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Impact of monotonic and cyclic suction variations on the thermal properties of a stabilized compacted silty soil

The soil stabilisation is employed to construct geostructures as embankments, river levees, road subbases or to backfill excavations, improving the mechanical behaviour and reducing the consumption of extracted primary aggregates. This study is focused on the use of lime/cement treated soils to backfill trenches where high power line cables are buried. Indeed, under these circumstances not only the mechanical properties but also the thermal characteristics of the treated soil are of primary importance.

The effect of changes in suction (soil water content) on the thermo-mechanical properties was investigated on lime-treated and lime-hydraulic binder treated silty soils in the laboratory. The relationship between the Soil Water Retention Curve (SWRC) determined by suction control and measurement techniques, and the thermal properties along the drying path from the Optimum Proctor point (initial state) was analysed. Moreover, to investigate the successive heating/cooling periods induced by the cable, several drying/wetting cycles were applied to analyse their effect on the thermal properties and mechanical behaviour of compacted treated soils. The obtained data showed that increasing the suction from initial state to 3.5 MPa induces a decrease in the thermal conductivity (), this diminution becomes more important below 3.5 MPa of suction. An inverse trend was however observed in the change of the thermal capacity (C) with increasing section. The drying/wetting cycles appeared to have a significant impact on the mechanical performances and smaller effect on the thermal properties of the studied compacted treated silty soil.

Introduction

The use of soil stabilisation is a convenient way to enhance the mechanical behaviour and to build geostructures as embankments, river levees, road subbases or to backfill excavations, reducing the consumption of extracted primary aggregates [START_REF] Correia | A review of sustainable approaches in transport infrastructure geotechnics[END_REF][START_REF] Puppala | Sustainability in Geotechnical Engineering -general report of TC307[END_REF]. Soil stabilisation thus permits to limit the environmental impact of earthwork. The performances of the treated soil need to be tailored as a function of the context of application of the treated soils. This paper is focused on the thermal properties of compacted treated soils that are relevant in several applications like the installation of underground high-power line cables. Indeed, such cables are often buried in the ground, installed within a trench of 1 to 2 m depth and about 1 m wide, most of the time underneath existing low traffic roads. The cables are installed at the bottom of the trench and embedded in concrete. A significant part of the excavated soil is used to backfill the trench, and the road structure is then rebuilt. The backfill is most of the time treated with lime and/or cement to improve its bearing properties to meet the design requirement of the road structure to be rebuilt above. Once the electric cables are operational, their temperature may increase by Joule effect, the energy released varying over the year. The temperature increase of the cables must be limited under a given threshold to minimize the risk of cables failure. The efficient dissipation of the generated energy depends mainly on the thermal properties of the materials around the cables [START_REF] Emeana | The thermal regime around buried submarine high-voltage cables[END_REF][START_REF] De | Experimental study of thermal field deriving from an underground electrical power cable buried in non-homogeneous soils[END_REF][START_REF] Bai | Modeling deepwater seabed steady-state thermal fields around buried pipeline including trenching and backfill effects[END_REF], including the treated soils installed in the trench. However, the thermal properties of a given soil depend on their moisture content (w%) and density. Some studies showed that the cable temperature increase induces a drying of the soil [START_REF] Chatzipanagiotou | Influence of soil humidity on the thermal impedance, time constant and structure function of underground cables: A laboratory experiment[END_REF][START_REF] Eslami | Modelling of coupled heat and moisture flows around a buried electrical cable[END_REF], that phase being followed by a progressive rehydration when the temperature of the cable decreases.

