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Effect of monotonic and cyclic temperature variations on the mechanical behavior of a compacted soil
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Settlement and slope stability of an embankment are mechanical aspects that play a major role in structural safety. Due to the tendency towards renewable energy, the embankments can be considered as a suitable medium for thermal energy storage. Using horizontal heat exchanger tubes, the thermal energy will be stored in different compacted soil layers in an embankment. Therefore, this structure can be subjected to daily and seasonally temperature variations due to heat extraction. Cyclic temperature variation can modify the mechanical behavior of compacted soils. Thus this study aims to investigate the effect of monotonic and temperature cycles in the range of 5 to 50 o C, on consolidation parameters and shear characteristics of a compacted sandy lean clay. To achieve this, temperature-controlled oedometric and direct shear tests were performed.

Results showed that the effect of heating and cooling on mechanical properties is more pronounced under vertical stresses higher than the preconsolidation pressure. By heating, the normal consolidation line shifted to the left and consequently, the apparent preconsolidation decreased. Compression and swelling indexes could be considered independent of temperature variation. Due to the temperature cycles, the volumetric response of the compacted soil in oedometric and shear tests was stress history-dependent. Results of the direct shear tests showed that by temperature variation (heating/cooling and temperature cycles) the cohesion increased and the friction angle remained unchanged.

Introduction

To limit the environmental impact of the production of needed energy, the energy geostructures could provide new and clean solutions to the important issue of global warming for the years to come. These solutions still need to be further studied to provide appropriate techniques for both domestic and industrial energy needs.

Solar energy is an infinite, clean, and affordable source, it has a great potential to produce renewable thermal and electrical energy. Several technologies convert solar energy into a utilizable kind of energy for human needs like space heating. For example, solar energy storage consists of heat storage in a proper medium during summer to be preserved and later discharged for utilization in the winter [START_REF] Stojanović | Build-up and long-term performance test of a full-scale solar-assisted heat pump system for residential heating in nordic climatic conditions[END_REF][START_REF] Abedin | A critical review of thermochemical energy storage systems[END_REF]. Several studies have demonstrated that the thermal energy storage in soils is a pertinent technique, due to their appropriate thermal properties and ease of access [START_REF] Gan | Dynamic thermal modelling of horizontal ground-source heat pumps[END_REF][START_REF] Beier | Changes in the thermal performance of horizontal boreholes with time[END_REF].

In geotechnical engineering, different types of structures are made of compacted soils, such as roads and rail embankments. These linear structures contain several layers of compacted soils. To store the heat in an embankment in summer, and extract it in winter (or vice versa), the horizontal heat exchanger loops can be easily installed in these layers during the construction phase [START_REF] Boukelia | Modélisations physique et numérique des géostructures énergétiques[END_REF][START_REF] Jradi | Performance analysis of a soil-based thermal energy storage system using solar-driven air-source heat pump for danish buildings sector[END_REF][START_REF] Lahoori | Measurement of the thermal properties of unsaturated compacted soil by the transfer function estimation method[END_REF]. For limited size embankments, in which the soil-atmosphere interaction during the charging and discharging season is high, the use of insulation material can be considered in design stage to avoid heat loss [START_REF] Lahoori | Thermal conductivity of nonwoven needle-punched geotextiles: effect of stress and moisture[END_REF].

Generally, the soils and earthen structures are exposed to external daily and seasonally temperature variations. When the serviceability of these structures as thermal energy storage medium starts, they will be subjected in addition to internal seasonal temperature variations. The temperature variation in soil storage mediums can fluctuate in the range of 10 to 50 o C [START_REF] Hesaraki | Seasonal thermal energy storage with heat pumps and low temperatures in building projects-a comparative review[END_REF]. Variations in temperature have an impact on the volume of the constituents, which leads to changes in the deformability of the aggregates and the viscosity of the water. Thus, a heated material would be more deformable and the pore water would be less viscous and more mobile. However, this effect would be more or less important depending on the nature of soil constituents and its structure, inherited from the previous loading history [START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Tidfors | Experimental investigation of thermo-hydromechanical behaviour of an unsaturated silt[END_REF]. This aspect is particularly important in the case of compacted soils. To prevent any damage, such as settlement and slope failure, and also to ensure the long-term structural stability of these energy structures, the effect of temperature variation on their mechanical behavior should be investigated.

Compacted soils are initially set up in an unsaturated state close to the saturation state (degree of saturation between 85 to 95%). During their service life and thermal exploitation in an embankment, the water content, the temperature and the applied mechanical loads are changing simultaneously.

Among different types of external loading, it is well known that landslides, settlements, and disorders of all kinds occur generally as a result of intense rainfall and seepage in embankments [START_REF] Iverson | Rainfall, ground-water flow, and seasonal movement at minor creek landslide, northwestern california: Physical interpretation of empirical relations[END_REF][START_REF] Rahardjo | The effect of antecedent rainfall on slope stability[END_REF][START_REF] Thibbotuwawa | Study of stabilization of unstable area and development of mitigation measures for landslide at peradeniya, due to widening of town roads[END_REF]. Usually, the rainfall decreases the suction and increases the hydraulic conductivity in these unsaturated soils, this accelerates the soil saturation and the pore water pressure increase. As a result, the shear strength and factor of safety of the slope decrease [START_REF] Rahardjo | The effect of antecedent rainfall on slope stability[END_REF][START_REF] Liu | Stability analysis of road embankment slope subjected to rainfall considering runoff-unsaturated seepage and unsaturated fluid-solid coupling[END_REF][START_REF] Li | Slope stability analysis with reference to rainfall infiltration in the yongping copper mine, china[END_REF].

Based on the aforementioned statements, this study focuses on investigating the thermohydro-mechanical behavior of compacted natural soil at saturated state, as in embankments, it is clearly the most critical state. For energy geostructures, a better understanding of the effect of monotonic and cyclic temperature variations on mechanical behavior such as consolidation and shear characteristics of compacted soil is of great importance.

