

compaction 

(%) 

Dry density 

(Mg/m
3
) 

Porosity 

(-) 

S20-T1 20 11.2 1.98 0.25 

S15-T1 15 9.1 1.99 0.25 

S10-T1 10 8.0 1.91 0.28 

S5-T1 5 7.0 1.78 0.33 

S0-T1 0 5.6 1.67 0.37 

S20-D1 20 11.2 1.96 0.26 

S15-D1 15 9.1 1.99 0.25 

S10-D1 10 8.0 1.93 0.27 

S5-D1 5 7.0 1.77 0.33 

S0-D1 0 - 1.61 0.39 

2.2. Setup and procedure for freezing-thawing experiments 150 

The experimental setup used for freezing-thawing experiments is shown in Fig. 2. The sensors 151 

used in the freezing-thawing experiments are shown in Table 3. Soil temperature was 152 
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measured with a PT100 sensor, soil thermal conductivity was measured with a KD2-Pro (RK-153 

1) probe and soil volumetric water content was measured with a ML2x Thetaprobe sensor. 154 

Two empirical equations due to (1) Smith and Tice (1988)  and (2) Topp et al. (1980) were 155 

used to infer soil volumetric water content from apparent dielectric constant for frozen and 156 

unfrozen soil, respectively:  157 

                                                 
              

         

                                                 
             

           

where    is the apparent dielectric constant and    is the unfrozen volumetric water content.  158 

After compacting the soil specimen in the cylindrical cell at optimum water content to the 159 

desired dry density (Table 2) using Standard Proctor compaction procedure, the sensors were 160 

inserted into the soil as shown in Fig 2. Afterwards, an expanded polystyrene layer was 161 

placed to cover the soil specimen for heat insulation purposes. The soil specimen was then 162 

saturated by injecting water from its bottom (for 0.5 to 2 days depending on clay content) 163 

until a 10 mm layer of water is visible on the top of the specimen. Afterwards, the cell 164 

containing the soil specimen was immersed in a temperature-controlled bath (F38-EH 165 

JULABO with ±0.03 °C accuracy), as shown in Fig. 2, to start the freezing-thawing 166 

experiment. The bath temperature was first set at a temperature between 0 °C and -1 °C 167 

(slightly higher than the expected temperature of spontaneous ice nucleation). After the 168 

temperature stabilised at this initial state, it was then decreased in steps of 0.1 °C to freeze the 169 

soil pore water. Once freezing was triggered (most of the liquid water was transformed into 170 

ice), the temperature was decreased in steps of 0.2 °C until -2 °C or -3 °C to determine the 171 

change in thermal conductivity and liquid water content upon further cooling. Afterwards, 172 

during the heating path, the bath temperature was increased in steps of 0.2 °C to 0 °C in order 173 
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to thaw the frozen soil. During both cooling and heating paths, after the equilibrium was 174 

reached at each step, the thermal conductivity was measured at least three times with a 1-hour 175 

interval between two consecutive measurements to verify the equilibration of soil’s 176 

temperature and unfrozen water content. The equilibrium state was considered reached when 177 

changes (during 2 h) in the soil temperature and volumetric unfrozen water content (measured 178 

by the sensors) were negligible (< 0.05 °C for temperature and < 1% for water content). Data 179 

from the tensiometer, providing cryo-suction developing when the freezing process is 180 

triggered, were not analysed because they are out of the scope of this paper. 181 

 182 

Fig. 2. Setup for freezing-thawing experiments: (1) Temperature-controlled bath; (2) Soil 183 

specimen; (3) Temperature control system; (4) Heat transfer liquid (30% ethylene glycol + 184 

70% water); (5) Metallic cylindrical cell; (6) Insulating cover; (7) Temperature sensor; (8) 185 

Tensiometer; (9) Soil water content sensor; (10) Thermal conductivity probe; (11) Data 186 
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logging system. A bar representing a scale of 100 mm is shown to illustrate the setup 187 

dimensions. 188 

Table 3. Properties of sensors used in freezing-thawing and drying-wetting experiments. 189 

Measured 

parameters 

Principle Type Supplier Accuracy Range 

Temperature 

(Freezing-Thawing 

test) 

