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Introduction

In the last few decades, to preserve the future generations from energy crises, significant effort has been accomplished to collect energy from renewable sources, including shallow geothermal energy. Geothermal energy piles are one of the most common and efficient systems of shallow geothermal energy, in which geothermal loops are integrated into the foundation elements to extract/inject the heat from/into the ground with the purpose of meeting the building heating and/or cooling demands. Since the mid-1980s, when the first energy piles were installed in Austria, the use of energy piles has increased rapidly in many countries, including Canada, Australia, Europe, UK, and China [START_REF] Brandl | Energy foundations and other thermo-active ground structures[END_REF][START_REF] Laloui | Experimental and numerical investigations of the behaviour of a heat exchanger pile[END_REF][START_REF] Adam | Energy from earth-coupled structures, foundations, tunnels and sewers[END_REF][START_REF] Loveridge | Performance of piled foundations used as heat exchangers[END_REF][START_REF] Loveridge | Temperature response functions (G-functions) for single pile heat exchangers[END_REF][START_REF] Loveridge | Long term monitoring of CFA energy pile schemes in the UK[END_REF][START_REF] Loveridge | Energy geostructures: a review of analysis approaches, in situ testing and model scale experiments[END_REF]. Even though lots of successful energy pile projects have been implemented in a variety of important structures such as high rise buildings, underground transport projects and earth retaining structures in the world, the application of this technology is still limited in the energy industry and the true potential for adoption of energy piles is yet to be realized in highway bridges for deck de-icing and offshore platforms for combined exploitation of offshore wind, wave and geothermal energy. In such applications, energy piles could be subjected not only to axial loads, but also to cyclic horizontal loads and moments due to heavy wind, earthquakes, earth pressure, slope failure, lateral spread induced by liquefaction and wave and current forces on offshore structures.

In the current design practice, the response of conventional pile under combined axial and horizontal loading is separately analyzed and then superposed. This approach neglects the coupling effect while the optimum design of pile foundations requires consideration of the influence of axial loads on their horizontal response. Most of previous studies have investigated the behavior of conventional piles under pure horizontal loads. Only a limited number of studies have investigated the response of conventional piles subjected to inclined loading using physical modelling under single gravity [START_REF] Jain | Effect of vertical load on flexural behavior of piles[END_REF][START_REF] Lee | Experimental investigation of the combined load response of model piles driven in sand[END_REF][START_REF] Lee | Influence of axial loads on the lateral capacity of instrumented steel model piles[END_REF][START_REF] Mu | Influence of vertical loads on lateral behaviour of monopoles in sand[END_REF][START_REF] Xu | Investigation of single pipe pile behavior under combined vertical and lateral loadings in standard and coral sands[END_REF][START_REF] Zhang | Model test study on horizontal bearing behavior of pile under existing vertical load[END_REF] or multiple gravities [START_REF] Lu | Influence mechanism of vertical-horizontal combined loads on the response of a single pile in sand[END_REF] and field-scale tests [START_REF] Bartolomey | Experimental Analysis of Pile Groups under Lateral Loads[END_REF][START_REF] Karasev | Investigation of the Work of Single Situ-Cast Piles under Different Load Combinations[END_REF][START_REF] Zhukov | Investigation of the Effect of a Vertical Surcharge on Horizontal Displacements and Resistance of Pile Columns to Horizontal Loads[END_REF]. Early studies, using physical model, presented by Jain et al [START_REF] Jain | Effect of vertical load on flexural behavior of piles[END_REF] and Lee et al [START_REF] Lee | Experimental investigation of the combined load response of model piles driven in sand[END_REF][START_REF] Lee | Influence of axial loads on the lateral capacity of instrumented steel model piles[END_REF] suggested an increase in pile head horizontal displacement in the presence of axial loading. That was in contrast to the findings of more recent studies presented by Mu et al [START_REF] Mu | Influence of vertical loads on lateral behaviour of monopoles in sand[END_REF],