Several researchers investigated the effect of temperature variations on consolidation and volumetric behavior of different types of soils under different stress paths [START_REF] Tidfors | Experimental investigation of thermo-hydromechanical behaviour of an unsaturated silt[END_REF][START_REF] Eriksson | Temperature effects on consolidation properties of sulphide clays[END_REF][START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF][START_REF] Burghignoli | A laboratory study on the thermomechanical behaviour of clayey soils[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Tidfors | Experimental investigation of thermo-hydromechanical behaviour of an unsaturated silt[END_REF][START_REF] Di Donna | Response of soil subjected to thermal cyclic loading: experimental and constitutive study[END_REF]. These investigations indicated that the effect of temperature on THM behavior of soils depends on the soil nature; the stress history and the thermal variation path.

Regarding the consolidation behavior, heated specimens exhibit a plastic behavior earlier compared to unheated ones, afterwards the elastic domain size reduces and shows a clear soil softening [START_REF] Tidfors | Experimental investigation of thermo-hydromechanical behaviour of an unsaturated silt[END_REF]. Thus, Thus, the apparent preconsolidation pressure (σ p ) decreases upon heating [START_REF] Marques | Viscous behaviour of st-roch-de-l'achigan clay, quebec[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF].

The effect of temperature variation on the compression and swelling indices (C c and C s ) are found to be negligible in the temperature ranges from 20 to 90 o C [START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF].

In terms of volumetric behavior under temperature cycles, the soil initially in the normally consolidated state (NC) exhibits a contraction when temperature increases [START_REF] Burghignoli | A laboratory study on the thermomechanical behaviour of clayey soils[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF]. However, different observations are reported during the following cooling. In some studies, cooling removes a small part of the thermal contraction caused by heating [START_REF] Shetty | Volume change characteristics of fine-grained soils due to sequential thermo-mechanical stresses[END_REF]), but in others, during cooling the thermal contraction continues to increase [START_REF] Campanella | Influence of temperature variations on soil behavior[END_REF][START_REF] Di Donna | Response of soil subjected to thermal cyclic loading: experimental and constitutive study[END_REF]. [START_REF] Ma | An approach for modelling volume change of fine-grained soil subjected to thermal cycles[END_REF] reported that the thermal contraction becomes smaller after 4 or 5 successive heating and cooling cycles.

The soil in an overconsolidated state exhibits a thermal expansion during heating and with subsequent cooling, a reversible behavior is observed. Therefore, the thermal expansion with heating is dissipated (Di Donna and Laloui 2013; [START_REF] Shetty | Volume change characteristics of fine-grained soils due to sequential thermo-mechanical stresses[END_REF]). This reversible behavior was observed with further heating and cooling cycles.

Based on most of the investigations that have focused on the study of the effect of temperature variations between 20 to 90 o C, it can be concluded that the preconsolidation pressure is a temperature dependent parameter and decreases with heating. But despite the importance of this parameter in thermal energy storage systems, its variations due to cooling and several heating-cooling cycles are poorly understood.

The other important mechanical characteristics of an energy structure such as a road embankment are shear parameters: strength and stiffness, where the strength can be expressed in terms of apparent cohesion (c) and friction angle (ϕ). Although their dependency on temperature variations has been studied in recent years, the results are still controversial. [START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF], using a temperature-controlled triaxial device in drained conditions for normally consolidated kaolin clay, have observed an increase of peak shear strength due to temperature increase while the critical state shear strength was independent of temperature. The same observation was reported by [START_REF] Abuel-Naga | Volume change behaviour of saturated clays under drained heating conditions: experimental results and constitutive modeling[END_REF] for a normally consolidated soft Bangkok clay. [START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF], by performing direct shear tests, showed that for Fontainebleau sand and both normally and overconsolidated kaolin clay, the peak shear strengths were almost independent of temperature (5 to 40 o C). 2020) using a temperature controlled direct shear device, showed that the peak and critical shear strength of normally consolidated kaolin clay increased with a temperature increase from 22 to 60 o C, but no temperature dependence was observed for Fontainbleau sand.

Maghsoodi et al. (

The effect of temperature on friction angle (ϕ) was reported to be negligible in several studies [START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Maghsoodi | Thermal effects on mechanical behaviour of soil-structure interface[END_REF]. But there are different results for the cohesion (c) variation upon heating and cooling cycles. [START_REF] Yavari | Aspects géotechniques des pieux de fondation énergétiques[END_REF] found that the cohesion of a kaolin clay at three different temperatures (5, 20, and 40 o C) is almost unchanged. On the contrary [START_REF] Maghsoodi | Thermal effects on mechanical behaviour of soil-structure interface[END_REF] found that the temperature increase from 22 to 60 o C increased the cohesion for kaolin clay.

Regarding the mechanical loading cycles, Ng and Zhou (2014) using a temperature controlled device reported that the axial plastic strain accumulated during cyclic loading-unloading is larger at higher temperatures for a silty soil. Very few studies have investigated the impact of thermal cycles on shear characteristics. For example, [START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF] have investigated the effect of temperature cycles on shear characteristics.

Their study is mostly focused on soil-structure interface mechanical behavior. Therefore, the effect of several temperature cycles on the shear behavior of soils needs to be investigated.

The shear characteristics evolution due to the monotonic and cyclic temperature variations depends on several parameters such as material characteristics and soil nature, overconsolidation ratio, experimental conditions, and thermo-mechanical paths. But the results are not numerous enough, and there are still many unanswered questions on this subject.

This experimental study aims to investigate the thermo-mechanical behavior of a compacted sandy lean clay that is currently used in embankment constructions, in the saturated state under different stress paths. Temperature-controlled oedometer and direct shear devices were used to perform consolidation and shear tests under monotonic and cyclic temperature variations. The main aspects of the thermo-mechanical behavior of the compacted soil that are tackled in this study are to investigate the effect of cooling (20 to 5 o C), heating (20 to 50 o C), and thermal cycles (5-50 o C) on consolidation and shear characteristics.

