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Abstract:The paper presents a study of the thermo-mechanical behavior of energy diaphragm wall. A physical model, which consists of a small-scale concrete diaphragm wall equipped with a heating exchange pipe, was used. A heating test was performed where hot water (at 50 °C) was circulated through a heat exchange pipe for 75 h. The results show that the temperatures in the wall and in the soil increased quickly during the first 20 h and reached stabilization at the end of the experiment. Heating induced increase of axial strain in the wall and earth pressure at the soil/wall interface. In addition to the experiment, a numerical model, using finite element analysis, was used to predict the behavior of the wall during this experiment. The good agreement between the numerical and the experimental results allows the main phenomena that took place to be explained; heating induces thermal expansion of the wall that results in the modification in stress in the wall and at the soil/wall interface. In addition, since the pipe was located closer to one side of the wall, the thermal expansion of the wall was not homogenous, and the wall bent during heating.

Introduction

A thermo-active (or energy) geostructure is a new-style Groud Source Heat Pump (GHSP) system that consists of conventional geostructures (e.g. pile foundation, tunnel lining, diaphragm wall) with individual or several pipe circuits (high-density polyethylene pipes, HDPE) of primary circuit embedded within to enable heat exchange with the surrounding ground [START_REF] Brandl | Energy foundations and other thermo-active ground structures[END_REF]. In winter, heat is extracted from the ground for the purpose of heating and in summer, heat is injected into the ground to provide cooling. Energy geostructures are considered an interesting and promising technology to tackle the increasing energy demands for heating and cooling of buildings and other infrastructures, by making use of it as a local and sustainable source.

However, there are still concerns about the thermal exchange, between the structure and the ground, which may induce variation in the stress/strain behavior of the geostructure and, as a consequence, be a threat to its safety and performance. Thus, several research works have been focused on the thermo-mechanical behavior of energy geostructures in order to better understand its stress/strain behavior under combined thermal and mechanical loading [START_REF] Laloui | Investigations on the mechanical behaviour of a Heat Exchanger Pile[END_REF][START_REF] Chuang | Working mechanism and application of heat exchanger piles[END_REF][START_REF] Péron | A method for the geotechnical design of heat exchanger piles In[END_REF][START_REF] Boënnec | Piling on the Energy[END_REF][START_REF] Dupray | Heat-exchanger piles for the de-icing of bridges[END_REF][START_REF] Suryatriyastuti | Impact of transient heat diffusion of a thermoactive pile on the surrounding soil[END_REF][START_REF] Kürten | A new model for the description of the heat transfer for plane thermo-active geotechnical systems based on thermal resistances[END_REF].

However, most of the existing studies are related to the thermo-mechanical behavior of energy piles. The methods used include in situ experiments [START_REF] Laloui | Experimental and numerical investigations of the behaviour of a heat exchanger pile[END_REF][START_REF] Bourne-Webb | Energy pile test at Lambeth College, London: geotechnical and thermodynamic aspects of pile response to heat cycles[END_REF][START_REF] Mccartney | Strain Distributions in Full-Scale Energy Foundations (DFI Young Professor Paper Competition 2012)[END_REF][START_REF] Murphy | Evaluation of thermo-mechanical and thermal behavior of full-scale energy foundations[END_REF], laboratory tests [START_REF] Laloui | Non-isothermal plasticity model for cyclic behaviour of soils[END_REF][START_REF] Mccartney | Engineering performance of thermo-active foundation systems[END_REF][15][16][17][18][19][20][21][START_REF] Yavari | Effect of temperature on the shear strength of soils and soil/structure interface[END_REF][START_REF] Nguyen | Long-term thermo-mechanical behavior of energy pile in dry sand[END_REF] and numerical simulations [START_REF] Laloui | Numerical modelling of the behaviour of a heat exchanger pile[END_REF][START_REF] Loria | Numerical modelling of energy piles in saturated sand subjected to thermo-mechanical loads[END_REF][START_REF] Yavari | A simple method for numerical modelling of energy pile's mechanical behavior[END_REF][START_REF] Suryatriyastuti | Understanding the temperature-induced mechanical behaviour of energy pile foundations[END_REF][START_REF] Salciarini | Thermomechanical effects induced by energy piles operation in a small piled raft[END_REF][START_REF] Gashti | Evaluation of thermo-mechanical behaviour of composite energy piles during heating/cooling operations[END_REF]. It has been reported that there are significant changes in stress distribution and shaft resistance due to constraints on the thermal expansion/contraction [START_REF] Amatya | Thermo-mechanical behaviour of energy piles[END_REF].