Thermal conductivity () and volumetric thermal capacity (C), which describe the ability of a material to conduct heat and its ability to store thermal energy respectively are affected by soil mineralogy, dry density, water content, and particle arrangement [START_REF] Brandl | Energy foundations and other thermo-active ground structures[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior[END_REF]. Solid particles have a thermal conductivity significantly higher than water, but water has a thermal conductivity of approximately 30 times of those of air. Consequently, the thermal conductivity of soils increases with their water content for a given density. Similarly, when the dry density of a given soil increases, a significant increase in the thermal conductivity is observed [START_REF] Abu-Hamdeh | Soil thermal conductivity effects of density, moisture, salt concentration, and organic matter[END_REF][START_REF] Balland | Modeling soil thermal conductivities over a wide range of conditions[END_REF]. Ekwue et al. investigated the simultaneous effects of dry density and water content of several compacted soils on thermal conductivity along the compaction curve [START_REF] Ekwue | Thermal Conductivity of Some Compacted Trinidadian Soils as affected by Peat Content[END_REF]. They showed that thermal conductivity exhibits a similar behaviour with maximum values reached at water contents slightly higher than the optimum water content. Available literature data on the thermal conductivity of compacted treated materials are scarce, while treatments with lime or hydraulic binders modify significantly the soil mineralogy [START_REF] Locat | Laboratory investigations on the lime stabilization of sensitive clays : shear strength development[END_REF][START_REF] Metelková | Maturation of loess treated with variable lime admixture: Pore space textural evolution and related phase changes[END_REF]. The microstructure of treated soil is also significantly different from the microstructure of the untreated soil [START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF][START_REF] Cuisinier | Microstructure and hydraulic conductivity of a compacted lime-treated soil[END_REF] and is impacted by temperature [START_REF] Al-Mukhtar | Behaviour and mineralogy changes in limetreated expansive soil at 50°C[END_REF][START_REF] Silva | Two-staged kinetics of moduli evolution with time of a lime treated soil under different curing temperatures[END_REF]. Moreover, the hydro-mechanical behaviour of treated soils is highly time-dependent due to the processes induced by the presence of lime and/or binder. Wang et al. [START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF] studied the changes in the thermal conductivity of a compacted lime treated silty soil during curing. They showed that the thermal conductivity of samples compacted on the dry side of the compaction curve decreases slightly with increasing curing time. For the samples compacted on the wet side of optimum, they showed that the effect of curing time on the thermal conductivity is not significant.

In the long term, fluctuations of the cable temperature will induce successive drying/wetting cycles of the soil surrounding the cable. It is well known that successive wetting and drying can alter the characteristics of treated soils [START_REF] Behnood | Soil and clay stabilization with calcium-and non-calcium-based additives: A state-of-the-art review of challenges, approaches and techniques[END_REF][START_REF] Cuisinier | Alteration of the Hydromechanical Performances of a Stabilized Compacted Soil Exposed to Successive Wetting-Drying Cycles[END_REF], this alteration being associated to a progressive modification of the treated soil microstructure. Tang et al. [START_REF] Tang | Effects of the maximum soil aggregates size and cyclic wetting-drying on the stiffness of a lime-treated clayey soil[END_REF] studied the cyclic wetting/drying effects of the stiffness of a lime-treated clayey soil by using bender elements. They indicated that an intensive cyclic wetting-drying induces micro-cracks resulting in a decrease in the small shear strain modulus, associated to a decrease of the mechanical performances. Cuisinier et al. [START_REF] Cuisinier | Alteration of the hydro-mechanical performances of a stabilised compacted soil exposed to successive wetting-drying cycles[END_REF] also showed the harmful effects on strength and hydraulic conductivity of wetting and drying cycles on cement treated soil performances. Despite this information on the influence of climatic conditions and cyclic variations of water content on the hydro mechanical performances of treated soils, knowledge on their effect on the thermal properties of soil is still limited.

In this context, the first objective of the study is to provide insights about the changes in the soil thermal properties along the drying path. Several conditions were considered for the soil: untreated, lime-treated or lime-hydraulic binder treated silty soils. The modification of the thermal conductivity, water content and mechanical performances at various curing times were also investigated to complement the analysis. The second objective was to evaluate the possible alteration of the thermal properties after successive wetting/drying cycles.