2 Soil properties, devices, and specimen preparation

Soil properties

The tested soil was extracted from the Paris region in France. X-ray diffractograms analysis reveals that it contains 81% quartz, 7% dolomite, 5% calcite, 5% clayey materials, and 3% feldspar [START_REF] Boukelia | Modélisations physique et numérique des géostructures énergétiques[END_REF]. This material was dried, pulverized, and sieved through a 2 mm sieve before being used for various experiments. According to the particle-size distribution tests, almost 20% of the particles of the soil were smaller than 2 µm, and 41% were smaller than 80 µm (Figure 1). With a liquid limit (LL) of 27% and a plastic limit (PL) of 21%, the plasticity index (PI) was 6% (AFNOR 1993). The standard Proctor test results showed an optimum water content (w opt ) of 16% and a maximum dry density (ρ d ) of 1.81 Mg.m -3 (Table 1).

The material was classified as sandy lean clay, CL, according to the Unified Soil Classification System [START_REF] Astm | standard practices for ground laboratory atomic oxygen interaction evaluation of materials for space applications[END_REF]. In this study, the soil specimens were prepared at a water content (w) of 16.3 % and a dry density ρ d of 1.79 M g.m -3 in accordance with the optimal thermal condition defined by [START_REF] Boukelia | Modélisations physique et numérique des géostructures énergétiques[END_REF]. The dry soil was wetted up to the desired water content by adding the distilled water and stored in plastic bags for almost 3 days before being compacted in the cells for each test.

Device and specimen preparation: oedometric tests

A temperature-controlled oedometric device was used to investigate the effect of temperature on the consolidation behavior of the studied compacted soil. The system included a cylindrical cell of stainless steel (70 mm in diameter) and a piston to apply the vertical stress using a load frame (Figure 2). The vertical deformation of the specimen was measured using a linear variable differential transducer (LVDT) with an accuracy of 10 -5 m.

To impose the desired temperature, a heating-cooling device circulated fluid in the spiral tubes around the soil specimen, and a K-type thermocouple was placed in the bottom part of the oedometer cell to measure the temperature of the specimen during the tests.

The system comprised also a volume/pressure controller to control the pore water pressure at the base of the specimen. To minimize the thermal losses, the oedometric cell was insulated with a polystyrene box. To maintain a constantly saturated state during tests, a continuous water supply was maintained. The abovementioned relationship was used to correct the measurements of the sample deformation during temperature variations by following equation:

∆h T (sample) = ∆h T (sample+cell) -∆h T (cell) (2) 
where ∆h T (sample+cell) is the measured total displacement during heating or cooling phases.

To perform oedometric tests, the soil at the water content 16.3 % was compacted directly in the oedometric cell (70 mm in diameter and 20 mm in height) to reach the target dry density of 1.79 M g.m -3 . Then, the saturation phase was started by applying a backwater pressure of 9 kPa through the bottom part of the oedometric cell (through the water inlet, in Figure 2). The saturation phase was performed at 20 o C under 9 kPa of vertical stress. To check the saturation state, the hydraulic conductivity was measured over a long time (7 days) to achieve an equilibrium state, and also the water content of several samples was measured after several days. Afterward, different thermo-mechanical paths were applied, they are presented in detail in section 3.1.

Device and specimen preparation: direct shear tests

The temperature-controlled direct shear device contains a shear box (60 x 60 x 30 mm)

that is placed inside a container filled with water to maintain the saturation state of the samples (Figure 4). The heating-cooling system circulates fluid at the desired temperature under the container. The temperature is checked using 3 different thermocouples placed:

in the upper half of the shear box; in the lower half of the shear box and the container.

A piston applies the normal stress σ n (kPa) on the top of the soil specimen using a load frame. The shear displacement and the normal displacement were measured using two linear variable differential transducers (LVDT) (Figure 4). To obtain the real volume change of the soil sample, the thermal calibration of the different parts of the device was performed. This duration was repeated for all the samples.

Vertical LVDT sensor

Container

Experimental programs

The experimental programs to take into account the effect of cooling (20 to 5 o C), heating (20 to 50 o C), and several heating-cooling cycles in the range of 5 to 50 o C on consolidation and shear behavior are presented in the following.

Consolidation program

Monotonic thermo-mechanical paths

Standard oedometric tests were conducted at different temperatures to investigate the effect of temperature on the consolidation parameters as compression index (C c ), swelling index (C s ), and apparent preconsolidation pressure (σ p ). After the saturation phase, one reference standard oedometric test at 20 o C was performed (test number 1 in Table 2).

The specimen was loaded by applying successive vertical stress increments in different steps in the range of 9 to 1600 kPa and then was unloaded to 100 kPa. From ASTM (2011), each step took 24 hours, and from t90 of settlement versus time curves, the end of consolidation was determined. For oedometric tests at different temperatures, the soil specimen was cooled from 20 to 5 o C or heated up from 20 to 50 o C with a heating/cooling rate of 5 o C/h after the saturation phase. The heating/cooling rate was sufficiently slow to avoid excess pore water pressure generation due to the temperature variation [START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Shetty | Volume change characteristics of fine-grained soils due to sequential thermo-mechanical stresses[END_REF]. Then the complete oedometric tests were performed (tests number 2-3 in Table 2).

Cyclic thermo-mechanical paths

The tests numbers 4 to 7 in and external seasonal temperature variations.

