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Effect of clay content on the thermal conductivity of unfrozen and frozen sandy soils
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Thermal conductivities of five sandy soils subjected to freezing-thawing and drying-wetting cycles were determined. Specimens were prepared at five different clay contents of 0, 5, 10, 15, 20% prior to compaction at the Proctor maximum dry density. Soil specimens were saturated prior to freezing-thawing and drying-wetting experiments. During a freezing-thawing cycle, soil's thermal conductivity and unfrozen water content were measured at different temperatures ranging from -3 °C to 0 °C. During a drying-wetting cycle, soil's thermal conductivity was measured at different water contents. The experimental results were then compared with predictions by two of the most appropriate existing models, namely De Vries's and Johansen's models, in order to provide insights into the effects of clay content on soil thermal conductivity at (saturated and unsaturated) unfrozen and frozen states.

Introduction

Soil thermal conductivity is one of the key parameters for designing the balance and transfer of heat in many areas of engineering. In cold regions, for instance, soils exist in two states:

unfrozen and frozen, depending on many factors such as their composition, pressure and particularly environmental condition [START_REF] Andersland | Frozen Ground Engineering[END_REF]Cui et al., 2020a;[START_REF] Johansson | Artificial ground freezing in clayey soils[END_REF][START_REF] Tian | A simplified de Vries-based model to estimate thermal conductivity of unfrozen and frozen soil[END_REF][START_REF] Zhao | Thermal properties of sandy and peat soils under unfrozen and frozen conditions[END_REF]. The state change strongly alters soil thermal conductivity (Cui et al., 2020b;[START_REF] Farouki | Thermal Properties of Soils[END_REF][START_REF] Ji | Semiempirical Correlation between P-Wave Velocity and Thermal Conductivity of Frozen Silty Clay Soil[END_REF] leading to complexity in the prediction of soil thermal conductivity.

In general, thermal conductivity of soils can be measured using two approaches, based either on steady-state or transient-state regimes [START_REF] He | A review and evaluation of 39 thermal conductivity models for frozen soils[END_REF]Zhao et al., 2019). Each approach includes various methods, such as steady-state heat flow meter, steady-state flat plate, transient spherical probe, transient plate source and transient heat pulse (Cui et al., 2020b;Zhao et al., 2019). Within the steady-state approach, thermal conductivity is determined from the proportionality between heat flow and the applied temperature gradient when heat transfer in soil has already reached the steady state. Reversely, within the transient-state approach, a heat input is applied to the tested soil during a certain time and thermal conductivity is determined from the measurement of increasing rate of soil's temperature and the calibration of Fourier's heat transfer law. These methods have been commonly used for measuring thermal conductivity of unfrozen soils. However, their efficiency when applied to frozen soils is questionable. For steady-state methods, a temperature gradient across a soil specimen can result in water redistribution and ice melting. These problems were also found in application of transient-state methods but with smaller impact because small heat input can be considered [START_REF] He | A review and evaluation of 39 thermal conductivity models for frozen soils[END_REF][START_REF] Yan | A generalized model for estimating effective soil thermal conductivity based on the Kasubuchi algorithm[END_REF].

Various studies investigated the effects of several parameters on thermal conductivity of unfrozen soils such as temperature [START_REF] Sepaskhah | Thermal Conductivity of Soils as a Function of Temperature and Water Content[END_REF][START_REF] Tarnawski | Thermal conductivity of soils at very low moisture content and moderate temperatures[END_REF], water content [START_REF] Abu-Hamdeh | Thermal properties of soils as affected by density and water content[END_REF][START_REF] Nguyen | Water retention and thermal conductivity of a natural unsaturated loess[END_REF][START_REF] Smits | Thermal Conductivity of Sands under Varying Moisture and Porosity in Drainage-Wetting Cycles[END_REF], dry density [START_REF] Abu-Hamdeh | Thermal properties of soils as affected by density and water content[END_REF][START_REF] Tang | A study on the thermal conductivity of compacted bentonites[END_REF], salinity [START_REF] Abu-Hamdeh | Soil thermal conductivity effects of density, moisture, salt concentration, and organic matter[END_REF], mineralogy [START_REF] Bristow | Measurement of thermal properties and water content of unsaturated sandy soil using dual-probe heat-pulse probes[END_REF]Côté and Konrad, 2005b) and fines content [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF][START_REF] Zhang | Effects of particle size and fines content on thermal conductivity of Quartz sands[END_REF]. These effects are directly related not only to thermal properties of each component but also to the arrangement of soil particles.