Resistance temperature 

detector 

PT100 Mersurex ±0.03 °C - 200 to 

400 °C 

Volumetric water 

content (both tests) 

Time domain 

reflectometry (dielectric 

permittivity) 

ThetaProbe 

ML2x (4 rods) 

AT Delta-T 

service 

0.01 m
3
/m

3
 0.01 to 1 

m
3
/m

3
 

Suction (Freezing-

Thawing test) 

Tensiometer T5x Meter 

Group 

±0.5 kPa -160 to 100 

kPa 

Thermal 

conductivity (both 

tests) 

Transient line heat 

source 

KD2-Pro (RK-

1) 

Meter 

Group 

10% of 

measured 

value 

0.1 to 4 

W/(m.K) 

Suction (Drying-

wetting test)  

Tensiometer T8 Sol Mesures ±0.5 kPa -100 to 100 

kPa 

 190 

2.3. Setup and procedure for drying-wetting experiments 191 

The drying-wetting experiments conducted in this study followed a similar methodology to 192 

that described by Nguyen et al (2017). The sensors and experimental setup are shown in Table 193 

3 and Fig. 3. A thermal conductivity sensor KD2-Pro (TR-1) was installed in the centre of the 194 

specimen while two other sensors including water content sensor and tensiometer were 195 

installed close to the cell wall. This configuration minimizes the effect of these two sensors on 196 

the thermal conductivity sensor. The empirical equation (2) due to Topp et al. (1980) was also 197 

used to infer volumetric water content from apparent dielectric constant for soils during 198 

drying-wetting processes. Data from the tensiometer, providing suction developed during the 199 

initial drying, were not analysed because they are out of the scope of this paper.  200 
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 201 

Fig. 3. Setup for drying-wetting experiments: (1) Soil; (2) Metallic cylindrical cell; (3) 202 

Insulating cover; (4) Tensiometer; (5) Thermal conductivity probe; (6) Soil water content 203 

sensor; (7) Data logging system. A bar representing a scale of 100 mm is shown to illustrate 204 

the setup dimensions. 205 

After compaction and saturation, the soil specimen was first subjected to a drying path in 206 

steps. For this purpose, two holes (50 mm in diameter) were created on the top cover allowing 207 

soil water to evaporate. For each drying step, the two holes were opened to allow evaporation 208 

from the top surface. A fan was put next to the specimen to increase the evaporation rate. 209 

After a certain duration, the two holes were covered by two lids to avoid moisture exchange 210 

with the atmosphere. The equilibrium moisture was reached after several hours. Moisture 211 

equilibrium was tracked by volumetric water content and suction sensors. When water 212 

evaporation took place, the measured suction increased quickly and the measured water 213 

content decreased quickly. During the equilibrium phase, suction decreased and water content 214 

increased slowly to reach equilibrium. Similar phenomena have been observed in Nguyen et 215 
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al. (2017). Thermal conductivity measurements were performed at equilibrium prior to the 216 

subsequent drying step. 217 

After the drying path, the soil specimen was also subjected to a wetting path in steps. For each 218 

step, a small quantity of water was added through the two holes on the top cover, which were 219 

then closed for several hours to ensure that water was redistributed homogeneously within the 220 

specimen. 221 

The homogeneity of water distribution (equilibrium state), during both drying and wetting 222 

paths, was assumed to be reached when changes in soil suction and soil volumetric water 223 

content during a 1-hour period were negligible (< 1 kPa for suction and < 1% for water 224 

content). At the end of each step, soil thermal conductivity was measured three times with a 225 

1-hour interval between two consecutive measurements. 226 

3. Experimental results  227 

3.1. Thermal conductivity of frozen soil 228 

As an example of a freezing-thawing test, the results of test S10-T1 are shown in Fig. 4, 229 

where soil temperature ( ), volumetric unfrozen water content (  ) and thermal conductivity 230 

( ) are plotted versus elapsed time. Initially,   was imposed at -1.2 °C without inducing 231 

freezing (formation of ice). A cooling path was first applied by decreasing   in steps of 0.1 232 

°C. During the period where   remained higher than -1.6 °C,   was controlled through the 233 

bath’s temperature,    and   remained constant. At 77 h (when   was imposed at -1.6 °C), 234 

freezing process occurred showing an abrupt increase of   to -0.1 °C prior to a progressive 235 

decrease to reach the imposed temperature (-1.6 °C) again. At this time,    decreased to 3% 236 