Therefore, to simulate the effect of external seasonal temperature variation due to the soil-atmosphere interaction, compacted soil sample in test number 4 (Table 2) was subjected to 4 temperature cycles in the range of 5 to 50 o C after saturation phase under 9 kPa. The thermal load (heating and cooling) was applied by successive increments of

∆T=10 o C (5 o C/h).
The test numbers 5 to 7 consider the effect of internal temperature variation due to the heat transfer from a horizontal heat exchanger that is commonly horizontal installed at 2m from the base. Considering 10m height embankment, the total vertical stress is 170 kPa (20.8 kN.m -3 x 8 m). Therefore, test number 5 (Table 2) was thus done by applying the vertical stress from 9 to 170 kPa, and then 4 temperature cycles (5 to 50 o C ) were applied. Besides these conditions, during the lifetime of the embankment, the compacted soil may be loaded or unloaded. Test number 6 (Table 2) simulated a subsequent loading of the compacted soil. Therefore, the soil sample was vertically loaded from 9 to 400 kPa and then 4 temperature cycles (20 to 50 o C) were applied (test number 6 in Table 2). To reach a highly overconsolidation state (OCR=16) four temperature cycles in the range of 20 to 50 o C were applied after a loading (1600 kPa) and unloading of 100 kPa (test number 7 in table 2).

Monotonic thermo-mechanical paths

The direct shear tests at different temperatures were conducted to investigate the effect of the cooling and heating on shear parameters. After the saturation phase at 20 o C, the normal stress was applied to the compacted soil (paths 0 -1 in Figure 5). Three values of initial normal stresses (σ n =50, 100, 200 kPa) were chosen. These values correspond to the soil pressure in the depths of 2.5 m, 5 m, and 10 m in an embankment assuming a density of 20.8 kN.m -3 . After the consolidation phase, the shear test at 20 o C was done (paths 1 -2 in Figure 5, tests 1-3, Table 3). From the settlement curve and the time required for the specimen to achieve 50 percent of its consolidation under the maximum normal stress (t 50 ) a shearing rate of 0.02 mm.min -1 was calculated [START_REF] Astm | 3080-90: Standard test method for direct shear test of soils under consolidated drained conditions[END_REF]. This

slow rate applied for the shear test was supposed to ensure drained conditions during shearing. To take into account the effect of temperature variation on shear parameters, after the consolidation phase, the cooling or heating phase was applied (paths 1 -1 and 1 -1 in Figure 5). Finally, when the soil volumetric variation stabilized, the specimens were sheared with a rate of 0.02 mm.min -1 (paths 1 -2 and 1 -2 in Figure 5, tests 4-10, Table 3).

Cyclic thermo-mechanical paths

The thermal cycles under constant normal stress were performed on compacted soil spec- 3). 

Experimental results

This part presents the results from oedometric and direct shear tests under different thermo-mechanical paths. The following part will be dedicated to the scientific discussion.

4.1 Thermo-mechanical results for oedometric tests

Monotonic thermo-mechanical oedometric results

Three standard oedometric tests at different temperatures were carried out (5, 20, and 50 o C). The void ratios for all of the specimens after saturation remained unchanged due to the zero swelling potential of this compacted soil. The void ratio variations after cooling and heating were negligible.

Figures 6a andb show the normalized settlement and void ratio variations against the vertical effective stresses at different temperatures respectively. The results show that, with temperature increase at vertical stresses higher than 100 kPa, the vertical displacement increased, and at the same time the void ratio decreased (Figure 6b). These results show that the heated soil becomes more compressible and the soil capability to support a vertical stress decreases, as a consequence the normal consolidation line moves to the left. Therefore, for the studied soil, the consolidation behavior could be considered as temperature-dependent and with temperature increase, a thermal softening could be expected. From the results obtained in standard oedometric tests at different temperatures (Figure 6b), the slope of the normal compression lines defined as compression index (C c = ∆e/∆logσ v ), and the slope of the unloading lines defined as a swelling index (C s = ∆e/∆logσ v ) were obtained and are presented in the Table 4. The results showed that their variation with temperature appears as they changed very slightly with temperature variation.

The apparent preconsolidation pressure σ p was evaluated using the Casagrande method [START_REF] Casagrande | The determination of pre-consolidation load and it's practical significance[END_REF]) for each standard oedometric curves at each temperatures (5, 20, 50 From the results of void ratio variations against vertical stress the hydraulic conductivity was calculated for each load increment at different temperatures using the following equation:

k = C v m v γ w ( 3 
)
where k is the hydraulic conductivity (m.s -1 ), C v is the coefficient of consolidation (m 2 .s -1 ), m v is the coefficient of volume compressibility (kP a -1 ) and γ w is the unit weight of water at a given temperature (kN.m -3 ).

The hydraulic conductivity as function of void ratio is shown in Figure 7 (a). Figure 7(a) shows that when the void ratio decreased, the hydraulic conductivity decreased due to the increasing density. For example, in Figure 7(a), under 1600 kPa of vertical stress, the hydraulic conductivity increased as temperature increases whereas the void ratio decreased. [START_REF] Delage | Permeability changes in boom clay with temperature[END_REF] observed the same trend for hydraulic conductivity of Boom clay under different temperatures. They pointed out that these results may be due to the coupled effect of changes in water properties and porosity due to the temperature variation. However, [START_REF] Morin | The effects of high pressure and high temperature on some physical properties of ocean sediments[END_REF] and [START_REF] Abuel-Naga | Thermal consolidation of soft bangkok clay[END_REF] reported that the impact of soil volume change due to the temperature variation is too small to be considered as a reason for the change of hydraulic conductivity at elevated temperature ( 90• C). With temperature increase, the viscosity of water decreases and leads to an increase in the soil hydraulic conductivity [START_REF] Hillel | Fundamentals of soil physics academic[END_REF]) therefore the water flows are more freely through the porous network.