Lu & Zhang [START_REF] Lu | Influence mechanism of vertical-horizontal combined loads on the response of a single pile in sand[END_REF], Xu et al [START_REF] Xu | Investigation of single pipe pile behavior under combined vertical and lateral loadings in standard and coral sands[END_REF] and Zhang et al [START_REF] Zhang | Model test study on horizontal bearing behavior of pile under existing vertical load[END_REF]. There is still a lot of complexities and uncertainties pertinent to the coupling effects even on the conventional pile behavior. That might be intensified in the case of energy piles because the thermal variations could affect the energy pile-soil interaction behavior, e.g., causing ratcheting phenomena in case of cyclic thermal loads. Therefore, it is necessary to identify the influence mechanism of axial compression loads on the horizontal behavior of energy piles.

As for traditional piles, the studies conducted so far have concentrated on the separate investigation of axial and horizontal responses of energy piles neglecting the coupling effects on the thermally-induced displacements in both axial and horizontal directions. Many researchers have put a lot of effort to better understand the thermo-mechanical behavior of energy piles during monotonic heating or cooling and one or multiple thermal cycles. The works of Vitali et al [START_REF] Vitali | Centrifuge modelling of the use of discretely-spaced energy pile row to reinforce unsaturated silt[END_REF] and Zhao et al [START_REF] Zhao | Thermally induced ratcheting of a thermo-active reinforced concrete pile in sand under sustained lateral load[END_REF] could be considered as the only available studies investigating the influence of monotonic heating and heating-cooling cycles on the flexural behavior of horizontally-loaded energy piles, respectively. Several studies have been performed to assess the behavior of axially-loaded energy piles during multiple thermal cycles through field scale tests [START_REF] Wang | Posttemperature effects on shaft capacity of a full-scale geothermal energy pile[END_REF][START_REF] Mccartney | Investigation of potential dragdown/uplift effects on energy piles[END_REF][START_REF] Faizal | Axial and radial thermal responses of a field-scale energy pile under monotonic and cyclic temperature changes[END_REF][START_REF] Faizal | Effects of cyclic temperature variations on thermal response of an energy pile under a residential building[END_REF][START_REF] Sutman | Full-scale in-situ tests on energy piles: Head and base-restraining effects on the structural behaviour of three energy piles[END_REF][START_REF] Jiang | Thermo-mechanical behavior of driven energy piles from full-scale load tests[END_REF], 1-g small-scale physical model tests [START_REF] Kalantidou | Preliminary study on the mechanical behaviour of heat exchanger pile in physical model[END_REF][START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF][START_REF] Yavari | Mechanical behaviour of a small-scale energy pile in saturated clay[END_REF][START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF][START_REF] Nguyen | Long-term thermo-mechanical behaviour of energy piles in clay[END_REF][START_REF] Wang | Different types of energy piles with heating-cooling cycles[END_REF][START_REF] Wu | Thermo-mechanical behavior of energy pile under different climatic conditions[END_REF][START_REF] Fei | Experimental and numerical study on the behavior of energy piles subjected to thermal cycles[END_REF][START_REF] Liu | Ultimate bearing capacity of energy piles in dry and saturated sand[END_REF][START_REF] Bao | Investigation on thermo-mechanical behavior of reinforced concrete energy pile with large cross-section in saturated sandy soil by model experiments[END_REF][START_REF] Kong | Thermal induced horizontal earth pressure changes of pipe energy piles under multiple heating cycles[END_REF] and centrifuge model tests [START_REF] Stewart | Centrifuge modeling of soil-structure interaction in energy foundations[END_REF][START_REF] Ng | Centrifuge modelling of energy piles subjected to heating and cooling cycles in clay[END_REF][START_REF] Ng | Centrifuge modelling of heating effects on energy pile performance in saturated sand[END_REF][START_REF] Ng | Centrifuge modelling of displacement and replacement energy piles constructed in saturated sand: a comparative study[END_REF][START_REF] Ng | Scaling effects on the centrifuge modelling of energy piles in saturated sand[END_REF]. Dry sand was the most common type of soil used in these small-scale physical model tests. The above-mentioned studies indicated that imposing thermal cycles upon the axially-loaded semi-floating energy piles results in cumulative irreversible settlement, which has been identified qualitatively similar in 1-g small-scale physical model tests and in centrifuge testing, even though quantitative differences have been observed. Therefore, and 40% of the ultimate axial load); in the subsequent stage, horizontal static load was incrementally applied [START_REF] Nguyen | Long-term thermo-mechanical behaviour of energy piles in clay[END_REF][START_REF] Feia | Changes in permeability of sand during triaxial loading: effect of fine particles production[END_REF], and 70% of the ultimate horizontal load), while the axial load was kept constant. At each level of horizontal load, to simulate the actual operating condition of energy piles, repeated ten thermal cycles with temperature variation in the range of 1  °C were applied to the pile while the mechanical loads were maintained constant. The obtained results, including pile temperature, soil temperature, horizontal and axial displacements of pile head were finally analyzed and discussed.