(because of the formation of ice) while   increased from 4 W/(m.K) to 5 W/(m.K). After this 237 
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first formation of ice,    was further decreased in steps of -0.2 °C from -1.7 °C to -2.9 °C.   238 

increased while    slightly decreased during this further cooling path. When   reached -2.9 239 

°C, a heating path was imposed in steps of 0.2 °C. During this path,    increased 240 

progressively while    decreased. It is noted that the two particularly high values of   at 400 h 241 

and 560 h were observed but they were not considered as reliable values due to the effect of 242 

latent heat on measurement. Actually, during the measurement by the linear heat source 243 

method, a constant heat power was supplied and slightly heated the probe. Thermal 244 

conductivity was estimated by the rate of probe’s temperature increase with the logarithm of 245 

time. When measurements were performed close to the freezing temperature, this heating 246 

would induce water thawing in the vicinity of the probe. This thawing required heat (latent 247 

heat) and reduced the probe’s temperature (inducing an overestimation of thermal 248 

conductivity). These measurements are thus not presented in the following figures.  249 

 250 
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Fig. 4. Time evolution of temperature, unfrozen volumetric water content and thermal 251 

conductivity during test S10-T1. 252 

Fig. 5 shows, for test S10-T1, the relationships between  ,   , and     obtained at the end of 253 

each step included in a freezing path and a subsequent thawing path (the considered 254 

equilibrium state corresponds to the vertical dotted lines shown in Fig. 4). During the cooling 255 

path (dark line), as shown in Fig. 5a, freezing occurred when   reached -1.6 °C, inducing a 256 

sudden decrease of    from 28% to 3%. When   continued to decrease to -2.9 °C,    257 

decreased slightly to 2%. During the heating path (red line), thawing occurred progressively 258 

inducing an increase of   . The relationship between    and   is similar between the cooling 259 

and the heating paths, except for the period before the occurrence of freezing. Similar 260 

conclusions can be observed on the relationship between   and   (Fig. 5b). However, a 261 

unique relationship can be observed between   and    (Fig. 5c). 262 

 

(a) 
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(b) 

 

(c) 

Fig. 5. Relationships between (a) volumetric unfrozen water content and temperature, (b) 263 

thermal conductivity and temperature, (c) thermal conductivity and volumetric unfrozen water 264 

content of test S10-T1. 265 
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Detailed analyses of the relationship between volumetric unfrozen water content and 266 

temperature (soil freezing characteristic curve) obtained for all soils were presented in Vu et 267 

al. (2022). In the present work, results on thermal conductivity are further analysed.   268 

Fig. 6 presents the results of all the freezing-thawing experiments where   is plotted versus  . 269 

It can be observed that all these results show similar trends. During the initial cooling,   did 270 

not change when   decreased.   increased abruptly when freezing occurred. Afterwards, the 271 

relationship between these two quantities were similar on the freezing and thawing paths. 272 

Generally,   was higher at a lower  .  273 

 274 

Fig. 6. Thermal conductivity versus temperature for all freezing-thawing experiments. 275 

Fig. 7 presents the results of all specimens at frozen state where   is plotted versus    and  . 276 

It can be observed that all these results show a reversible behaviour of   at frozen state, 277 

particularly with   .   increased significantly with decreasing    in the range of low values 278 
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of unfrozen water content. In addition, to provide the same thermal conductivity, volumetric 279 

unfrozen water content has to be higher for a higher clay content. Otherwise, as shown in Fig. 280 

7b, at the same temperature in frozen state, adding fines (from 0% to 15%) decreases   281 

significantly.  282 
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 283 

(a) 284 

 285 

(b) 286 
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Fig. 7. Thermal conductivity versus (a) volumetric unfrozen water content and (b) 287 

temperature for all freezing-thawing experiments. 288 

Fig. 8 presents thermal conductivity versus water degree of saturation (  ) only for soils at 289 

frozen state. Generally,   was higher at a lower value of   . Beside the experimental results, 290 

results obtained by models’ prediction are also plotted for comparison in this figure (see 291 

section 4).  292 

 293 

(a) (b) 
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(c) (d) 