Materials and methods

Tested materials

The soil tested in this study is a silt taken from the experimental site of Gray, France. Natural soil was first air-dried, grounded and then passed through the target sieve of 2.5 mm. The grain size distribution of the used soil (Figure 1) was determined by the sieving method for particles larger than 80 m and by the hydrometer method for particles smaller than 80 m. This silt has a fine fraction (<80 m) of 40 %. The main geotechnical properties are listed in Table 1.

According to the Unified Soil Classification System, this soil is a silt of low plasticity (ML).

Lime and hydraulic binder were used as treatment products. As indicated above, treatment is essential to improve the soil mechanical properties. Lime and/or hydraulic binder treatment is a widely used technique. In the short term, lime (CaO) reacts with the free water to produce hydrated lime, known as portlandite Ca(OH)2. This first reaction leads to a consumption of large amount of water content and a significant heat release. The followed dissociation of the portlandite provides sufficient Ca 2+ and HO -ions. Then, the increase in pH and calcium concentration leads to soil flocculation/agglomeration [START_REF] Eades | Reaction of hydrated lime with pure clay minerals in soil stabilization[END_REF][START_REF] Little | Handbook for stabilization of pavement subgrades and base courses with lime[END_REF], which results in significant decrease of the soil plasticity and changes of the soil engineering properties [START_REF] Sherwood | Soil stabilization with cement and lime[END_REF]. In the long term, pozzolanic reactions result in the production of cementitious gel, such as calcium silicate hydrates (C-S-H), calcium aluminate hydrates (C-A-H) and calcium alumino silicate hydrates (C-A-S-H), which play the major role in improving soil mechanical behaviour in terms of compressive strength, cohesion and friction angle and compressibility [START_REF] Bell | Lime stabilization of clay minerals and soils[END_REF][START_REF] Brandl | Alteration of soil parameters by stabilization with lime[END_REF][START_REF] Croft | The structures of soils stabilized with cementous agents[END_REF][START_REF] Eades | Reaction of hydrated lime with pure clay minerals in soil stabilization[END_REF][START_REF] Rajasekaran | Compressibility behaviour of lime-treated marine clay[END_REF][START_REF] Robin | Chemo-mechanical modelling of lime treated soils[END_REF].

The selected lime contained more than 94% of quicklime (CaO) on a dry-weight basis. The used hydraulic binder (CEM II/B-M (LL-V) 32.5 R CE) contained 65 % of clinker, 35 % of calcareous material and fly ash. Two types of treatment were considered in this study: lime treatment of 2%, and combined lime-hydraulic binder treatment, with the addition of 1% of lime and 4% of hydraulic binder. These contents were selected with references to current practices in soil treatment in France. Preliminary tests showed that they are sufficient to get satisfactory improvement of soil mechanical properties. The untreated soil was also tested as a reference to evaluate the changes in the thermal and mechanical properties arising from the treatment.

Samples preparation

The compaction characteristic curves were determined for each type and percentage of treatment according to the standard ASTM-D 698. The soil was left in an airtight container for at least two days to reach moisture equilibrium. The soil and the treatment product were then mixed up in a mechanical mixer for five minutes approximately. After the lime treatment, the mixture was left for 1 hour in an airtight container before compaction. When the cement treatment was used, compaction was carried out within a few minutes (maximum of 30 min) after treatment to account for the setting time of the cement. Figure 2 shows the influence of the different treatments on the compaction characteristics of the tested soils. As expected, the data show that the addition of treatment induced an increase of the optimum water content, and a decrease of the maximum dry density (Table 2), in line with other works on soil stabilization [START_REF] Little | Handbook for stabilization of pavement subgrades and base courses with lime[END_REF][START_REF] Lcpc-Setra | Traitement des sols à la chaux et/ou aux liants hydrauliques -Application à la réalisation des remblais et des couches de forme[END_REF].