Although these phenomena are not expected to lead to detrimental consequences, they should be taken into consideration at the design stage.

Few studies of the thermo-mechanical performance of energy diaphragm walls have been published however [START_REF] Bourne-Webb | Thermal and mechanical aspects of the response of embedded retaining walls used as shallow geothermal heat exchangers[END_REF][START_REF] Sterpi | Investigation on the behaviour of a thermo-active diaphragm wall by thermo-mechanical analyses[END_REF]. It has been suggested that thermally-induced strains and stresses also develop in energy walls [START_REF] Sterpi | Investigation on the behaviour of a thermo-active diaphragm wall by thermo-mechanical analyses[END_REF]. However, their effects are less predictable than in energy piles because of their greater complexity in terms of geometry. Sterpi et al. [START_REF] Sterpi | Investigation on the behaviour of a thermo-active diaphragm wall by thermo-mechanical analyses[END_REF] performed 3D thermo-mechanical Finite Element Analyses (FEA) and concluded that the thermally induced effects on the structure were not negligible and could be observed partly as additional displacements, partly as variations of the internal actions. Bourne-Webb et al. [START_REF] Bourne-Webb | Thermal and mechanical aspects of the response of embedded retaining walls used as shallow geothermal heat exchangers[END_REF] also performed numerical simulations and found that changes to the wall mechanical response were dominated by seasonal temperature changes.

The most important function of the diaphragm wall is for ground support and seepage control. If there is crack in the wall, the deformation caused by thermal expansion/contraction and lateral soil pressure may aggravate the damage. Some diaphragm walls are also applied for bearing purpose, as a result, the thermally-induced strains and stresses are thus important to be investigated. Numerical analysis have demonstrated an increase of radial contact pressures on the soil-pile interface due to temperature-induced expansion of the pile [START_REF] Olgun | Thermo-mechanical radial expansion of heat exchanger piles and possible effects on contact pressures at pile-soil interface[END_REF][START_REF] Ozudogru | Analysis of friction induced thermo-mechanical stresses on a heat exchanger pile in isothermal soil[END_REF]. For energy pile, this increase of radial contact pressures could only increase the soil-pile frictional resistance. But for diaphragm wall, due to the existence of excavation at one side of the wall, the pressure change may cause additional deformation after Sterpi et al. [START_REF] Sterpi | Investigation on the behaviour of a thermo-active diaphragm wall by thermo-mechanical analyses[END_REF]. However, the bending moment caused by heating was small and overwhelmed by the effect of environmental thermal boundary conditions through numerical analysis by Bourne-Webb et al. [START_REF] Bourne-Webb | Thermal and mechanical aspects of the response of embedded retaining walls used as shallow geothermal heat exchangers[END_REF].

This paper presents a study to evaluate the thermo-mechanical response of an energy diaphragm wall by using physical and numerical modeling. A small-scale energy diaphragm wall was installed in dry sand. Its behavior under thermal loading was monitored using strain, stress and temperature sensors embedded inside/on the wall and also in the surrounding soil. At the same time, its behavior was predicted by using Finite Element Analyses (FEA). The combination of the two methods allows better understanding the thermo-mechanical behavior of an energy diaphragm wall when its temperature is varied.