A significant effort in measurement of thermal conductivity of frozen soil has been made, particularly, over recent years [START_REF] Kersten | Thermal properties of soils[END_REF][START_REF] Lu | Experimental study on the thermal conductivity of aeolian sand from the Tibetan Plateau[END_REF][START_REF] Penner | Thermal conductivity of frozen soils[END_REF][START_REF] Tian | An improved thermotime domain reflectometry method for determination of ice contents in partially frozen soils[END_REF][START_REF] Zhang | Variation of the thermal conductivity of a silty clay during a freezing-thawing process[END_REF]. These studies also demonstrated the effects of various parameters on thermal conductivity of frozen soils. The presence of ice (replacing water) changes thermal properties of components (2.2 W/(m.K) for ice and 0.57 W/(m.K) for liquid water) and also in arrangement of grain particles (ice segregation). Consequently, the ratio between ice and unfrozen water strongly affects the heat conduction in soils. In addition to temperature, the amount of unfrozen water or ice in frozen soils also depends considerably on the nature of fine particles and their fraction [START_REF] Li | Pulsed NMR Measurements of Unfrozen Water Content in Partially Frozen Soil[END_REF][START_REF] Tian | Freezing and thawing characteristics of frozen soils: Bound water content and hysteresis phenomenon[END_REF][START_REF] Tice | The prediction of unfrozen water contents in frozen soils from liquid limit determinations 76[END_REF]Zhang et al., 2020).

Since several parameters can affect the thermal conductivity of soils, the prediction of the thermal conductivity requires adequate models, able to represent this complexity. For unfrozen soils, many models, developed over the past decades, have shown their efficiency [START_REF] De Vries | Thermal properties of soils[END_REF][START_REF] Farouki | Thermal Properties of Soils[END_REF][START_REF] Johansen | Thermal conductivity of soils[END_REF][START_REF] Kersten | Thermal properties of soils[END_REF][START_REF] Mickley | The Thermal Conductivity of Moist Soil[END_REF]. In particular, by reviewing and evaluating 14 models applied to 62 sands from 20 studies, recently Wang et al. (2020) found that the models of [START_REF] Chen | Thermal conductivity of sands[END_REF] and [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF] are the most accurate for thermal conductivity of unfrozen sands over the full range of water content. Unfrozen soils models were also applied for predicting thermal conductivity of frozen soils (Côté and Konrad, 2005a;[START_REF] Johansen | Thermal conductivity of soils[END_REF][START_REF] Tian | A simplified de Vries-based model to estimate thermal conductivity of unfrozen and frozen soil[END_REF]. By reviewing and evaluating 39 thermal conductivity models for frozen soils, recently [START_REF] He | A review and evaluation of 39 thermal conductivity models for frozen soils[END_REF] identified four best models corresponding to four categories consisting of linear/non-linear regression model, physical model, mixing model and normalized thermal conductivity model. However, none of these models could prove a high prediction accuracy. The occurrence of ice at decreasing temperature indeed complicates the role played by soil components (content and distribution) on soil thermal conductivity.

Among various parameters, fine particles play an important role in filling the pores between coarse grains and also in increasing surface contact between coarse grains. Depending on the nature of each type of fine particles, their impact on thermal conductivity of soil varies. In the study of [START_REF] Zhang | Effects of particle size and fines content on thermal conductivity of Quartz sands[END_REF] with pure quartz sand, thermal conductivity of sands was increased to a peak value by increasing the fines content to a critical value. However, the critical fines content depends on the mean grain size ratio of fines to coarse grains, the grain shape and also moisture state. Additionally, in the case of clay-sand mixture, [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF] showed lower values of critical clay content.

Measurements of thermal conductivity were also performed on different types of frozen soils [START_REF] He | A review and evaluation of 39 thermal conductivity models for frozen soils[END_REF][START_REF] Tian | A simplified de Vries-based model to estimate thermal conductivity of unfrozen and frozen soil[END_REF]. [START_REF] Kersten | Thermal properties of soils[END_REF] conducted thermal conductivity measurements on 19 soils at various densities, water contents and negative temperatures (-28 °C, -18 °C and -4 °C). These 19 studied soils are very diverse in terms of grain size, from clay to gravel. The study showed a higher range and a lower range of thermal conductivity corresponding to sandy soils and clayey soils, respectively. [START_REF] Penner | Thermal conductivity of frozen soils[END_REF] studied thermal conductivity of two clays at temperatures between 0 °C and -22 °C. Afterwards, [START_REF] Penner | Thermal conductivity laboratory studies of some Mackenzie Highway Soils[END_REF] also studied 10 other natural soils of different grain sizes at -5 °C and -15 °C. These two studies showed that, in the high-water content range, thermal conductivity of soils increases with increasing grain size at frozen state. Recently, [START_REF] Tian | A simplified de Vries-based model to estimate thermal conductivity of unfrozen and frozen soil[END_REF] showed measurements on five soils consisting in loams, clays and sands at -10 °C. The measurements were combined with data of previous studies to elaborate a simplified de Vries-based model for better prediction. In addition, [START_REF] Lu | Experimental study on the thermal conductivity of aeolian sand from the Tibetan Plateau[END_REF] specifically studied thermal conductivity of one aeolian sand at -15 °C. In general, these previous studies mainly focused on the effects of dry density or water content on thermal conductivity of frozen soils. Consequently, no experimental study has been conducted on the effects of clay content on frozen soils. However, clay content would modify the microstructure of sandy soils and its hydro-thermal behaviour such as soil freezing characteristic curve [START_REF] Vu | Effect of fines content on soil freezing characteristic curve of sandy soils[END_REF].