Based on the hydraulic conductivity test results at different temperatures, an equation is proposed to determine the intrinsic permeability K (m 2 ):

k = Kγ w (T ) µ(T ) ( 4 
)
where k is the hydraulic conductivity (m.s -1 ), γ w is the unit weight of water (kN.m -3 ), µ is the water viscosity (P a.s) and T is the temperature (K). According to the literature, the viscosity of water in effective porosity decreases at higher temperature: (2018) on intact and remolded sensitive clay and with the study of [START_REF] Delage | Permeability changes in boom clay with temperature[END_REF] on Boom clay. Therefore, the temperature dependence of water viscosity could partly explain the hydraulic conductivity variations upon thermal solicitations.

µ(T ) = -0.00046575Ln(T ) + 0.00239138 (5) 

Thermal cycles effect on the volumetric variation of studied compacted soil

The results of volumetric variation against temperature cycles under 9 kPa are presented in Figure 8a (test number 4, Table 2). With heating from 20 to 50 o C the volumetric response was almost negligible whereas, during cooling from 50 to 5 o C the sample dilated slightly.

With further temperature cycles, the soil specimen showed a thermo-elastic response and the volumetric variations were reversible. This reversible behavior corresponds to the thermo-elastic expansion and contraction of the solid skeleton. Under 170 kPa the soil was in normally consolidated condition (void ratio after temperature cycles=0.5) and after first heating (20 to 50 o C), the specimen contracted as a volume decrease of 0.13% was observed (Figure 8a). To determine the elastic or plastic nature of thermal loading, after heating, the sample is cooled down to 5 o C and the volume of the specimen slightly decreased (0.17%). The volume variations during the first thermal cycle (20-50-5 o C) were irreversible. But this thermal contraction decreased cycle by cycle and after four thermal cycles, the deformation was stabilized and an elastic behavior was reached. In Figure 8a, it appears that the part of the curve under 20 0 C is superimposed. In the following, the temperature cycles were applied in the range of 20 to 50 0 C.

After thermally induced volume changes verification for effective in-situ stress states, two extreme cases were applied. In test number 6 under 400 kPa (NC state, void ratio after temperature cycles=0.48), 4 thermal cycles (20 to 50 o C) exhibited a thermal plastic contraction increasing when the number of thermal cycles increased (Figure 8b). In highly OC state (OCR=16) in test number 7 (Table 2), again 4 thermal cycles in the range of 20 to 50 o C were applied. In this state, after a slight deformation, the soil specimen showed a reversible volumetric response (Figure 8b).

The elastoplastic deformation due to the thermal cycles at OC (at 9 kPa) and NC (at 170 and 400 kPa) states leads to a void ratio variation at constant vertical stress. To compare the effect of thermal cycles on soil with a reference oedometric test at 20 o C, the evolution of normalized void ratios versus effective vertical stress for both types of tests with thermal cycles and reference oedometric tests, are depicted in Figure 9. Figure 9a shows that the void ratio increased after the thermal cycles under 9 kPa (OC state).

To detect the effect of this variation on the subsequent loading, the specimen was then loaded vertically. The whole curve is slightly higher than the reference test (black points).

The slope of the consolidation line (C c =0.036) was the same as the reference test, and the temperature cycles had a negligible effect on the apparent preconsolidation pressure.

Figure 9b and9c show the void ratio variations for applied thermal cycles under 170 and 400 kPa respectively (test 5 and 6, Table 2). The void ratios, before applying thermal cycles, coincided with the reference oedometric test at 20 o C. After thermal cycles, the void ratio in NC state decreased for both tests. These variations are due to the thermally induced plastic deformation that can be considered as a thermal hardening. These void ratios corresponded to a void ratio in higher vertical stress for the reference test at 20 o C.

For instance, in Figure 9b the normalized void ratio after thermal cycles under 170 kPa was 0.95 which corresponds to vertical stress of 230 kPa for the reference test at 20 o C (blue point in Figure 9b). Therefore, when the specimen is subjected to thermal cycles it behaves like an over-consolidated soil. After this loading, the specimens were loaded vertically and the void ratios for both tests reached the same void ratio as the reference test. The slope of the subsequent loading line after thermal cycles (slope of ac line in Figure 9b) is 0.021 while the slope for the normal consolidation line at 20 o C is 0.037.

Thermo-mechanical results for direct shear test

Monotonic thermo-mechanical direct shear results

In this section, the effect of cooling and heating on shear characteristics is investigated.

In temperature-controlled direct shear tests, after the saturation phase, the consolidation phase was started and the specimen was loaded vertically at three different normal stresses σ n =50, 100, and 200 kPa at 20 o C. After this consolidation phase, a heating or cooling phase (5 o C/h), was applied to the compacted soil specimens. The cooling phase was conducted from 20 to 5 o C and the heating phase from 20 to 50 o C. The results showed that the cooling phase had a negligible effect on the volumetric deformation of the specimens whereas during heating, the specimens contracted and the volumes of the specimens decreased slightly. Figure 10a shows the volumetric deformation due to the thermal softening of the samples in the shear box. The volume of the specimens decreased by 0.07, 0.12, and 0.14 % for the normal stresses of 50, 100, and 200 kPa respectively.

When the thermal volumetric deformation stabilized, the compacted soil was sheared with a rate of 0.02 mm/min. Figure 11 shows the variation of the shear strength against shear displacement for σ n =50, 100, and 200 kPa at 5, 20, and 50 o C. To ensure the quality of the results, several tests were duplicated, for example, the test under σ n =100 kPa at 5 o C (Figure 11b). Under normal effective stress of 50 kPa and 100 kPa, the shear strengths were not affected by heating or cooling (Figure 11a). However, the heated and cooled specimens showed a higher dilatation than the specimen at 20 o C (Figure 11d).

Under 200 kPa, the shear stress was not affected by heating whereas cooling reduced it by 9 % (Figure 11c). For these samples during shearing, the soil specimen slightly contracted at first, then this contraction was followed by a negligible dilatation (Figure 11f).