Physical model

The schematic view of the physical model is shown in Figure 1. A small-scale concrete diaphragm wall (2.00 m high, 1.80 m wide, and 0.20 m thick) was installed inside a steel box and the bottom of the wall was in contact with the bottom of the box. The internal height and width of the box are similar to those of the wall. The thickness of the box walls and floor is 25 mm with other 30 mm grillage structure outside, which is large enough to consider that the box is rigid. The box was exposed to the indoor air with a controlled temperature of 10±2℃ and the heat convection between the surfaces and air is natural convection. Prior to the experiment, the box was filled with dry sand in layers of 0.2-m thickness which were compacted to a density of about 1.62 Mg/m 3 (corresponding to a relative density of 80% and void ratio of 0.63). The control of density by layer ensures its uniformity throughout the test specimen. This physical model can be considered representative of the wall below the internal excavation level. As a result, the effect of the thermal boundary conditions on the thermo-mechanical behavior, identified in other studies [START_REF] Amatya | Thermo-mechanical behaviour of energy piles[END_REF][START_REF] Bourne-Webb | Thermal and mechanical aspects of the response of embedded retaining walls used as shallow geothermal heat exchangers[END_REF], will not be captured. The soil temperature was measured at various locations located on a plane at 1-m depth (see Figure 1c). At this depth, the temperature sensors were distributed in three lines, two on the left-hand side and one on the right-hand side (see Figure 1b). This allows the soil temperature to be measured at different distances from the diaphragm wall surfaces at the same depth. The diaphragm wall was equipped with high-density polyethylene pipes (10 mm in external diameter and 8 mm in internal diameter) to distribute the heating fluid, and various sensors to measure earth pressure, temperature and strain. The details are shown in Figures 1. The pipes were distributed on a plan located at 0.05 m from the left-hand side surface of the wall and the distance between the pipes was 0.17 m (see Figure 1b,c). The details of the pipe arrangement are shown in Figure 1a. To measure the earth pressure at the soil/wall interface, 12 sensors were used. These sensors were distributed at three depths (0.33 m, 1.00 m, and 1.67 m) (see Figure 1c). At each depth, two sensors were located on each side of the wall (see Figure 1b). Several strainmeters were tied to the rebars, as shown in Figure 1a, to measure the strain at various locations inside the wall. Note that the strainmeters and the earth pressure transducers have integrated with thermistors to measure the temperature. The characteristics of the sensors used are shown in Table 1 and the calibration and correction for the temperature were done by the producers and considered in the data processing. The wall was fabricated outside of the box.

After 30 days of curing, it was then installed inside the box and the earth pressure and soil temperature sensors were installed during the compaction of dry sand to fill the box. After the installation of the experiment, heating was applied to the wall by circulating water through the pipes at a temperature of 50 °C and with a flow rate of 0.03 m 3 /h for a period of 75 h. Beside the temperature evolution which was measured at various locations inside the wall and in the soil, earth pressures at the soil/wall interface and strains inside the wall were also recorded.

Numerical model

In order to predict the mechanical behavior of the wall during this experiment, Finite Element Analysis (FEA) (using ANSYS) was under taken. The 2D mesh, plotted in Figure 2, represents the section shown in Figure 1c. Plane strain conditions were applied corresponding to the boundary conditions of the experiment. The horizontal displacements at the left-hand side and the right-hand side were restrained. The vertical displacement at the bottom of the mesh was also restrained while the stress applied to the top of the mesh was null. The downward vertical displacement of the base of the wall was restrained but the horizontal displacement was not.

According to the experimental results, the thermal boundary conditions on the left-hand side and right-hand side have only small influence on the temperature distribution. For this reason, the thermal boundary conditions on these two sides were supposed to be adiabatic. Heat flux was equally supposed to be negligible at the bottom boundary. On the top of the model, thermal convection boundary was set with an air temperature of 10 ℃ and a convective heat transfer coefficient of 2.5 W/(m 2 .K)( [START_REF] Bourne-Webb | Thermal and mechanical aspects of the response of embedded retaining walls used as shallow geothermal heat exchangers[END_REF]), as it was open to the air.