(e) 

 

Fig. 8. Experimental results and models’ prediction for thermal conductivity versus water 294 

degree of saturation for frozen soils: (a) S0-T1; (b) S05-T1; (c) S10-T1; (d) S15-T1; (e) S20-295 

T1. 296 

3.2. Thermal conductivity of unfrozen soil 297 
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Fig. 9 shows the evolution of    and   versus time for test S10-D1. From the beginning to 298 

650 h, the specimen was subjected to various drying steps prior to be subjected to further 299 

wetting steps until 1000 h. From the initial state with    = 25.3%, water evaporation takes 300 

place when removing the two lids and    decreased slowly. After several hours, covering the 301 

holes with the lids again prevented water evaporation.    continued to decrease with lower 302 

rate prior to stabilizing in further hours at 21.6% and measurement of   was then conducted. 303 

Such drying step was repeated 8 times until   = 14.2% prior to wetting path. From 650 h, 304 

first addition of water in two holes induced a slow increase of   , which stabilized at 15%. 305 

The measurement of   was then also performed prior to the second water addition. In the 306 

subsequent wetting steps, adding water induced an abrupt and immediate increase of   , 307 

which decreased afterward with slow rate prior to stabilizing. The wetting path was stopped at 308 

   = 22.3%.  309 
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 310 

Fig. 9. Volumetric water content and thermal conductivity of unfrozen soils in wetting-drying 311 

process of S10-D1.  312 
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Fig. 10 shows the relationship between   and water degree of saturation (  ) for all drying-313 

wetting experiments.    was calculated from    and soil porosity ( ). In this figure,    was 314 

plotted instead of    in order to facilitate the comparison with data taken from existing 315 

studies. Measurements of thermal conductivity of pure sand in drying-wetting experiment 316 

(S0-D1) were not conducted and available data found from the literature (Vieira et al., 2019) 317 

were used. The results show that adding fines (from 0% to 15%) increased significantly   318 

 319 

Fig. 10. Thermal conductivity versus water degree of saturation for all drying-wetting 320 

experiments.  321 

Fig. 11 shows predictions of models. Zhang et al. (2017) presented data obtained on sand-322 

kaolin mixtures (having similar clay content) compacted at various porosities and degrees of 323 

saturation. The sand used in the work of Zhang et al. (2017) was Ottawa-type silica sands 324 

(pure sand with more than 99% quartz content). These results are also plotted in Fig. 11. 325 
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Results obtained by models’ prediction are described in Section 4. All the results showed a 326 

strong correlation between   and    for a given porosity (a higher   was generally obtained at 327 

a higher   ). It is noted that, above    = 60%, thermal conductivity remained constant for all 328 

soils. Results on pure sand (Fig. 11a) showed that the relationship between   and    was 329 

independent of the porosity. For sand-clay mixture, at a given   , a higher   was generally 330 

obtained at a lower porosity (Fig. 11b,c,e). Zhang et al. (2017) did not perform tests on 331 

mixture with clay content of 15% (Fig. 11d). The results obtained in the present work 332 

correspond to the range of high degree of saturation (from 50 % to 100%), this range was not 333 

investigated in the work of Zhang et al. (2017). 334 

(a) 
 

(b) 
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Fig. 11. Experimental results (obtained in this study and that of Zhang et al. 2017) and models 335 

prediction for thermal conductivity versus water degree of saturation for unfrozen soils: (a) 336 

S0; (b) S5; (c) S10; (d) S15; (e) S20. 337 

4. Prediction of soil thermal conductivity 338 

 

(c) 

 

(d) 

 

(e) 
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Based on the recent review of He et al. (2021) on 39 models to predict thermal conductivity of 339 

frozen soils, two appropriate models were chosen in this study, namely De Vries’s model (De 340 

Vries, 1963) and Johansen’s model (Johansen, 1977). Actually, these models can be used for 341 

both frozen and unfrozen soils. They can consider the change in unfrozen water content in 342 

frozen soil with temperature change and the effect of clay content.  343 

For the prediction of thermal conductivity of unfrozen and frozen soil in this study, frozen soil 344 

was considered as a medium made of four components: unfrozen water, ice, sand and clay, 345 

whose volumes are noted as   ,         , respectively while unfrozen soil was also considered 346 

as a medium made of four components: water, air, sand and clay, whose volumes are noted as 347 