To obtain the shear characteristics (cohesion, c and friction angle ϕ), the shear stress corresponding to 10 % of the sample length was taken for each test and is presented in Table 5. Figure 12 It can be concluded that the thermal volumetric deformation during heating did not affect the shear strength but cooling decreased it and this behavior was more pronounced under high normal stresses. Regarding the volumetric variation during the shear phase, at low normal effective stresses, the compacted soil tended to dilate. However, with increasing the normal stress, this tendency is fading.

Cyclic thermo-mechanical direct shear results

For thermal cyclic tests after saturation, the same normal stresses as monotonic section (σ n =50, 100, and 200 kPa) were applied. After reaching the desired normal stress, the compacted soil samples were subjected to temperature cycles: they were first heated up from 20 to 50 o C then cooled down from 50 to 5 o C and subsequently followed by 4 temperature cycles from 5 to 50 o C. under each normal stress. The compacted soil upon heating from 20 to 50 o C contracted by 0.05, 0.11, and 0.14 % under normal stress of 50, 100, and 200 kPa respectively. This order of magnitude is coherent with the results of monotonic thermo-mechanical paths as is shown in Figure 10a. After that, the samples cooled down to 5 o C and slightly contracted. The contraction of the sample upon the first heating was found to be irreversible. The first cycle caused a higher contraction compared to subsequent cycles (Figure 10b, c, andd). The final thermal contractions after 5 thermal cycles were 0.16 %, 0.21 % and 0.22 % under 50, 100 and 200 kPa respectively. When the thermal volumetric deformation stabilized, the samples were sheared (0.02 mm/min) at 20 o C (Figure 11).

The shear stress corresponding to 10 % of the sample length in table 5 showed that the temperature cycles have slightly increased the shear strength of the compacted soil under normal stresses of 50 and 100 kPa while it decreased slightly under 200 kPa compared to reference tests at 20 o C. This shear stress variation as well as the volumetric response of the cyclic tests follows the same trend as the monotonic tests at 50 o C (Figure 11). In both tests, with increasing the normal stress, the dilative response under lower normal stress (50 and 100 kPa) tends towards a contractive one under higher vertical stress (200 kPa).

The Mohr-Coulomb plane after temperature cycles showed that the cohesion increased by 4 kPa (from 13.0 to 17.4 kPa) and the friction angle remained unchanged compared to the reference test at 20 o C (Table 5). The variation of the cohesion was the same as the test at 50 o C. If the volumetric deformation due to heating will be one reason for the shear increase, it can be concluded that the first heating has a significant impact on the shearing response.

Discussion

Temperature effect on consolidation parameters

The shrinkage of the elastic domain, generally denoted thermal softening in literature, is generally explained by the temperature-dependent properties of water and changes in the fabric of pores structure [START_REF] Baldi | Thermal volume changes of the mineralwater system in low-porosity clay soils[END_REF][START_REF] Mon | Temperature effects on geotechnical properties of kaolin clay: simultaneous measurements of consolidation characteristics, shear stiffness, and permeability using a modified oedometer[END_REF]. This thermal softening causes the normal consolidation line shifts to the left and consequently the apparent preconsolidation pressure decreases [START_REF] Tidfors | Experimental investigation of thermo-hydromechanical behaviour of an unsaturated silt[END_REF][START_REF] Shariatmadari | The effect of thermal history on thermomechanical behavior of bentonite-sand mixture[END_REF]."

In terms of consolidation behavior, temperature variations had a negligible effect on the compression index (C c ) and swelling index (C s ) of the studied compacted soil but they had an impact on apparent preconsolidation pressure (σ p ). The observed results are in accordance with those of other authors on saturated natural and compacted soil samples [START_REF] François | Compression tests on a sandy silt at different suction and temperature levels[END_REF][START_REF] Kaddouri | Influence of effective stress and temperature on the creep behavior of a saturated compacted clayey soil[END_REF].

The shrinkage of the elastic domain, generally denoted thermal softening in literature, is generally explained by the temperature-dependent properties of water and changes in the fabric of pores structure [START_REF] Baldi | Thermal volume changes of the mineralwater system in low-porosity clay soils[END_REF][START_REF] Marques | Viscous behaviour of st-roch-de-l'achigan clay, quebec[END_REF]; [START_REF] Mon | Temperature effects on geotechnical properties of kaolin clay: simultaneous measurements of consolidation characteristics, shear stiffness, and permeability using a modified oedometer[END_REF]. This thermal softening causes the normal consolidation line shifts to the left and consequently the apparent preconsolidation pressure decreases [START_REF] Marques | Viscous behaviour of st-roch-de-l'achigan clay, quebec[END_REF][START_REF] Tidfors | Experimental investigation of thermo-hydromechanical behaviour of an unsaturated silt[END_REF][START_REF] Shariatmadari | The effect of thermal history on thermomechanical behavior of bentonite-sand mixture[END_REF].

Volumetric response due to the temperature cycles

The thermo-elastoplastic volumetric response of the compacted soil due to temperature cycles under different vertical stresses was found to be state-dependent (OC or NC).

Whatever the vertical stresses, in the overconsolidated state, the elastic volumetric deformation was induced whereas in normally consolidated states, for both oedometric and shear tests, a significant thermal plastic strain was observed during the first temperature cycle (Figures 8 and10). After the first cycle, subsequent cycles induced lower thermal plastic strain. In NC state, the sample is subjected to the maximum experienced vertical stress, and simultaneously, the temperature is raised. This modification would lead to a decrease in pore water viscosity, which consequently increases the permeability and facilitates the particle rearrangements. [START_REF] Campanella | Influence of temperature variations on soil behavior[END_REF], Baldi et al. (1988), Di Donna and[START_REF] Di Donna | Response of soil subjected to thermal cyclic loading: experimental and constitutive study[END_REF]; [START_REF] Ng | Effects of specimen preparation method on the volume change of clay under cyclic thermal loads[END_REF] and [START_REF] Shetty | Volume change characteristics of fine-grained soils due to sequential thermo-mechanical stresses[END_REF] observed the same type of thermo-plastic strain induced by heating-cooling cycles, in NC clayey and silty clay soils. Some researchers reported that the amount of thermal volumetric change depends on the plasticity index (PI) of the soil [START_REF] Abuel-Naga | Volume change behaviour of saturated clays under drained heating conditions: experimental results and constitutive modeling[END_REF][START_REF] Ghaaowd | Pore water pressure prediction for undrained heating of soils[END_REF]. The soil with higher plasticity index shows more thermo-plastic deformation [START_REF] Delage | On the thermal consolidation of boom clay[END_REF]. Di Donna and Laloui (2013) reported a volumetric deformation of 0.6 % for natural silty clay soils with a plasticity index of 18% while, for the studied soil in this paper, the volumetric deformation was 0.15% with a plasticity index of 6.6% .