Fig. 2 Finite element mesh and boundaries conditions used for the numerical simulations.

The governing laws used in this study are summarized as follows: (i) only conduction was considered for heat transfer; (ii) the mechanical behavior of the wall was linear elastic while that of the soil was elasto-plastic with the Drucker-Prager yield criterion; (iii) the thermo-mechanical behavior of the wall and soil was linear elastic. The material parameters used for the simulation are shown in the Table 2. Among the parameters, the density, thermal conductivity and specific heat of cement mortar and sand used in the FEA were measured by specialized equipment and also calibrated by one dimensional finite difference method with MATLAB. The Young's modulus and Poisson's ratio of cement mortar were measured by elastic modulus test machine.

Other parameters of cement mortar and sand were taken from the literatures ( [START_REF] Yin | Numerical experiments on oil sands shear dilation and permeability enhancement in a multiphase thermoporoelastoplasticity framework[END_REF][START_REF] Karthigeyan | Influence of vertical load on the lateral response of piles in sand[END_REF][START_REF] Allan | Materials characterization of superplasticized cement-sand grout[END_REF]). It should be stated that the coefficient of linear expansion was chosen at 0.6x10 -5 ℃ -1 from literature [START_REF] Yin | Numerical experiments on oil sands shear dilation and permeability enhancement in a multiphase thermoporoelastoplasticity framework[END_REF], which gives a typical linear thermal expansion coefficient for dense quartzose sands from 0.6x10 -5 ℃ -1 to 2.0x10 -5 ℃ -1 . The lowest value was chosen to examine the effects of soil thermal expansion on the thermal-mechanical behavior of the wall. For the friction angle, there are literatures which give 30-36°from loose sand to dense sand [START_REF] Karthigeyan | Influence of vertical load on the lateral response of piles in sand[END_REF][START_REF] Hazzar | Influence of vertical loads on lateral response of pile foundations in sands and clays[END_REF],we chose 30°as it's density may not easy to compacted to the design stage of the lower depth. According to literature review [START_REF] Karthigeyan | Influence of vertical load on the lateral response of piles in sand[END_REF], the dilation angle of dense sand and loose sand are from 0-12°and 0-10°, respectively. It was chosen at 4° as an intermediate value in the present study. In order to simulate the heating phase performed in the experiment, the temperature of the pipes (the vertical line located inside the wall, see Figure 2) was imposed. The initial temperature of the whole system was first fixed at 10 °C (following the experimental observation). To start the heating phase, the temperature of the pipe was increased from 10 °C to 48.5 °C following function (1):
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where t is elapsed time and T is temperature. This choice allows fitting the experimental data of the temperature measured by the sensor that is closest to the pipes (0.03 m from the pipe axis, on the left-hand side).

Result

In this section, the results obtained from physical test and numerical analysis are compared in the same figures. Figure 5 shows the temperature profile measured at various moments. It can be seen that at a given time, the temperature at a location closer to the pipe is higher. This plot allows two zones to be distinguished: inside the wall, the temperature gradient is smaller than in the soil. That can be explained by the thermal conductivities of these materials and the boundary conditions: the wall, made of cement, is more conductive than the sand and therefore, the temperature gradient is then smaller. (as considered in the numerical simulation). This agreement confirms also that the thermal boundary conditions used in the simulation are acceptable. In addition, as a 2D mesh was used in the simulation, the numerical results should be compared with the mean values obtained in the experiments with various sensors located at the same distance. The non-uniform of the temperature distribution along the X direction (observed from the experiments) can be ignored in the numerical model.