  ,         , respectively.. The thermal conductivity of water (  ) was taken equal to 0.57 348 

W/(m.K) while those of ice (    and air were taken equal to 2.28 W/(m.K) and 0.025 349 

W/(m.K), respectively (Farouki, 1986). For the soil particles, the thermal conductivity of 350 

kaolin (  ) was taken equal to 2.44 W/(m.K) while that of sand (  ) equal to 7.70 W/(m.K) 351 

(Tarnawski et al., 2015).   352 

4.1. De Vries’s model  353 

The De Vries’s model was extended for predicting thermal conductivity of frozen soil 354 

(Farouki, 1986; Tian et al., 2016). In the review of He et al. (2021), the simplified De Vries-355 

based model with the considered shape factors was proved as the best among physical models 356 

(Tian et al., 2016). In this study, for better fitting experimental data, De Vries’s model is 357 

applied considering that ice and sand particles are components immersed in the continuous 358 

medium (fluid) that contains water and clay particles, as shown in Fig. 12. The thermal 359 

conductivity of frozen soil is then expressed as:  360 
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Where   ,    are the weighting factors depending on the shape and the orientation of sand and 361 

ice particles, respectively. Considering ellipsoidal shape for ice and sand particles, the 362 

weighting factor    (with        ) is given from shape factor    as follows:  363 

                                           
 

 
 

 

   
  
  

     

   

   
  
  

          
                             

with                 (Tarnawski and Wagner, 1992) and 364 

                                                                          
    
 

                                                              

where,   is the porosity of soil,      is the ice content. The fluid mixture (water and clay 365 

particles) properties are given by: 366 

                                                                          

  
       

  
                                                                      

                                                                                                                                                         

and the total volume is: 367 
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The De Vries’s model was also used to predict thermal conductivity of unfrozen soils in 368 

drying-wetting process. In this case, unfrozen soil is composed of sand, air immersed in liquid 369 

(mixture of clay and water). The thermal conductivity of unfrozen soil is expressed as:  370 

                                                    
 
  
        

  
        

  
    

  
     

  
      

  
  

                                                

The weighting factors   ,    are similar to the previous expression with the shape factor 371 

below:  372 

                                                              
    
 

                                                          

 

(a) 

(b) 
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(c) 
 

Fig. 12. Schematic view of soil media in (a) unfrozen saturated state, (b) frozen saturated state 373 

and (c) unfrozen unsaturated state. 374 

The comparison (Fig. 8) showed that the De Vries’s model underestimated measured values 375 

of   of all frozen soils. The model also showed a higher   at a lower    but could not capture 376 

the strong effect of    when this later is small. For unfrozen soils (Fig. 11), the De Vries’ 377 

model also showed a higher   at a higher    but could not capture accurately the relationship 378 

between these two parameters for the whole range of    (varying from 0 to 100%).     379 

4.2. Johansen’s model 380 

Geometric mean was proposed to calculate the thermal conductivity ( ) of saturated frozen 381 

soil by Johansen (Johansen, 1977):  382 

                                                                         
    

    
    

                                                                    

where    ,    ,    ,    are volume fraction of water, ice, clay and sand, respectively.  383 
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In this study, for unfrozen soils subjected to drying-wetting process, the thermal conductivity 384 

introduced by Johansen was expressed as: 385 

                                                               
   

                                                                     

where     ,      are respectively the thermal conductivity in saturated and dry states at the 386 

same dry density,    is a function representing the influence of water degree of saturation    387 

on the thermal conductivity. According to Côté and Konrad (2005a),    is proposed as 388 

follows:  389 

                                                                     
   

         
                                                               

where   is an empirical parameter accounting for the soil type effect. Zhang et al. (2017) 390 

proposed an equation to illustrate the relationship between   and quartz (sand) content. In this 391 

study,     was chosen because it provided the best prediction.  392 

                                                                 
            

          
                                                             393 

                                                                   
    

    
                                                                  

where the dry unit weight,   , and the unit weight of the solids,   , are expressed in kg/m
3
.  394 