The soil samples, untreated and treated, were statically compacted by static axial compression in a cylindrical mould to the target dry density [START_REF]Methods for the manufacture of test specimens of hydraulically bound mixtures using axial compression[END_REF]. Once the soil was air-dried and sieved with dmax = 2.5 mm, its water content was adjusted up to the optimal Proctor water content (determined form the Standard Proctor Test). This mixture was left in an airtight container for one hour prior to compaction to allow the development of immediate reactions. Cylindrical specimens of 50 mm in diameter and 100 mm in height were then prepared for thermal conductivity tests. The samples employed for the thermal measurements were larger to comply with the dimension of the testing device employed (see section 2.4). The specimens for the unconfined compression tests were 35 mm in diameter and 70 mm in height. Immediately after compaction, the specimens were wrapped with plastic-aluminium foil to prevent any exchange with the atmosphere, and stored at 20°C until testing time.

Suction control and measurement

The initial total suctions were determined by the chilled-mirror dew-point technique using the WP4C dew point potentiometer device (Decagon). More details on the water potential measurements can be found in [START_REF] Boukelia | Effect of temperature and initial state on variation of thermal parameters of fine compacted soils[END_REF].

To impose different suctions to the soil samples, two suction control techniques were employed.

(1): Pressure plate device was used to impose suction values below 1 MPa, while vapour equilibrium method was employed for suction values higher than 3.5 MPa. The pressure plate device principle is based on the axis translation method, imposing a positive air pressure inside the sample and controlling the water pressure [START_REF] Fredlund | Soil Mechanics for Unsaturated Soils[END_REF]. (2): The vapour equilibrium technique which consists in placing the specimens (cylinder of 50 mm in diameter and 75 mm in height) into desiccators containing saturated saline solutions was employed [START_REF] Cuisinier | Testing the hydromechanical behavior of a compacted swelling soil[END_REF][START_REF] Cuisinier | Influence of the hydric solicitations and mechanical complexes on the behaviour compacted expansive soil[END_REF]. The lowest suction imposed with a saturated saline solution (3.5 MPa) was obtained by using CuSO4. The highest suction (150 MPa) was imposed with a saturated saline solution of MgCl2. Samples were then left in the desiccators until reaching mass stabilization, checked by periodic weighing. Once this stabilization obtained, the imposed suction was controlled with Decagon WP4®. The moisture content was then determined by oven drying. The dimensions of samples were also measured at each step.

Thermal conductivity measurements

The thermal conductivity was measured using a handled apparatus named KD2 Pro Thermal Properties Analyser (Decagon Devices Inc.). This device complies with the requirements of ASTM Standards [START_REF]Standard Test Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal Needle Probe Procedure[END_REF]. A dual needle (1.3 mm in diameter and 30 mm in length) was used to measure the thermal conductivity of the compacted silty soil through the principle of hot-wire transient method. Its accuracy is ±10% in the range of 0.2-2 W/(m•K) and ±0.01% for 0.02-0.2 W/(m•K). Penetration of needles is not possible in hardened soils. Thus, two holes of 1.3 mm in diameter and 30 mm in length were drilled in the central part of the upper section of each tested sample to ease the insertion of the dual needle sensor. A thin layer of a thermal conductive paste was applied on the surface of the sensors to ensure good contact with the soil. The dual needle was then placed inside the specimen and left for about 5 minutes to reach the temperature equilibrium between the soil and sensors. Then, the test started, 2 minutes were needed for one measurement. The samples remained wrapped in the plastic foil during the measurement to minimize any possible loss in moisture content. The mass of the sample was checked before and after thermal conductivity measurements to control water content variations.

Unconfined compressive strength (UCS)

Unconfined compressive strength (UCS) was determined with a displacement rate of 1.04 mm.min -1 . For each combination of parameters, three samples were tested and the results provided are the mean of these three values. 

Test program

A first series of experiments was performed to investigate the relationship between the soil water retention curves, and the thermal properties for untreated silt (US), lime treated silt (LS) and lime-hydraulic binder treated silt (LHS). To do so, thermal conductivity and volumetric thermal capacity measurements were made by using the KD2 Pro device at initial state and along the drying path from the optimum water content once the suction equilibrium was reached.