Figure 6 shows the vertical strain (Z direction, see Figure 1a) measured at various x coordinates by the strainmeters. Note that all the strainmeters on the left-hand side (Figure 6a, 6b and 6c) are located 0.03 m from the pipe. The results show similar trends for all sensors; a rapid increase of strain during the first 20 h (corresponding to the increase of fluid temperature during the experiment) followed by a more stable phase. The final strain is in the range of 50-70 με (except one sensor at 0.33-m depth). The three sensors located at 0.33-m depth show larger strain variation than those at 1.67-m depth; there is only one sensor located at 1.00-m depth. On the right-hand side (Figure 6d), only one sensor was used for each depth. Note that these sensors are The vertical strains predicted by the numerical analysis are also shown in the Figure 6 (positive strain corresponds to expansion). On the left-hand side, the numerical analysis show that heating induced a quick expansion at 0.33-m depth followed by stabilization at 80 με. This result is similar to that obtained by the experiment. However, for the other depth (1.67 m), the numerical analysis shows a contraction during the first hours. This contraction was then followed by expansion and the final values are also similar to the experimental ones. The trend of the vertical strains on the right-hand side shows a good agreement between the numerical and the experimental results.

The following mechanisms can be mentioned to explain these results (see also the vertical stress variation plotted in the Figure 6). The high value of vertical stress is related to the temperature gradient in the wall thickness (see Figure 1). When the temperature of the wall increases, the vertical strain increases by the thermal expansion. As the boundary condition at base of the domain was vertically fixed, the deformation of the wall could only expand upward. On the left-hand side, the heating rate is higher (so during the first 20 h), thermal expansion on the left-hand side is higher than the right-hand side. This thermal expansion in the left-hand side was then "restrained" by the right-hand side of the wall. At the same time, the vertical expansion of the wall mobilizes the shaft friction along its interface in contact with the soil mass. That mobilized shaft friction tends to prevent the wall vertical expansion, increasing then the vertical stress inside the wall. On the other hand, the sensors located at larger depths (1.67 m) are subjected to higher increase of vertical stress. That explains the compression of the wall during the first hours on the left-hand side at large depths and tensile stress on the right-hand side.

Figure 7 shows the normal stress on soil-wall interface versus elapsed time at various locations.

The initial value of the lateral earth pressure is approximately 1 kPa at 0.33 m depth, 5 kPa at 1.00 m depth and 9 kPa at 1.67 m depth. On the left-hand side (Figure 7a), at 0. The general trend observed on the right-hand side is different at the start of heating (Figure 7b).

At 0.33-m depth, the two earth pressure sensors show quick increase with the heating and the final average value equals 6 kPa, with a discrepancy of less than 0.5 kPa. At 1.00-m depth, both sensors show first a decrease of the earth pressure during the first hours of heating. These values increase and reach around 9 kPa at the end (with a discrepancy of 1 kPa). For the sensors at 1.67-m depth, the earth pressure increases with the heating and reaches 15 -17 kPa at the end. It could be seen there are still increase of pressure on both side at end of the test, this may due to a minor problem with the measurement.

The numerical results corresponding to the sensors at 1.00-m and 1.67-m depths show good agreement with the experimental ones for both sides. Even the decrease of the earth pressure at 1.00-m depth on the right-hand side was well predicted. However, the numerical results corresponding to lower depth (0.33 m) are significantly different from the experiment values.

On the left-hand side, the numerical simulation shows a decrease of earth pressure during the first hour, which was not observed in the experiment. On the right-hand side, the earth pressure spikes during the first hour, which was not observed in the experiment. These problems would be explained by the mechanical behavior of the sand in higher deflections [START_REF] Karthigeyan | Influence of vertical load on the lateral response of piles in sand[END_REF][START_REF] Hussien | On the influence of vertical loads on the lateral response of pile foundation[END_REF] under low stress level that could not be well predicted by FEA. This could also explain why was there reasonable accord before heating.

In order to better understand the results on the change of earth pressure (shown in Figure 7), the deformed mesh (5 h after the starting of the heating) is shown in Figure 8. Heating induces thermal expansion of the wall. That tends to increase the earth pressure at the soil/wall interface.