despite

Experimental approach

Experimental setup

The schematic view of the experimental setup is depicted in Fig. 1. To obtain a correct physical modeling, the material type and dimensions of the model pile are selected by maintaining the dimensionless ratio of

EI GL 4 1 
 identical in the model and the prototype piles (G= soil stiffness; E =elastic modulus; I = moment of inertia; L=length of pile). Since the soil stiffness scales as
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in 1-g model testing (  = 0.5 for sandy soils; n = length scaling factor), the bending stiffness, EI, would scale as [START_REF] Wood | Geotechnical modelling[END_REF]. In the present study, a closed-end aluminum tube having an outer diameter (D) of 20 mm, inner diameter of 18 mm, embedded length of 600 mm, and thermal expansion coefficient of was selected as the model pile with a length scaling factor of 20. This is used to simulate the prototype pile of 570 mm diameter solid section made of reinforced concrete with a compressive strength of 30 MPa. Since the scaling of pile diameter depends on the scaling of pile bending stiffness, the diameter and length of the pile could not be scaled in the same way. According to Das [START_REF] Das | Principle of Foundation Engineering[END_REF], for the properties of sand and pile selected in this study, model pile having the length to diameter ratio (L/D) of 30 behaves as a long flexible pile during horizontal loading at 50% relative density of the sand. Therefore, in response to horizontal loading, the model pile is expected to bend from the top. A cylindrical steel tank with a diameter of 548 mm (  27D) and a height of 980 mm was used as a soil tank, in which the distance between the pile toe and the base of the model container was equal to 340 mm (  17D). It is inferred from the literature that with a tank-to-pile diameter ratio of 10D and a soil cushion with a depth of 3-4D below the pile toe, boundary effects of the tank could be considered negligible while testing the model pile under a combination of axial, horizontal and thermal loads [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF][START_REF] Kraft | Performance of axially loaded pipe piles in sand[END_REF][START_REF] Boominathan | An experimental study on static and dynamic bending behaviour of piles in soft clay[END_REF][START_REF] Leblanc | Response of stiff piles in sand to long-term cyclic lateral loading[END_REF][START_REF] Reddy | Experimental Studies on Behavior of Single Pile under Combined Uplift and Lateral Loading[END_REF][START_REF] Kramer | Laboratory Thermal Performance Tests on a Model Heat Exchanger Pile in Sand[END_REF][START_REF] Arshad | Model Studies on Monopile Behavior under Long-Term Repeated Lateral Loading[END_REF]. In order to mimic the roughness of the prototype pile surface, the surface of the model pile was coated with sand. It is to be noted that the attached sand layer would not change the axial and flexural stiffness of the pile.
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Expanded polystyrene sheets were wrapped around the soil tank to insulate it against heat exchange between the soil and the ambient air.