A second series of samples was used to evaluate the change of thermal conductivity, water content and unconfined compressive strength (UCS) during curing. Thermal conductivity and UCS tests were performed at 0, 7, 28, 45 and 90 days of curing. Two specimens were tested to check repeatability. The specimens used for the UCS tests were then cut into small pieces to measure their water content by oven drying at each given curing time.

Finally, the effects of drying/wetting cycles on the thermal conductivity and the unconfined compressive strength (mechanical performance) of compacted silty soil were also addressed.

To do this, samples at 45 days of curing time were placed in a climatic chamber to simultaneous control of temperature and relative humidity. Thermal properties measurements were carried out at initial state and after 3, 6, 9 and 12 drying/ wetting cycles between 50% and 98% of relative humidity. The UCS tests were performed after the end of a wetting stage under a relative humidity of 98% for 3, 6 and 12 drying/wetting cycles. by some authors [START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF][START_REF] Russo | Water retention curves of lime stabilised soil[END_REF][START_REF] Zhang | A study of the water retention curve of limetreated London Clay[END_REF]. This can be connected to the impact of these treatments on the soil micro-structure [START_REF] Cuisinier | Microstructure and hydraulic conductivity of a compacted lime-treated soil[END_REF][START_REF] Tang | Effects of the maximum soil aggregates size and cyclic wetting-drying on the stiffness of a lime-treated clayey soil[END_REF][START_REF] Le Runigo | Impact of initial state on the fabric and permeability of a lime-treated silt under long-term leaching[END_REF][START_REF] Stoltz | Multi-scale analysis of the swelling and shrinkage of a lime-treated expansive clayey soil[END_REF].

Experimental results

Water retention curvethermal properties

The thermal parameters determined for each suction upon the drying path were the thermal conductivity () and the volumetric thermal capacity (C). Results are presented in terms of changes of thermal conductivity versus suction and water content (Figure 4a,b) and in terms of changes in volumetric thermal capacity versus suction and water content (Figure 4c,d). At initial state, the thermal conductivity of the untreated silt is higher than that obtained with the treated silts ( =  and  W/m•K for untreated and treated silt, respectively). The data also showed that drying from the initial state resulted in a limited change of the thermal conductivity up to a suction of about 3.5 MPa. It decreased by 5.4 % for the untreated silt and by around 15.0 % for both treated silts. Increasing suctions above 3.5MPa resulted in a more significant reduction of the thermal conductivity. Similar conclusions can be drawn from Figure 4b where the thermal conductivity is plotted with respect to water content changes, with little change in thermal conductivity at water contents between 23.2 and 15% (initial state and 3.5MPa, respectively). The lime treated silt and lime-hydraulic binder treated silt had similar impact on the thermal conductivity, with values below the values obtained on the untreated silt, and almost the same difference at each suction along the drying path (Figure 4a andb).

Figure 4c and d present the changes in volumetric thermal capacity of each specimen. The increase in suction from the initial state to 3.5 MPa induced significant changes of the volumetric thermal capacity (76% for US and 86% for LS and LHS). Above 3.5 MPa, the rate of the change in volumetric thermal capacity is less important, unlike what was observed in thermal conductivity change (Figure 4a andb). At initial state, it can be also observed that the volumetric thermal capacity of the LHS was higher than that obtained for US and LS. However, at high suctions the difference between the three states became negligible. 

Impact of curing time

Figure 5 shows the changes in thermal conductivity, water content of untreated, lime treated and lime-hydraulic binder treated silt versus curing time. It can be observed that, at t = 0 day (initial state), the untreated silt has a significantly higher thermal conductivity than the treated samples. This can be connected to the data observed in the thermal conductivity/suction curve (Figure 4a) along the drying path from the initial state to 152.5 MPa of suction. For the untreated and the treated silts, the curing time seems to have no effect on the thermal conductivity, the values remaining around 1.32 and 1.14 W/m•K for untreated and treated silts, respectively (Figure 5a). Observation of water content versus curing time in Figure 5c indicates that water content slightly decreased. For instance, the water content of the US was about 23.4% at t = 0 day and 22.4% at t = 90 days. The effects of this variation of water content on thermal conductivity changes seems to be negligible.