However, as the pipes were located closer to the left-hand side, the temperature distribution is non-uniform. With the temperature on the left-hand side increasing more quickly than that on the right-hand side. This induces a bending of the wall that can be seen clearly in the Figure 9.

This bending contributes also to the modification of the earth pressure. Besides the increase of earth pressure related to the wall expansion, the wall bending decreases the earth pressure (mostly on the top) on the left-hand side and increases that on the right-hand side. That explains why the increase of earth pressure at 0.33-m depth on the right-hand side is higher than those at higher depth and the order is opposite on the left-hand side. In addition, the bending of the wall also explains the decrease of earth pressure observed at 1.00-m depth on the right-hand side during the first few hours. 

Discussion

In the present work, a 1-g physical model was used to study the thermo-mechanical behavior of an energy wall panel. Strainmeters were used to capture the axial strain inside the wall and earth pressure transducers were used to capture the normal stress at the soil/wall interface. This approach has been used in various studies to investigate the mechanical behavior of geostructures [START_REF] Reddy | Recycled Tire Chips Mixed with Sand as Lightweight Backfill Material in Retaining Wall Applications: An Experimental Investigation[END_REF][START_REF] Lee | Retaining wall model test with waste foundry sand mixture backfill[END_REF][START_REF] Schad | Fresh concrete pressure in diaphragm wall panels and resulting deformations[END_REF]. The results obtained in the present work show that this method could be also used to investigate the thermo-mechanical behavior of energy geostructures.

As far as the numerical model was concerned, the present study used a plane strain 2D FE model that approximates the conditions of the experiment. Even if this model could not capture the 3D heterogeneity of the temperature distribution, related to the difference between the inlet and outlet temperatures, a generally good agreement between the numerical and the experimental results can be observed. This confirms also that the boundary conditions and the constitutive laws used in this model are suitable for this case. Note that, for studying the thermal behavior of energy geostructures, usually only heat conduction is considered for heat transfer in the soil and in the reinforce concrete [START_REF] Gashti | Evaluation of thermo-mechanical behaviour of composite energy piles during heating/cooling operations[END_REF][START_REF] Amatya | Thermo-mechanical behaviour of energy piles[END_REF][START_REF] Sun | Heat transfer model and design method for geothermal heat exchange tubes in diaphragm walls[END_REF] unless ground water flow is present [START_REF] Suryatriyastuti | Impact of transient heat diffusion of a thermoactive pile on the surrounding soil[END_REF][START_REF] Donna | The role of ground conditions on energy tunnels' heat exchange[END_REF][START_REF] Dupray | Effect of groundwater flow on the THM behavior of an energy pile[END_REF]. Heat convection in heat exchange pipe was discussed in the literature [START_REF] Sterpi | Investigation on the behaviour of a thermo-active diaphragm wall by thermo-mechanical analyses[END_REF] and the heat transfer mechanism between the fluid and the pipe is more complex to be simulated [START_REF] Dubroca | High Temperature Mass and Heat Transfer Fluid-Solid Coupling[END_REF][START_REF] Khoury | Efficiency of coupling schemes for the treatment of steady state fluid-structure thermal interactions[END_REF]. The hypothesis of elastic deformation is usually used for gravel soils in numerical simulation because it is in agreement with experimental observations [START_REF] Suryatriyastuti | Understanding the temperature-induced mechanical behaviour of energy pile foundations[END_REF][START_REF] Gashti | Evaluation of thermo-mechanical behaviour of composite energy piles during heating/cooling operations[END_REF][START_REF] Jeong | Thermally induced mechanical response of energy piles in axially loaded pile groups[END_REF][START_REF] Laloui | Thermo-mechanical behaviour of soils[END_REF]. In some cases where clayey soils were considered, more complex constitutive laws maybe required [START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Laloui | Constitutive modelling of the thermo-plastic behaviour of soils[END_REF][START_REF] Tang | Thermo-mechanical behaviour of a compacted swelling clay[END_REF][START_REF] Hong | On some advanced thermo-mechanical models for saturated clays[END_REF]. As mentioned above, to simplify the model, the heat exchange pipe is often represented by a line with controlled temperature [START_REF] Yavari | A simple method for numerical modelling of energy pile's mechanical behavior[END_REF]; The thermo-mechanical behavior of the soil was assumed to be elastic and the effect of temperature on the soil mechanical properties was ignored.