For frozen soils, compared to De Vries’s model, Johansen’s model predicted higher values for 395 

soils with low clay content (S0-T1, S5-T1, S10-T1) but the improvement was not significant 396 

(Fig. 8). For soils with high clay contents, the two models provided similar results.  397 

For unfrozen soils, the modified Johansen’s model proposed by Zhang et al. (2017) gave a 398 

better prediction compared to the De Vries’s model (Fig. 11). It gave better prediction for 399 
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soils with low clay contents (S0-D1, S5-D1, S10-D1). However, for soils with high clay 400 

contents, the improvement compared to De Vries’s model was not significant.  401 

5. Discussion 402 

The measurement of unfrozen water content in the present study was converted from the 403 

measurement of the apparent dielectric constant. The latter was calculated from the dielectric 404 

constant of each component in soils, particularly water and ice, which are influenced by 405 

temperature variation (Haynes, 2016; Wraith and Or, 1999). Several existing models can 406 

estimate moisture content from unfrozen soil apparent dielectric constant (Birchak et al., 407 

1974; He and Dyck, 2013; Nagare et al., 2011; Roth et al., 1990; Schafer and Beier, 2020; 408 

Smith and Tice, 1988; Stähli and Stadler, 1997; Topp et al., 1980; Watanabe and Wake, 409 

2009). The most used is Topp’s empirical model (Topp et al., 1980) but it is not compatible 410 

with frozen soils (Smith and Tice, 1988; Spaans and Baker, 1995; Zhou et al., 2014). 411 

Otherwise, Smith and Tice (1988) proposed a model based on the comparison of unfrozen 412 

water content measured from NMR and TDR methods for 25 soils covering a wide range of 413 

specific surface areas. For this reason, in the present work, the model of Smith and Tice 414 

(1988), which provides an accuracy of ±3% compared to measurements from NMR method, 415 

considered as the reference, was used for frozen soils.  416 

During the freezing process, the volume of specimen would increase, thus modifying the 417 

contact between soil and the probes. In the present work, the potential lateral expansion of the 418 

specimen is prevented by the rigid metallic cell. The soil/probe contact was thus supposed to 419 

be not influenced by the freezing process. 420 
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The obtained results show that the thermal conductivity of soil ( ) at frozen state is higher 421 

than that at unfrozen state. Even if this trend was observed in various existing studies, most of 422 

the existing works provide data corresponding to one or few values of negative temperature. 423 

Few works provided an almost continuous relationship between   and soil temperature. In the 424 

present work, during the thawing path, the rate of decrease of   with temperature change for 425 

temperature in the range of -3 °C to -1 °C was lower than in the range of -1 °C to 0 °C (Fig. 426 

6). Similar trend was observed by Overduin et al. (2006) and Zhang et al. (2018).  Such a 427 

difference induced by the phase change of water can be explained by the conductivity of ice 428 

  
 
  being approximately four times higher than that of liquid water   

 
 . These values 429 

depend significantly on temperature and pressure. However,    (Bonales et al., 2017; Slack, 430 

1980) and    (Lawson et al., 1959) can be considered as constants in the relatively small 431 

temperature range investigated in the present study. It is believed that the increase of   after 432 

freezing occurrence relates mainly to the small amount of water transforming into ice because 433 

there was almost no hysteresis observed in the relationship between   and    in this range. As 434 

illustrated in Fig. 12, ice is mainly formed from water in the centre of the pores. In the case 435 

where ice could not contain clay, the decrease of unfrozen water content caused the increase 436 

of clay concentration in unfrozen water. It is noted that this latter plays a role as a contact 437 

between sand grains. The phenomenon of increasing clay concentration in water contributes 438 

considerably to the efficiency of heat conduction because it not only increases the thermal 439 

conductivity of the fluid (Kim et al., 2011), but also strengthens heat transfer between sand 440 

grains (Johansen, 1977).  441 

The two chosen models were not able to predict well the thermal conductivity of frozen sandy 442 

soils in this study. For De Vries’s model, considering the continuous medium (fluid) as a 443 

mixture of water and clay particles with ellipsoidal shape for ice and sand particles could 444 
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contribute to the low accuracy of the model. It is noted that in this model, considering    and 445 

   as constants, the application of geometric mean for    is consistent with the measurements 446 

on saturated kaolinite in the study of Kim et al. (2011). For Johansen’s model, geometric 447 

mean formula could only consider the thermal conductivity of each component and their 448 

fraction. So that small change in     and    could not induce significant changes in the thermal 449 

conductivity of frozen soils. In addition, both models could not properly capture the 450 

components arrangement that affects how heat transfers through the clayey sands.  451 