The UCS of the samples was also determined as an indicator of the development of the setting reactions within the samples. The UCS of the untreated soil was equal to 112 kPa. The treatments improved the mechanical performance of the soil (Figure 5c). For LS, the UCS was about 195 kPa at t = 0 day; then it gradually increased to 243 kPa at t = 90 day. For LHS, the increasing of UCS was much higher. It increased from 167 kPa at t = 0 day to 670 kPa at t = 90 days.

Effect of drying/wetting cycles

As previously described in Section 2.3, the drying/wetting cycles were applied after a curing period of 45 days to allow a significant improvement of the mechanical characteristics of the treated samples.

The changes in thermal conductivity of the US, LS and LHS versus the controlled relative humidity (50 and 98 %) are plotted in Figure 6 after 3, 6, 9 and 12 cycles. As expected, the data of the US is located above the data obtained on LS and LHS. Interestingly, with an increasing number of cycles, no effect on the thermal conductivity at 50% of relative humidity was observed (Figure 6). A slight reduction in the thermal conductivity after 3 cycles has been observed, while this difference is actually in the range of the dispersion observed when testing silt specimens. At 98% of relative humidity, it seems also that increasing the number of hydric cycles has a limited effect in the thermal conductivity. For the US and LS, after 3 cycles, we observed a decrease in the thermal conductivity followed by an increase up to a value close to that obtained at 3 cycles for 9 and 12 cycles. For the LHS, no significant change was neither observed in the thermal conductivity up to 6 cycles. Afterwards, the soil thermal conductivity obtained at 9 and 12 cycles is higher than that obtained after only 3 cycles, showing some irreversibility in the thermal properties at higher relative humidity. This set of data will be further commented in the discussion section.

The impact of the wetting/drying cycles on UCS is presented in Table 3. The results are presented as a function of elapsed time since the preparation of the samples. The detrimental effect of the cycles can be quantified by comparing the UCS together with the data of UCS changes with curing time, and the samples that were cured up to 270 days without being exposed to any wetting/ drying cycle.

The suction of the samples should be considered when doing the comparison. Indeed, suction of the samples after their preparation can be estimated from the retention curve, between 200 and 300 kPa (Figure 3). However, the wetting phases were conducted by applying a relative humidity of 98 %, corresponding to a suction of about 3 MPa. Therefore, the experiments were completed by determining the performance of the soils after a curing under a relative humidity of 98 %. It can be seen that the performance of those samples was significantly higher than the ones kept at constant moisture content. This difference can be explained by the higher suction of the samples cured under a relative humidity of 98 %, as showed for treated soils by De Bel et al. [START_REF] Bel | Influence of curing time, percolation and temperature on the compressive strength of a loam treated with lime[END_REF]. These results showed that the application of the first three cycles did not altered the performance of the samples, for both treatments. However, subsequent cycles resulted in a significant decrease after 6 and 12 cycles. In both cases, the performance after 12 cycles was significantly lower than the UCS of the samples cured under constant water content. The alteration of the lime-treated samples was much more important than those of the samples treated with the hydraulic binder.