The present study aims at systematically investigating the effect of clay content on thermal conductivity of unfrozen and frozen sandy soils in two series of experiments corresponding to freezing-thawing and drying-wetting tests. Clean sand was mixed with clay to obtain sandy soils with clay content of 0, 5, 10, 15, and 20% by dry weight prior to compaction at the Proctor maximum dry density followed by a saturation stage. For freezing-thawing process, soil's thermal conductivity and unfrozen water content were measured at different soil's temperatures (ranging from -3 °C to 0 °C) during a freezing-thawing cycle. In parallel, measurement of soil thermal conductivity during a drying-wetting cycle was performed on the same materials. Finally, the performance of two of the most appropriate models (after a recent review) in predicting the obtained experimental results was assessed in order to provide indepth understanding of the heat conduction process in unfrozen and frozen soils within various clay contents.

Materials and experimental method

Material

Fontainebleau sand (97-99% quartz) and Speswhite Kaolin clay, whose physical properties determined by [START_REF] Boussaid | Sols intermédiaires pour la modélisation physique : application aux fondations superficielles[END_REF] are shown in Table 1, were mixed with distilled water to obtain optimum water content determined from Standard Proctor compaction (ASTM, 2021) curves obtained on the same soils. Prior to compaction in a rigid metallic cylindrical cell (150 mm in height and 150 mm in diameter) to reach the predetermined density, the wet soils were packed in a plastic bag for at least 24 h for moisture distribution homogenisation. Fig. 1 presents the grain size distribution of the investigated soils (the name of each soil corresponds to its clay content: for instance, S10 corresponds to a soil having 10% of clay and 90% of sand in dry mass). Table 2 shows physical properties of specimens in two experiments: freezing-thawing (noted by T1) and drying-wetting (noted by D1). The dry density of the samples shown in Table 2 is close to the maximum dry density of the corresponding sand-clay mixture. Water content at compaction was taken equal to the optimum water content determined by [START_REF] Boussaid | Sols intermédiaires pour la modélisation physique : application aux fondations superficielles[END_REF]. It is worth noting that optimum water contents for intermediate fines content (5% and 15%) have been interpolated from the available data. 

Setup and procedure for freezing-thawing experiments

The experimental setup used for freezing-thawing experiments is shown in Fig. 2. The sensors used in the freezing-thawing experiments are shown in Table 3. Soil temperature was measured with a PT100 sensor, soil thermal conductivity was measured with a KD2-Pro (RK-1) probe and soil volumetric water content was measured with a ML2x Thetaprobe sensor.

Two empirical equations due to (1) [START_REF] Smith | Measurement of the unfrozen water content of soils: comparison of NMR and TDR methods[END_REF] and ( 2) [START_REF] Topp | Electromagnetic determination of soil water content: Measurements in coaxial transmission lines[END_REF] were used to infer soil volumetric water content from apparent dielectric constant for frozen and unfrozen soil, respectively:

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

After compacting the soil specimen in the cylindrical cell at optimum water content to the desired dry density (Table 2) using Standard Proctor compaction procedure, the sensors were inserted into the soil as shown in Fig 2 . Afterwards, an expanded polystyrene layer was placed to cover the soil specimen for heat insulation purposes. The soil specimen was then saturated by injecting water from its bottom (for 0.5 to 2 days depending on clay content) until a 10 mm layer of water is visible on the top of the specimen. Afterwards, the cell containing the soil specimen was immersed in a temperature-controlled bath (F38-EH JULABO with ±0.03 °C accuracy), as shown in Fig. 2, to start the freezing-thawing experiment. The bath temperature was first set at a temperature between 0 °C and -1 °C (slightly higher than the expected temperature of spontaneous ice nucleation). After the temperature stabilised at this initial state, it was then decreased in steps of 0.1 °C to freeze the soil pore water. Once freezing was triggered (most of the liquid water was transformed into ice), the temperature was decreased in steps of 0.2 °C until -2 °C or -3 °C to determine the change in thermal conductivity and liquid water content upon further cooling. Afterwards, during the heating path, the bath temperature was increased in steps of 0.2 °C to 0 °C in order to thaw the frozen soil. During both cooling and heating paths, after the equilibrium was reached at each step, the thermal conductivity was measured at least three times with a 1-hour interval between two consecutive measurements to verify the equilibration of soil's temperature and unfrozen water content. The equilibrium state was considered reached when changes (during 2 h) in the soil temperature and volumetric unfrozen water content (measured by the sensors) were negligible (< 0.05 °C for temperature and < 1% for water content). Data from the tensiometer, providing cryo-suction developing when the freezing process is triggered, were not analysed because they are out of the scope of this paper. 