Both numerical and experimental results obtained in the present work evidence that heating the diaphragm wall induces thermal expansion and this increases the lateral earth pressure applied on the wall surface. The lateral earth pressure could be three times larger than the initial stress value under low stress level. This variation seems to have a significant contribution to the vertical stress within the wall. Previous studies on energy pile indicate that radial contact pressures typically increase less than 5 kPa along 20 m depth of the pile under an increase of 25℃ of the pile temperature [START_REF] Olgun | Thermo-mechanical radial expansion of heat exchanger piles and possible effects on contact pressures at pile-soil interface[END_REF][START_REF] Ozudogru | Analysis of friction induced thermo-mechanical stresses on a heat exchanger pile in isothermal soil[END_REF]. In real scale structures, the height to width ratio could be much higher than the ratio in this physical study (equal to 10). As a result, the increase of lateral earth pressures might be negligible with respect to the variations of vertical stresses. However, for an energy pile, the increase of this pressure is almost homogenous because the layout of the pipes is usually symmetric. For diaphragm walls, the behavior is more complex and strongly depends on the distribution of the heat exchange pipes inside the wall. The eccentric position of the heat exchanger loop caused a temperature gradient across the wall thickness, which leads to wall bending. This phenomenon exists also in the wall that is not fully embedded [START_REF] Bourne-Webb | Thermal and mechanical aspects of the response of embedded retaining walls used as shallow geothermal heat exchangers[END_REF], since the temperature condition on the soil side is different from the temperature condition on the excavation side. This represents an additional contribution to thermally-induced vertical strains that are not uniform on the two sides of the wall.

Conclusions

The thermo-mechanical behavior of energy wall panel during heating was investigated using both physical and numerical models. The following conclusions can be drawn:

-Heating induces thermal expansion of the wall. The vertical thermal expansion mobilizes the shaft friction between the soil and the wall and then modifies the axial stress state inside the wall. Horizontal expansion increases the earth pressure at the soil/wall interface, and thus increases the mobilized shaft friction along the wall and the vertical stress inside the wall.

-As the pipe layout was not symmetric, thermal expansion bends the wall resulting in different stress/strain response between the two sides.

-A short-term heating of the wall shows a significant temperature gradient across the wall thickness. As a result, significant stress/strain variation is generated within the wall during the first few hours.

-The numerical model using an elastic law for the thermo-mechanical behavior of soil is appropriate to predict the behavior of the wall under thermal loading. There is however some discrepancy between experiment and numerical results that requires a deeper investigation, i.e. soil behavior at low stress level, 3D effect in the numerical model, etc.

-In spite of the temperature difference between the outlet and inlet fluid temperature, that induced a non-uniform temperature distribution inside the wall, a 2D numerical model seems appropriate to predict the main features of the panel's thermo-mechanical behavior observed by physical model. 
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Table 1 .

 1 Detailed information of sensors

	Sensor	Market model No.	Specification	Capacity Sensibility	Error

Table 2 .

 2 Materials parameters used for simulation

	Parameter	Cement mortar	Dry sand
	Thermal conductivity (W/(m.K))	1.20	0.32
	Density (Mg/m 3 )	1.55	1.62
	Specific heat (J/(kg.K))	736	700
	Young's modulus (MPa)	12,000	50
	Poisson's ratio (-)	0.20	0.23
	Coefficient of linear expansion (με/℃)	10	6
	Cohesion (kPa)	--	0.1
	Friction angle(°)	--	30