Discussion

Impact of treatments on thermal conductivity

Thermal conductivity and volumetric thermal capacity were measured along the drying path from the initial state for US, LS and LHS. As described in section 1, the thermal conductivity is primarily controlled by the soil texture and structure, defined by soil nature, density, porosity, water content and aggregate size distribution. According to some authors, the maximum thermal conductivity is reached at the optimum moisture content [START_REF] Ekwue | Thermal Conductivity of Some Compacted Trinidadian Soils as affected by Peat Content[END_REF][START_REF] Eslami | Impact of temperature variation on penetration test parameters in compacted soils[END_REF] and depends on soil microstructure [START_REF] Zhou | Mesoscopic prediction on the effective thermal conductivity of unsaturated clayey soils with double porosity system[END_REF]. The thermal conductivity is therefore significantly impacted by the initial compaction level. As shown in Figure 4, the initial thermal conductivity of US is higher than those of LS and LHS. This could be probably due to the higher dry density obtained in the untreated case (Figure 2). However, Figure 4 shows that US and LHS have different thermal conductivities upon the drying path, despite their similar initial dry densities (Figure 2). Indeed, as reported by various authors, the thermal conductivity of silty soils is around 2.0 W/m•K. This is significantly higher than those of the cementitious compounds (C-S-H; C-A-H) produced during pozzolanic reactions when using lime and/or hydraulic binder treatment. The thermal conductivity of such compounds is comprised between about 0.2 and 1 W/m and is a function of their hydration density and packing density [START_REF] Do | Microstructure and Thermal Conductivity of Hydrated Calcium Silicate Board Materials[END_REF][START_REF] Abdolhosseini Qomi | Physical Origins of Thermal Properties of Cement Paste[END_REF][START_REF] Kim | An experimental study on thermal conductivity of concrete[END_REF]. As a result, the cementitious compounds in the soil may contribute to lower the overall soil thermal conductivity. Moreover, some authors showed that during the mixing process, the treatment product (lime or cement) is mainly located around soil aggregates, the inner part of the aggregates containing almost no treatment product [START_REF] Cabane | Sols traites à la chaux et aux liants hydrauliques : contribution à l'identification et à l'analyse des éléments perturbateurs de la stabilisation[END_REF][START_REF] Lemaire | Effects of lime and cement treatment on the physicochemical, microstructural and mechanical characteristics of a plastic silt[END_REF]. These authors showed that the cementitious compounds are formed at the contact points between the particles, with a slow diffusion towards the inner part of the aggregates when the curing time is increased. As a result, the conduction process can be significantly altered by the presence of the cementitious compounds at the contact point between the aggregates.

Impact of suction variation

Figure 4a shows that the changes in terms of thermal conductivity with suction increase were firstly characterized by a limited change between initial state and 3.5 MPa of suction for the three soils. Afterward, the thermal conductivity started decreasing significantly with suction increase. It is well known that the thermal conductivity is largely controlled by the water content, and also by the solid contacts between aggregates (soil density) [START_REF] Zhou | Mesoscopic prediction on the effective thermal conductivity of unsaturated clayey soils with double porosity system[END_REF][START_REF] Zhou | A new thermo-mechanical model for structured soil[END_REF]. Because of the soil shrinkage behaviour due to drying, the effect of the water content decrease on the thermal conductivity is certainly combined by the effect of dry density increase at the beginning of drying. Moreover, drying from the initial state (optimum proctor) up to 3.5MPa seems to occur at higher degree of saturation. Consequently, the liquid phase in pores remains continuous and the change in the overall thermal conductivity of soil becomes negligible. Beyond 3.5 MPa, a stabilization of volumetric shrinkage was observed. This means that the dry density could be considered constant, and the significant thermal conductivity change is only governed by the water content decrease.

Upon the drying path from the initial state, the volumetric thermal capacity was also measured.

The values are plotted versus suction and water content in Figure 4c andd, respectively. The 15/31 results showed that the volumetric thermal capacity seems to be slightly affected by the use of treatment along the drying path. This is in agreement with the data of Eslami et al. [START_REF] Eslami | Impact of temperature variation on penetration test parameters in compacted soils[END_REF] who found that the difference between the changes in volumetric thermal capacity versus water content of different soils is not significant. Note that, some differences were observed on the three specimens at the initial state, with a higher volumetric thermal capacity for LHS. For a given soil, it can be assumed that the higher the dry density and the water content, the higher the volumetric thermal capacity. This could explain the higher initial volumetric thermal capacity obtained for the LHS because of its higher dry density (d =1.52 Mg/m 3 ) and water content (w = 25%,).