Setup and procedure for drying-wetting experiments

The drying-wetting experiments conducted in this study followed a similar methodology to that described by [START_REF] Nguyen | Water retention and thermal conductivity of a natural unsaturated loess[END_REF]. The sensors and experimental setup are shown in Table 3 and Fig. 3. A thermal conductivity sensor KD2-Pro (TR-1) was installed in the centre of the specimen while two other sensors including water content sensor and tensiometer were installed close to the cell wall. This configuration minimizes the effect of these two sensors on the thermal conductivity sensor. The empirical equation (2) due to [START_REF] Topp | Electromagnetic determination of soil water content: Measurements in coaxial transmission lines[END_REF] was also used to infer volumetric water content from apparent dielectric constant for soils during drying-wetting processes. Data from the tensiometer, providing suction developed during the initial drying, were not analysed because they are out of the scope of this paper. After compaction and saturation, the soil specimen was first subjected to a drying path in steps. For this purpose, two holes (50 mm in diameter) were created on the top cover allowing soil water to evaporate. For each drying step, the two holes were opened to allow evaporation from the top surface. A fan was put next to the specimen to increase the evaporation rate.

After a certain duration, the two holes were covered by two lids to avoid moisture exchange with the atmosphere. The equilibrium moisture was reached after several hours. Moisture equilibrium was tracked by volumetric water content and suction sensors. When water evaporation took place, the measured suction increased quickly and the measured water content decreased quickly. During the equilibrium phase, suction decreased and water content increased slowly to reach equilibrium. Similar phenomena have been observed in [START_REF] Nguyen | Water retention and thermal conductivity of a natural unsaturated loess[END_REF]. Thermal conductivity measurements were performed at equilibrium prior to the subsequent drying step.

After the drying path, the soil specimen was also subjected to a wetting path in steps. For each step, a small quantity of water was added through the two holes on the top cover, which were then closed for several hours to ensure that water was redistributed homogeneously within the specimen.

The homogeneity of water distribution (equilibrium state), during both drying and wetting paths, was assumed to be reached when changes in soil suction and soil volumetric water content during a 1-hour period were negligible (< 1 kPa for suction and < 1% for water content). At the end of each step, soil thermal conductivity was measured three times with a 1-hour interval between two consecutive measurements.

Experimental results

Thermal conductivity of frozen soil

As an example of a freezing-thawing test, the results of test S10-T1 are shown in Fig. 4, where soil temperature ( ), volumetric unfrozen water content ( ) and thermal conductivity ( ) are plotted versus elapsed time. Initially, was imposed at -1.2 °C without inducing freezing (formation of ice). A cooling path was first applied by decreasing in steps of 0.1 °C. During the period where remained higher than -1.6 °C, was controlled through the bath's temperature, and remained constant. At 77 h (when was imposed at -1.6 °C), freezing process occurred showing an abrupt increase of to -0.1 °C prior to a progressive decrease to reach the imposed temperature (-1.6 °C) again. At this time, decreased to 3%

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

increased while slightly decreased during this further cooling path. When reached -2.9 °C, a heating path was imposed in steps of 0.2 °C. During this path, increased progressively while decreased. It is noted that the two particularly high values of at 400 h and 560 h were observed but they were not considered as reliable values due to the effect of latent heat on measurement. Actually, during the measurement by the linear heat source method, a constant heat power was supplied and slightly heated the probe. Thermal conductivity was estimated by the rate of probe's temperature increase with the logarithm of time. When measurements were performed close to the freezing temperature, this heating would induce water thawing in the vicinity of the probe. This thawing required heat (latent heat) and reduced the probe's temperature (inducing an overestimation of thermal conductivity). These measurements are thus not presented in the following figures. Fig. 5 shows, for test S10-T1, the relationships between , , and obtained at the end of each step included in a freezing path and a subsequent thawing path (the considered equilibrium state corresponds to the vertical dotted lines shown in Fig. 4). During the cooling path (dark line), as shown in Fig. 5a, freezing occurred when reached -1.6 °C, inducing a sudden decrease of from 28% to 3%. When continued to decrease to -2.9 °C, decreased slightly to 2%. During the heating path (red line), thawing occurred progressively inducing an increase of . The relationship between and is similar between the cooling and the heating paths, except for the period before the occurrence of freezing. Similar conclusions can be observed on the relationship between and (Fig. 5b). However, a unique relationship can be observed between and (Fig. 5c). Detailed analyses of the relationship between volumetric unfrozen water content and temperature (soil freezing characteristic curve) obtained for all soils were presented in [START_REF] Vu | Effect of fines content on soil freezing characteristic curve of sandy soils[END_REF]. In the present work, results on thermal conductivity are further analysed.