Temperature cycles effect on consolidation parameters

The compacted soil in NC state after being subjected to thermal cycles (under 170 and 400 kPa), was reloaded vertically at 20 o C. After thermal plastic deformation and void ratio decrease, the compacted soil shows less compressibility with subsequent loading (slope of ac is less than the compression index, C c at 20 o C, Figure 9b). This behavior can be due to the increase in the stiffness and hardness of the soil caused by thermal cycles. While by subsequent loading the void ratio converged to the void ratio of the reference oedometric test at 20 o C (Figure 9b and9c). This means that the impact of thermal plastic deformation of the compacted soil in NC state disappears upon subsequent loading. This observation is corroborated with the findings reported by Di Donna and Laloui (2013) and [START_REF] Shetty | Volume change characteristics of fine-grained soils due to sequential thermo-mechanical stresses[END_REF] who have studied the effect of thermal cycles on the thermal volumetric change of silty clay soil.

Heating or cooling and temperature cycles effect on shear characteristics

In terms of structural stability of an embankment made of studied compacted soil, the friction angle was not affected by temperature variation which has been confirmed by several studies on other soils in the literature [START_REF] Hueckel | Thermoplasticity of saturated clays: experimental constitutive study[END_REF][START_REF] Burghignoli | A laboratory study on the thermomechanical behaviour of clayey soils[END_REF][START_REF] Ghahremannejad | Thermo-mechanical behaviour of two reconstituted clays[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Maghsoodi | Thermal effects on mechanical behaviour of soil-structure interface[END_REF]). The induced thermal volumetric deformation during heating or temperature cycles slightly increased the cohesion. Cooling decreased the shear stress under higher normal stresses and consequently, the cohesion increased by 7.6 kPa.

In consolidation and shear behavior, two different behavior was observed. Regarding the consolidation behavior, on one hand, the heated compacted soil showed a softening behavior, on the other hand, the shear stress slightly increased. The increase in cohesion can be related to the thermal volumetric contraction that occurred in the heating phase which densified the samples. At lower temperature (5 o C) oedometric tests showed lower settlement during the consolidation phase, while, the shear test results showed that the compacted soil under high normal stress has low shear strength. This trend needs to be confirmed with triaxial tests or other tests under higher stress. This could be explained by the fact that the links between soil particles in low temperatures at the microstructural level could become more fragile and consequently the strength could decrease. Further investigations on the microstructure of heated and cooled specimens are necessary to confirm this explanation.

Regarding the volumetric response during shearing, the dilatation is the result of two different events: (i) rolling and sliding of soil particles (ii) normal stress-induced contraction. The soil particle rearrangements caused a disturbance and result in a volume augmentation, whereas the contraction process decreases the soil volume. When the normal stress is relatively small, the soil particle rolling and the subsequent disorder are dominant. In high normal stresses, the contraction becomes more dominant and the particle rearrangement is confined [START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Zhao | Cyclic direct shear behaviors of an artificial frozen soil-structure interface under constant normal stress and sub-zero temperature[END_REF][START_REF] Kouakou | Estimation of the shear strength of coarse-grained soils with fine particles[END_REF].

Therefore, the dilatation decreases with normal stress increase.

Engineering implications of results

Based on thermo-mechanical paths in this study, it can be confirmed that in the construction phase the horizontal heat exchanger loops can be placed in different depths in an embankment. The experimental results showed that the temperature variations, either monotonic (heating or cooling) or temperature cycles tend towards conservation or even improvement of bearing capacity and embankment slopes stability. In terms of consolidation behavior in thermal charging and discharging seasons, when the compacted soil is exposed to monotonic temperature variations, due to the very small differences in compression index at different temperatures, the effect of temperature on the embankment global settlement can be considered negligible. Furthermore, the volumetric response under different vertical stresses (50 to 200 kPa) at different embankment depths (2.5 to 10 m) due to heating and temperature cycles could be also small enough to be neglected. Thus, it can be concluded that the effect of temperature on the global mechanical behavior of the studied compacted soil with temperature variation range from 5 to 50 o C could be negligible. It should be noted that the embankment is in interaction with the atmosphere from its top and lateral surfaces, the thermal efficiency of the structure could be affected due to the heat losses. Consequently, it is better to place the heat exchangers far from the top and lateral surfaces. The tests in this study were performed on compacted soil at an initial optimal compaction state for thermal properties (w=16.3 and ρ d = 1.79M g.m -3 ). This initial soil condition could affect thermo-hydro-mechanical responses to the temperature variation. Therefore, the initial soil compaction state should take into account the optimal thermal soil properties.

This study investigated the consolidation and shear behavior of compacted sandy lean clay subjected to the monotonic and cyclic temperature variations. This type of soil is frequently used for embankment application in France. It should be noted that these tests were performed in the saturated state which underestimates soil mechanical properties.

The temperature-controlled oedometric and direct-shear devices were used to perform non-isothermal tests.