Unlike what was observed in the thermal conductivity change, with a limited change before 3.5 MPa followed by a significant decrease, the volumetric thermal capacity decreases with suction and the decrease rate seems to be more important before 3.5 MPa (Figure 4c). This trend is also in agreement with the results of Eslami et al. [START_REF] Eslami | Impact of temperature variation on penetration test parameters in compacted soils[END_REF] who observed that the rate of volumetric thermal capacity increases with water content. Another conclusion that can hence be drawn is that the volumetric thermal capacity is mainly governed by water content, whereas in the range between the initial state and 3.5MPa the drying has occurred at high degree of saturation and consequently with the presence of continuous liquid phase in pores.

Impact of curing time

An important question is the change of the thermal conductivity with respect to curing time.

The results obtained here on samples compacted at the optimum showed no significant change in the thermal conductivity with curing time (Figure 5). This is in agreement with the study of Wang et al. [START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF], who investigated the change in thermal conductivity, suction and water content of a lime treated silt. They observed that the thermal conductivity of samples compacted on the dry side decreases slightly with curing time, while for the samples compacted wet of optimum; the change in thermal conductivity is not significant. Indeed, it is well established that compaction at different water content results in different micro-structure of the soil. At the optimum water content and on the wet side, the samples present the same microstructure with only one pore population (intra-aggregates) and continuous liquid phase in the pores [START_REF] Delage | Mechanical behaviour of unsaturated soils: understanding the behaviour of unsaturated soils requires reliable conceptual models[END_REF]. It is hence expected to have a similar response in terms of thermal conductivity change with respect to curing time.

As showed by the results in Table 3 the positive effects of lime and/or hydraulic binder treatment on strength are altered by successive wetting/ drying cycles. However, the thermal properties of the tested soils remained almost constant after 12 cycles of wetting /drying process. The mechanical alteration can be explained by the alteration of bonds during the cycles as it has been evidenced by others authors [START_REF] Tang | Effects of the maximum soil aggregates size and cyclic wetting-drying on the stiffness of a lime-treated clayey soil[END_REF][START_REF] Consoli | Impact of Severe Climate Conditions on Loss of Mass, Strength, and Stiffness of Compacted Fine-Grained Soils-Portland Cement Blends[END_REF]. The stability of the thermal conductivity however indicates that the micro-structure of the different material was not dramatically altered by the wetting/drying cycles. The thermal conductivity is primarily controlled by the water content of the samples.

Conclusions

This objective of the study was to analyze the impact of two soil treatment products on the thermal performances of a compacted silt, in the short term and the durability of the performances after the imposition of several wetting/drying cycles. The following conclusions can be drawn from the study:

• Lime and hydraulic binder treatments could induce a significant decrease of the thermal conductivity of compacted silty soils. This modification is related to the impact of the treatments on the density of the compacted soil, but it is also a consequence of the microstructural changes induced by the treatments.

• Moisture content variation, i.e. suction variation, have a major effect on the thermal conductivity of the soil. A drying down to the residual water content can reduce by a factor of two the thermal conductivity of the material.

• The imposition of wetting/drying cycles alter significantly the mechanical performances of lime and hydraulic binder treated soils. However, the thermal characteristics remain constant. The primary effect of the wetting/drying cycles is to alter the bonds, and thus the mechanical characteristics. Such degradation should be taken into account in the design of the road structure in which the cable could be installed. 
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 1 Figure 1. Aggregate size distribution of soil with Dmax = 2.5mm (dry sieving and hydrometer
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 2 Figure 2. Proctor curves of untreated, lime treated and lime-hydraulic binder treated silt.
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 3 Figure 3. Water retention curves of untreated and both treated soils obtained by suction
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 4 Figure 4. Thermal conductivity and thermal capacity changes with respect to (i) suction
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 5 Figure 5. Changes in thermal conductivity, water content and UCS during curing (a, b and c).
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 6 Figure 6. Impact of successive drying-wetting cycles on the thermal conductivity of