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

It can be observed that all these results show similar trends. During the initial cooling, did not change when decreased. increased abruptly when freezing occurred. Afterwards, the relationship between these two quantities were similar on the freezing and thawing paths.

Generally, was higher at a lower . It can be observed that all these results show a reversible behaviour of at frozen state, particularly with . increased significantly with decreasing in the range of low values of unfrozen water content. In addition, to provide the same thermal conductivity, volumetric unfrozen water content has to be higher for a higher clay content. Otherwise, as shown in Fig. 7b, at the same temperature in frozen state, adding fines (from 0% to 15%) decreases significantly. 

Thermal conductivity of unfrozen soil

Fig. 9 shows the evolution of and versus time for test S10-D1. From the beginning to 650 h, the specimen was subjected to various drying steps prior to be subjected to further wetting steps until 1000 h. From the initial state with = 25.3%, water evaporation takes place when removing the two lids and decreased slowly. After several hours, covering the holes with the lids again prevented water evaporation. continued to decrease with lower rate prior to stabilizing in further hours at 21.6% and measurement of was then conducted.

Such drying step was repeated 8 times until = 14.2% prior to wetting path. From 650 h, first addition of water in two holes induced a slow increase of , which stabilized at 15%.

The measurement of was then also performed prior to the second water addition. In the subsequent wetting steps, adding water induced an abrupt and immediate increase of , which decreased afterward with slow rate prior to stabilizing. The wetting path was stopped at = 22.3%. Fig. 10 shows the relationship between and water degree of saturation ( ) for all dryingwetting experiments. was calculated from and soil porosity ( ). In this figure, was plotted instead of in order to facilitate the comparison with data taken from existing studies. Measurements of thermal conductivity of pure sand in drying-wetting experiment (S0-D1) were not conducted and available data found from the literature [START_REF] Vieira | Some aspects of measurement of sand thermal conductivity from laboratory tests[END_REF] were used. The results show that adding fines (from 0% to 15%) increased significantly (pure sand with more than 99% quartz content). These results are also plotted in Fig. 11.

Results obtained by models' prediction are described in Section 4. All the results showed a strong correlation between and for a given porosity (a higher was generally obtained at a higher ). It is noted that, above = 60%, thermal conductivity remained constant for all soils. Results on pure sand (Fig. 11a) showed that the relationship between and was independent of the porosity. For sand-clay mixture, at a given , a higher was generally obtained at a lower porosity (Fig. 11b,c,e). [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF] did not perform tests on mixture with clay content of 15% (Fig. 11d). The results obtained in the present work correspond to the range of high degree of saturation (from 50 % to 100%), this range was not investigated in the work of [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF]. 

Prediction of soil thermal conductivity

(c) (d) (e)
Based on the recent review of [START_REF] He | A review and evaluation of 39 thermal conductivity models for frozen soils[END_REF] on 39 models to predict thermal conductivity of frozen soils, two appropriate models were chosen in this study, namely De Vries's model [START_REF] De Vries | Thermal properties of soils[END_REF]) and Johansen's model [START_REF] Johansen | Thermal conductivity of soils[END_REF]. Actually, these models can be used for both frozen and unfrozen soils. They can consider the change in unfrozen water content in frozen soil with temperature change and the effect of clay content.

For the prediction of thermal conductivity of unfrozen and frozen soil in this study, frozen soil was considered as a medium made of four components: unfrozen water, ice, sand and clay, whose volumes are noted as , , respectively while unfrozen soil was also considered as a medium made of four components: water, air, sand and clay, whose volumes are noted as , , respectively.. The thermal conductivity of water ( ) was taken equal to 0.57 W/(m.K) while those of ice ( and air were taken equal to 2.28 W/(m.K) and 0.025 W/(m.K), respectively [START_REF] Farouki | Thermal Properties of Soils[END_REF]. For the soil particles, the thermal conductivity of kaolin ( ) was taken equal to 2.44 W/(m.K) while that of sand ( ) equal to 7.70 W/(m.K) [START_REF] Tarnawski | Canadian Field Soils III. Thermal-Conductivity Data and Modeling[END_REF].

De Vries's model

The De Vries's model was extended for predicting thermal conductivity of frozen soil [START_REF] Farouki | Thermal Properties of Soils[END_REF][START_REF] Tian | A simplified de Vries-based model to estimate thermal conductivity of unfrozen and frozen soil[END_REF]. In the review of [START_REF] He | A review and evaluation of 39 thermal conductivity models for frozen soils[END_REF], the simplified De Vriesbased model with the considered shape factors was proved as the best among physical models [START_REF] Tian | A simplified de Vries-based model to estimate thermal conductivity of unfrozen and frozen soil[END_REF]. In this study, for better fitting experimental data, De Vries's model is applied considering that ice and sand particles are components immersed in the continuous medium (fluid) that contains water and clay particles, as shown in Fig. 12. The thermal conductivity of frozen soil is then expressed as:
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Where , are the weighting factors depending on the shape and the orientation of sand and ice particles, respectively. Considering ellipsoidal shape for ice and sand particles, the weighting factor (with ) is given from shape factor as follows:

with [START_REF] Tarnawski | A new computerized approach to estimating the thermal properties of unfrozen soils[END_REF]) and where, is the porosity of soil, is the ice content. The fluid mixture (water and clay particles) properties are given by: and the total volume is:

The De Vries's model was also used to predict thermal conductivity of unfrozen soils in drying-wetting process. In this case, unfrozen soil is composed of sand, air immersed in liquid (mixture of clay and water). The thermal conductivity of unfrozen soil is expressed as:

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

(a) (b) 
In this study, for unfrozen soils subjected to drying-wetting process, the thermal conductivity introduced by Johansen was expressed as:

where , are respectively the thermal conductivity in saturated and dry states at the same dry density, is a function representing the influence of water degree of saturation on the thermal conductivity. According to Côté and Konrad (2005a), is proposed as follows:

where is an empirical parameter accounting for the soil type effect. [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF] proposed an equation to illustrate the relationship between and quartz (sand) content. In this study, was chosen because it provided the best prediction.

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

For frozen soils, compared to De Vries's model, Johansen's model predicted higher values for soils with low clay content (S0-T1, S5-T1, S10-T1) but the improvement was not significant (Fig. 8). For soils with high clay contents, the two models provided similar results.

For unfrozen soils, the modified Johansen's model proposed by [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF] gave a better prediction compared to the De Vries's model (Fig. 11). It gave better prediction for soils with low clay contents (S0-D1, S5-D1, S10-D1). However, for soils with high clay contents, the improvement compared to De Vries's model was not significant.

Discussion

The measurement of unfrozen water content in the present study was converted from the measurement of the apparent dielectric constant. The latter was calculated from the dielectric constant of each component in soils, particularly water and ice, which are influenced by temperature variation [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF][START_REF] Wraith | Temperature effects on soil bulk dielectric permittivity measured by time domain refiectometry: Experimental evidence and hypothesis development[END_REF]. Several existing models can estimate moisture content from unfrozen soil apparent dielectric constant [START_REF] Birchak | High dielectric constant microwave probes for sensing soil moisture[END_REF][START_REF] He | Application of multiphase dielectric mixing models for understanding the effective dielectric permittivity of frozen soils[END_REF][START_REF] Nagare | Laboratory calibration of time domain reflectometry to determine moisture content in undisturbed peat samples[END_REF][START_REF] Roth | Calibration of time domain reflectometry for water content measurement using a composite dielectric approach[END_REF][START_REF] Schafer | Estimating soil-water characteristic curve from soil-freezing characteristic curve for mine waste tailings using time domain reflectometry[END_REF][START_REF] Smith | Measurement of the unfrozen water content of soils: comparison of NMR and TDR methods[END_REF][START_REF] Stähli | Measurement of water and solute dynamics in freezing soil columns with time domain reflectometry[END_REF][START_REF] Topp | Electromagnetic determination of soil water content: Measurements in coaxial transmission lines[END_REF][START_REF] Watanabe | Measurement of unfrozen water content and relative permittivity of frozen unsaturated soil using NMR and TDR[END_REF]. The most used is Topp's empirical model [START_REF] Topp | Electromagnetic determination of soil water content: Measurements in coaxial transmission lines[END_REF] but it is not compatible with frozen soils [START_REF] Smith | Measurement of the unfrozen water content of soils: comparison of NMR and TDR methods[END_REF][START_REF] Spaans | Examining the use of time domain refiectometry for measuring liquid water content in frozen soil[END_REF][START_REF] Zhou | Simultaneous measurement of unfrozen water content and ice content in frozen soil using gamma ray attenuation and TDR[END_REF].

Otherwise, [START_REF] Smith | Measurement of the unfrozen water content of soils: comparison of NMR and TDR methods[END_REF] proposed a model based on the comparison of unfrozen water content measured from NMR and TDR methods for 25 soils covering a wide range of specific surface areas. For this reason, in the present work, the model of [START_REF] Smith | Measurement of the unfrozen water content of soils: comparison of NMR and TDR methods[END_REF], which provides an accuracy of ±3% compared to measurements from NMR method, considered as the reference, was used for frozen soils.

During the freezing process, the volume of specimen would increase, thus modifying the contact between soil and the probes. In the present work, the potential lateral expansion of the specimen is prevented by the rigid metallic cell. The soil/probe contact was thus supposed to be not influenced by the freezing process.

The obtained results show that the thermal conductivity of soil ( ) at frozen state is higher than that at unfrozen state. Even if this trend was observed in various existing studies, most of the existing works provide data corresponding to one or few values of negative temperature.