The results obtained on frozen soil show that at the same temperature, thermal conductivity 452 

measured on the thawing path was slightly higher than that on the freezing path (Fig. 6 and 453 

Fig. 7b). In the work of Zhang et al. (2018), similar trend was observed on unsaturated silty 454 

clay compacted at a dry density of 1.50 Mg/m
3
 while inverse trend was observed at a dry 455 

density of 1.75 Mg/m
3
 for the same range of temperature (between 0 and -5 °C). Zhang et al. 456 

(2018) explained these trends by mentioning two factors: the change of soil density after a 457 

freezing-thawing cycle and hysteresis of the soil freezing characteristics curve. In the present 458 

work, as the experiments were conducted in a rigid metallic cell, the change of soil density 459 

could be ignored. Thus, at a given temperature, volumetric water content was lower on the 460 

thawing path (ice content was higher, see more details on the soil freezing characteristic 461 

curves of these soils in Vu et al. 2022), which induced a higher thermal conductivity. 462 

Thermal conductivity of unfrozen soils is mostly controlled by water content. The 463 

measurements of this study are supplemented by the data from Zhang et al. (2017) not only in 464 

the range of high degree of saturation, but also at various porosities. Regarding the plateau of 465 

  in the high range of    (higher than 60%), considering that the soils in the present study are 466 

dense, it can be explained by a low weighted factor of heat transfer in the pores filled with 467 
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water and air. In this range of high degree of saturation, it is believed that heat conduction 468 

between sand grains through their contact (water) is dominant while the other heat transfer 469 

modes, such as conduction in air, radiation in air, convection in air, or vapour diffusion are 470 

not significant.   could decrease only when the amount of water improving the connection 471 

between sand grains decreases due to drying process. The later mechanism is observed in Fig. 472 

11 where significant decrease of   in the range of low water degree of saturation follows a 473 

nonlinear trend. In addition, for each clay content, the porosity also considerably influences  . 474 

The effect of porosity is also clearly demonstrated by many studies (Chen, 2008; Smits et al., 475 

2010; Tarnawski et al., 2009). The increase of volume of sand grains characterized by the 476 

highest   among the soil components along with decreasing volume of water with low   477 

contributes to a significant increase of   of soils. 478 

Johansen’s model gave a good prediction for unfrozen soils except S15-D1 (fairly good) 479 

while De Vries’s model gave a fairly good prediction only for S20-D1. Johansen’s model, 480 

within   = 8 for all different soils, showed more accurate prediction of measurements than 481 

proposed formula of   based on quartz content in the study of Zhang et al. (2017). The 482 

formula could consider the influence of porosity of soils for better prediction.  483 

In this study, increasing clay contents increases   in unfrozen state but an opposite trend is 484 

almost observed in frozen state. Considering that the sand skeleton is approximately formed 485 

by its optimum structure in terms of limiting pore volume by means of Proctor procedure, 486 

adding clay would fill the pores between sand grains. Available space for water is thus 487 

reduced by the presence of clay. Due to the replacement of water with    = 0.57 W/(m.K) by 488 

clay with higher thermal conductivity    = 2.44 W/(m.K), increasing clay content increases 489 

the thermal conductivity at unfrozen state. In frozen state, the opposite trend is almost 490 
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observed because of the transformation of liquid water into ice. Actually, while S0-T1 491 

contains pure sand and almost 37% of total soil volume (Table 2) (corresponding to   = 0.5% 492 

at frozen state as shown in Fig. 8)  is filled with ice at frozen state, S20-T1 with 20% clay in 493 

solid volume (solids are sand and clay) contains only 21% (corresponding to    = 20% and 494 