Based on the results of the oedometric test, the following conclusions can be drawn:

• the heated compacted soil shows a softening behavior, in contrast, cooled compacted soil shows hardening behavior;

• the compression index and swelling index were unchanged with temperature variation;

• the apparent preconsolidation pressure decreased with heating and increased with cooling;

• the volumetric response of compacted soil depends on the stress history. In an overconsolidated state, a reversible deformation was observed, and in a normally consolidated state the temperature cycles induced a thermal plastic contraction;

• the compacted soil subjected to temperature cycles showed a hardening behavior.

The results of direct shear tests showed that heating from 20 to 50 o C and temperature cycles had a negligible effect on shear characteristics whereas cooling from 20 to 5 o C decreased the shear stress at higher normal stresses (200 kPa).

These results are essential in designing the energy geostructures in a similar range of temperatures. Further work should be performed to investigate the microstructural behavior of studied soil due to heating or cooling. Moreover, in terms of thermal efficiency behavior, a numerical simulation will be performed to investigate the suitable position of horizontal heat exchanger loops due to the heat loss caused by soil-atmospheric interaction.
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 1 Figure 1: Particle size distribution[START_REF] Boukelia | Modélisations physique et numérique des géostructures énergétiques[END_REF] 
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 23 Figure 2: Temperature-controlled oedometric device.

Figure 4 :

 4 Figure 4: Temperature-controlled direct shear device.

  imens in the direct shear box to evaluate the variation of shear parameters (cohesion and friction angle) after the thermal cycles. As the monotonic thermo-mechanical path, after the saturation phase at 20 o C, three normal stresses (σ n =50, 100, 200 kPa) were applied on different compacted soil specimens at 20 o C. After the consolidation phase, 5 thermal cycles in the range of 5 to 50 o C were applied by a successive increment of ∆T=10 o C (5 o C/h). After thermal cycles, when the thermal volume change stabilized, the specimens were sheared at 20 o C with a displacement rate of 0.02 mm.min -1 (tests 11 to 13, Table
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 5 Figure 5: Thermo-mechanical path for direct shear tests at different temperatures.

Figure 6 :

 6 Figure 6: (a) normalized settlement and (b) void ratio variations against effective vertical stress at different temperatures.

Figure 7

 7 Figure 7 (b) shows the variation of intrinsic permeability against the void ratio. Based on this figure a linear relationship was evidenced between the intrinsic permeability and the void ratio variations. These results were in agreement with the study of Li et al.
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 7 Figure 7: Effect of the temperature on (a) hydraulic conductivity (k) and (b) intrinsic permeability (K).
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 8 Figure 8: Volumetric deformation during thermal cycles under a) 9 kPa (test 4, OCR=8) and 170 kPa(test 5, OCR=1) b) 400 kPa(test 6, OCR=1) and 100 kPa (test 7, OCR=16)
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 910 Figure 9: Void ratios variation after thermal cycles under (a)9 kPa (b) 170 kPa (b) 400 kPa, TC=temperature cycles.

  shows the Mohr-Coulomb plane for the studied soil at different temperatures. The results show that cooling (∆T = -15 o C) changed the shear characteristics: the cohesion increased from 13.0 to 20.5 kPa and the friction angles decreased slightly from 34.4 o to 30.5 o . The heating (∆T = +30 o C) increased slightly the cohesion by 4 kPa (from 13.0 to 17.4 kPa) and the friction angle was not affected.
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 11 Figure 11: Effect of temperature on shear stress and normal displacement at three different effective normal stresses a-d) 50 kPa b-e) 100 kPa and c-f ) 200 kPa, TC=temperature cycles.

Figure

  Figure 10b, c, and d show the volumetric deformation due to the temperature cycles

Table 1 :

 1 Characteristics of the studied soil

	Properties	Amount
	Plasticity limit (%)	20.5
	Liquidity limit (%)	27.2
	Plasticity index (%)	6.6
	w opt (%) ρ d (Mg/m 3 )	16.1 1.8
	Class of soil	CL
	Thermal conductivity (W/m.K)	2.46
	Volumetric heat capacity (J/k.m 3 )	2.64
	Thermal diffusivity (m 2 /s)	9.6×10 -7

Table 3 :

 3 Experimental programme for direct shear test (TC=thermal cycles)

	Test	Density	Type	Temperature	effective normal
	number	(Mg/m 3 )		o C	stress (kPa)
	1	1.77	Loading-Shearing	20	50
	2	1.76	Loading-Shearing	20	100
	3	1.76	Loading-Shearing	20	200
	4	1.75	Loading-Cooling-Shearing 5	50
	5	1.76	Loading-Cooling-Shearing 5	100
	6	1.77	Loading-Cooling-Shearing 5	100
	7	1.76	Loading-Cooling-Shearing 5	200
	8	1.75	Loading-Heating-Shearing 50	50
	9	1.77	Loading-Heating-Shearing 50	100
	10	1.76	Loading-Heating-Shearing 50	200
	11	1.78	Loading-5 TC-Shearing	20 (5-50)	50
	12	1.78	Loading-5 TC-Shearing	20 (5-50)	100
	13	1.78	Loading-5 TC-Shearing	20 (5-50)	200

Table 4 :

 4 Consolidation parameters of studied soil at different temperatures.

	Temperature o C	Initial void ratio	C c	C s (unloading)	σ p (kPa)
	5	0.516	0.035	0.01	80
	20	0.517	0.037	0.01	75
	50	0.518	0.040	0.013	65

Table 5 :

 5 Shear characteristics of studied soil for different temperatures.

	T ( o C)	σ n = 50 kPa	τ (kPa) σ n =100 kPa σ n =200 kPa	c (kPa)	ϕ ( o )
	5	49.7	79.0	137.0	20.6	30.5
	20	48.0	80.5	150.5	13.0	34.4
	50	49.8	84.7	149.5	17.4	33.5
	TC(5-50)	48.6	83.7	146.0	17.4	33.0

List of symbols

• σ v (kP a) Effective vertical stress

• τ (kP a) Shear stress