Few works provided an almost continuous relationship between and soil temperature. In the present work, during the thawing path, the rate of decrease of with temperature change for temperature in the range of -3 °C to -1 °C was lower than in the range of -1 °C to 0 °C (Fig. 6). Similar trend was observed by Overduin et al. (2006) and [START_REF] Zhang | Variation of the thermal conductivity of a silty clay during a freezing-thawing process[END_REF]. Such a difference induced by the phase change of water can be explained by the conductivity of ice being approximately four times higher than that of liquid water . These values depend significantly on temperature and pressure. However, [START_REF] Bonales | Thermal conductivity of ice prepared under different conditions[END_REF][START_REF] Slack | Thermal conductivity of ice[END_REF] and [START_REF] Lawson | Thermal Conductivity of Water at High Pressures[END_REF] can be considered as constants in the relatively small temperature range investigated in the present study. It is believed that the increase of after freezing occurrence relates mainly to the small amount of water transforming into ice because there was almost no hysteresis observed in the relationship between and in this range. As illustrated in Fig. 12, ice is mainly formed from water in the centre of the pores. In the case where ice could not contain clay, the decrease of unfrozen water content caused the increase of clay concentration in unfrozen water. It is noted that this latter plays a role as a contact between sand grains. The phenomenon of increasing clay concentration in water contributes considerably to the efficiency of heat conduction because it not only increases the thermal conductivity of the fluid [START_REF] Kim | Thermal Conductivity of Saturated Unfrozen Kaolinite during Consolidation[END_REF], but also strengthens heat transfer between sand grains [START_REF] Johansen | Thermal conductivity of soils[END_REF].

The two chosen models were not able to predict well the thermal conductivity of frozen sandy soils in this study. For De Vries's model, considering the continuous medium (fluid) as a mixture of water and clay particles with ellipsoidal shape for ice and sand particles could contribute to the low accuracy of the model. It is noted that in this model, considering and as constants, the application of geometric mean for is consistent with the measurements on saturated kaolinite in the study of [START_REF] Kim | Thermal Conductivity of Saturated Unfrozen Kaolinite during Consolidation[END_REF]. For Johansen's model, geometric mean formula could only consider the thermal conductivity of each component and their fraction. So that small change in and could not induce significant changes in the thermal conductivity of frozen soils. In addition, both models could not properly capture the components arrangement that affects how heat transfers through the clayey sands.

The results obtained on frozen soil show that at the same temperature, thermal conductivity measured on the thawing path was slightly higher than that on the freezing path (Fig. 6 and Fig. 7b). In the work of [START_REF] Zhang | Variation of the thermal conductivity of a silty clay during a freezing-thawing process[END_REF], similar trend was observed on unsaturated silty clay compacted at a dry density of 1.50 Mg/m 3 while inverse trend was observed at a dry density of 1.75 Mg/m 3 for the same range of temperature (between 0 and -5 °C). Zhang et al.

(2018) explained these trends by mentioning two factors: the change of soil density after a freezing-thawing cycle and hysteresis of the soil freezing characteristics curve. In the present work, as the experiments were conducted in a rigid metallic cell, the change of soil density could be ignored. Thus, at a given temperature, volumetric water content was lower on the thawing path (ice content was higher, see more details on the soil freezing characteristic curves of these soils in [START_REF] Vu | Effect of fines content on soil freezing characteristic curve of sandy soils[END_REF], which induced a higher thermal conductivity.

Thermal conductivity of unfrozen soils is mostly controlled by water content. The measurements of this study are supplemented by the data from Zhang et al. ( 2017) not only in the range of high degree of saturation, but also at various porosities. Regarding the plateau of in the high range of (higher than 60%), considering that the soils in the present study are dense, it can be explained by a low weighted factor of heat transfer in the pores filled with water and air. In this range of high degree of saturation, it is believed that heat conduction between sand grains through their contact (water) is dominant while the other heat transfer modes, such as conduction in air, radiation in air, convection in air, or vapour diffusion are not significant. could decrease only when the amount of water improving the connection between sand grains decreases due to drying process. The later mechanism is observed in Fig. 11 where significant decrease of in the range of low water degree of saturation follows a nonlinear trend. In addition, for each clay content, the porosity also considerably influences .

The effect of porosity is also clearly demonstrated by many studies [START_REF] Chen | Thermal conductivity of sands[END_REF][START_REF] Smits | Thermal Conductivity of Sands under Varying Moisture and Porosity in Drainage-Wetting Cycles[END_REF][START_REF] Tarnawski | Thermal Conductivity of Standard Sands. Part I. Dry-State Conditions[END_REF]. The increase of volume of sand grains characterized by the highest among the soil components along with decreasing volume of water with low contributes to a significant increase of of soils.

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

while De Vries's model gave a fairly good prediction only for S20-D1. Johansen's model, within = 8 for all different soils, showed more accurate prediction of measurements than proposed formula of based on quartz content in the study of [START_REF] Zhang | A new generalized soil thermal conductivity model for sand-kaolin clay mixtures using thermo-time domain reflectometry probe test[END_REF]. The formula could consider the influence of porosity of soils for better prediction.