26% of porosity) of total soil volume filled by ice at frozen state. It is noted that at higher clay 495 

contents, more water is kept unfrozen due to the presence of capillary and bound water which 496 

could not be frozen at temperatures close to 0 °C. By comparing two extreme cases in this 497 

study, it is clear that adding clay in soils not only decreases the available volume for ice in the 498 

soils’ porosity, but also increases unfrozen water content in frozen state. Consequently, soils 499 

with lower clay content have lower   at unfrozen state but higher   at frozen state.  500 

6. Conclusions 501 

The variation of clay content (from 0 to 20 %) in sandy soils significantly influences thermal 502 

conductivity of soils in both freezing-thawing and drying-wetting processes. Based on the 503 

obtained results, some conclusions can be summarized as follows:  504 

- In freezing-thawing process of saturated soils, thermal conductivity in frozen state is 505 

considerably higher than that in unfrozen state. The thermal conductivity of frozen 506 

soils is higher at a lower unfrozen water content.  507 

- For frozen soil, to provide the same thermal conductivity, volumetric unfrozen water 508 

content has to be higher for a higher clay content.  509 

- For unfrozen soil, at a given volumetric water content, thermal conductivity of soils is 510 

higher at a higher clay content.   511 
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- Johansen’s model and De Vries’s model cannot predict well thermal conductivity of 512 

soil in freezing-thawing process in the studied range of temperature. The models need 513 

further improvement for better prediction. 514 

- Johansen’s model can predict satisfactorily the thermal conductivity in drying-wetting 515 

process but not De Vries’s model.   516 

The findings of the present study could be helpful for various engineering applications 517 

such as artificial ground freezing or cold regions geo-technologies. In these applications, 518 

soils can exist in both unfrozen and frozen states and the effects of clay content on thermal 519 

conductivity of sandy soils should be considered when analysing thermal transfers in the 520 

ground.  521 
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Table captions 695 

Table 1. Physical properties of Speswhite Kaolin clay and Fontainebleau sand (Boussaid, 696 

2005). 697 

Table 2. Physical properties of soils in freezing-thawing (T1) and drying-wetting (D1) 698 

experiments. 699 

Table 3. Properties of sensors used in freezing-thawing and drying-wetting experiments. 700 
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Figure captions 722 

Fig. 1 Grain size distribution curves. 723 

Fig. 2. Setup for freezing-thawing experiment: (1) Temperature-controlled bath; (2) Soil 724 

specimen; (3) Temperature control system; (4) Heat transfer liquid (30% ethylene glycol + 725 

70% water); (5) Metallic cylindrical cell; (6) Insulating cover; (7) Temperature sensor; (8) 726 

Tensiometer; (9) Soil water content sensor; (10) Thermal conductivity probe; (11) Data 727 

logging system. 728 

Fig. 3. Setup of drying-wetting experiment: (1) Soil; (2) Metallic cylindrical cell; (3) 729 

Insulating cover; (4) Tensiometer; (5) Thermal conductivity probe; (6) Soil water content 730 

sensor; (7) Data logging system. 731 

Fig. 4. Temporal variation of temperature, unfrozen volumetric water content and thermal 732 

conductivity during test S10-T1. 733 

Fig. 5. Relationships between thermal conductivity, temperature and volumetric unfrozen 734 

water content of test S10-T1. 735 

Fig. 6. Thermal conductivity versus temperature for all freezing-thawing experiments. 736 

Fig. 7. Thermal conductivity versus (a) volumetric unfrozen water content and (b)temperature 737 

for all freezing-thawing experiments. 738 

Fig. 8. Experimental results and models’ prediction for thermal conductivity versus water 739 

degree of saturation: (a) S0-T1; (b) S05-T1; (c) S10-T1; (d) S15-T1; (e) S20-T1. 740 
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Fig. 9. Volumetric water content and thermal conductivity of unfrozen soils in wetting drying 741 

process of S10-D1. 742 

Fig. 10. Thermal conductivity versus water degree of saturation for all drying-wetting 743 

experiments.  744 

Fig. 11. Experimental results (obtained in this study and in the study of N. Zhang et al., 2017) 745 

and models prediction for thermal conductivity versus degree of saturation: (a) S0; (b) S5; (c) 746 

S10; (d) S15; (e) S20.    747 

Fig. 12. Configuration of soil media in (a) unfrozen saturated state, (b) frozen saturated state 748 

and (c) unfrozen unsaturated state. 749 
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