In this study, increasing clay contents increases in unfrozen state but an opposite trend is almost observed in frozen state. Considering that the sand skeleton is approximately formed by its optimum structure in terms of limiting pore volume by means of Proctor procedure, adding clay would fill the pores between sand grains. Available space for water is thus reduced by the presence of clay. Due to the replacement of water with = 0.57 W/(m.K) by clay with higher thermal conductivity = 2.44 W/(m.K), increasing clay content increases the thermal conductivity at unfrozen state. In frozen state, the opposite trend is almost observed because of the transformation of liquid water into ice. Actually, while S0-T1 contains pure sand and almost 37% of total soil volume (Table 2) (corresponding to = 0.5% at frozen state as shown in Fig. 8) is filled with ice at frozen state, S20-T1 with 20% clay in solid volume (solids are sand and clay) contains only 21% (corresponding to = 20% and 26% of porosity) of total soil volume filled by ice at frozen state. It is noted that at higher clay contents, more water is kept unfrozen due to the presence of capillary and bound water which could not be frozen at temperatures close to 0 °C. By comparing two extreme cases in this study, it is clear that adding clay in soils not only decreases the available volume for ice in the soils' porosity, but also increases unfrozen water content in frozen state. Consequently, soils with lower clay content have lower at unfrozen state but higher at frozen state.

Conclusions

The variation of clay content (from 0 to 20 %) in sandy soils significantly influences thermal conductivity of soils in both freezing-thawing and drying-wetting processes. Based on the obtained results, some conclusions can be summarized as follows:

-In freezing-thawing process of saturated soils, thermal conductivity in frozen state is considerably higher than that in unfrozen state. The thermal conductivity of frozen soils is higher at a lower unfrozen water content.

-For frozen soil, to provide the same thermal conductivity, volumetric unfrozen water content has to be higher for a higher clay content.

-For unfrozen soil, at a given volumetric water content, thermal conductivity of soils is higher at a higher clay content.
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Table 1 . Physical properties of Speswhite Kaolin clay and Fontainebleau sand (Boussaid, 2005). Properties Speswhite Kaolin clay Fontainebleau sand

 1 

	Median grain size, D 50 (mm)	-	0.21
	Uniformity coefficient, C U	-	1.52
	Minimum void ratio, e min	-	0.54
	Maximum void ratio, e max	-	0.94
	Particle density, ρ s (Mg/m 3 )	2.65	2.65
	Minimum dry density, ρ d,min (Mg/m 3 )	-	1.37
	Maximum dry density, ρ d,max (Mg/m 3 )	1.45	1.72
	Liquid limit, LL (%)	55	-

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

Table 3 .

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

	Measured	Principle	Type	Supplier	Accuracy	Range
	parameters					
	Temperature	Resistance temperature	PT100	Mersurex	±0.03 °C	-200 to
	(Freezing-Thawing	detector				400 °C
	test)					
	Volumetric water	Time domain	ThetaProbe	AT Delta-T	0.01 m 3 /m 3	0.01 to 1
	content (both tests)	reflectometry (dielectric	ML2x (4 rods)	service		m 3 /m 3
		permittivity)				
	Suction (Freezing-	Tensiometer	T5x	Meter	±0.5 kPa	-160 to 100
	Thawing test)			Group		kPa
	Thermal	Transient line heat	KD2-Pro (RK-	Meter	10% of	0.1 to 4
	conductivity (both	source	1)	Group	measured	W/(m.K)
	tests)				value	
	Suction (Drying-	Tensiometer	T8	Sol Mesures	±0.5 kPa	-100 to 100
	wetting test)					kPa
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The comparison (Fig. 8) showed that the De Vries's model underestimated measured values of of all frozen soils. The model also showed a higher at a lower but could not capture the strong effect of when this later is small. For unfrozen soils (Fig. 11), the De Vries' model also showed a higher at a higher but could not capture accurately the relationship between these two parameters for the whole range of (varying from 0 to 100%).

Johansen's model

Geometric mean was proposed to calculate the thermal conductivity ( ) of saturated frozen soil by Johansen [START_REF] Johansen | Thermal conductivity of soils[END_REF]:

where , , , are volume fraction of water, ice, clay and sand, respectively.

-Johansen's model and De Vries's model cannot predict well thermal conductivity of soil in freezing-thawing process in the studied range of temperature. The models need further improvement for better prediction.

-Johansen's model can predict satisfactorily the thermal conductivity in drying-wetting process but not De Vries's model.

The findings of the present study could be helpful for various engineering applications such as artificial ground freezing or cold regions geo-technologies. In these applications, soils can exist in both unfrozen and frozen states and the effects of clay content on thermal conductivity of sandy soils should be considered when analysing thermal transfers in the ground.

Competing interests

The authors declare there are no competing interests.

Author contribution

Q.H.