The soil used for this study was dry Fontainebleau NE34 sand with the following physical properties [START_REF] Feia | Changes in permeability of sand during triaxial loading: effect of fine particles production[END_REF] . In the developed model, the ratio between the pile diameter (20 mm) and the mean grain size (0.21 mm) was equal to 95. The mentioned ratio was greater than the suggested limit by Fioravante [START_REF] Fioravante | On the shaft friction modelling of non-displacement piles in sand[END_REF], thereby the grain-size scaling effect could be considered negligible. A wooden tamper was used to compact the dry sand to a density of 1.54 Mg/m 3 (that corresponds to a relative density of 50%). Before installation of the model pile, the sand was placed and compacted in seven 50-mm-thick layers in the tank. After the compaction of these layers, a steel bar was mounted and bolted to the upper surface of the soil tank as a temporary support for installing the model pile at the center of the tank. Compaction of the remaining soil around the fixed pile was then continued by 50-mm-thick layers except for the top layer, which had a thickness of 40 mm. The density was controlled by the mass of soil being compacted and the thickness of each layer. The above-mentioned experimental setup and method of sand samples preparation have already been adopted by Kalantidou et al [START_REF] Kalantidou | Preliminary study on the mechanical behaviour of heat exchanger pile in physical model[END_REF], Yavari et al [START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF] and Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF].

The repeatability of these studies confirms the uniformity of sand samples prepared by this method. To control the pile temperature, model pile was equipped with an aluminum U-shaped tube (2 mm inner diameter and 3 mm outer diameter) linked to a temperature-controlled water bath and a peristaltic pump. The annulus between the pile and the aluminum U tube was filled with water to improve the heat transfer. Yavari et al [START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF] indicated that the temperature changes measured at different depths of soil and at the same distance from the pile are quite similar. Hence, it could be concluded that the temperature of the shallow soil layers is not influenced by the ambient temperature, even though the soil surface is not insulated against heat exchange. Therefore, in the present study, pile and soil temperatures were only measured by the temperature sensors (S1-S5) placed at a depth 300 mm below the soil surface and at distances of 30 mm (  1.5D) and 50 mm (  2.5D), respectively, from the pile axis (as shown in Fig. 1).

The loading system, which had been previously adopted by Kalantidou et al [START_REF] Kalantidou | Preliminary study on the mechanical behaviour of heat exchanger pile in physical model[END_REF], Yavari et al [START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF], and Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF], was modified to consider the horizontal load. The static axial compressive load was applied to the model pile by placing dead weights on the pile head and the static horizontal load was applied to the pile in increments by allowing water flow in the plastic bucket linked to the pile head through a piece of rope over a pulley. The flow rate was controlled by a valve attached to the water tank. The applied horizontal load and pile head displacements were measured accurately using a load cell and displacement transducers (V1-V4, H1-H2), respectively.

Test program

In the present work, nine experiments were performed (Table 1), each one corresponds to a soil sample. In the test ID, notations of E and T denote the experiment (E) performed on one soil mass, and subtests (T) of the main experiment, respectively. Notations of M and TM after the first number denote loading type in experiments, i.e. mechanical loading (M), and thermo-mechanical loading (TM), respectively. The number after notations of E or T is the amount of pre-applied axial load (percent compared to ultimate axial load), and the number after notations of M or TM is the amount of applied horizontal load (percent compared to ultimate horizontal load).

Actually, for experiment E40M (and test T40M), after the installation of the setup, axial load (F v ) was first applied to 40% of the ultimate axial load (Q v , which was estimated at 500 N by Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF] using the same system and the same soil). Afterward, the horizontal load (F h ) was increased progressively until failure (assumed to occur when pile head horizontal displacement exceeds 20%D). This value is in the range of pile horizontal displacements (at the sand bed surface level) often used to estimate the ultimate horizontal load capacity value [START_REF] Arshad | Model Studies on Monopile Behavior under Long-Term Repeated Lateral Loading[END_REF][START_REF] Sawwaf | Lateral resistance of single pile located near geosynthetic reinforced slope[END_REF]. The aim of experiment E40M (and test T40M) was to determine the mechanical behavior (and the ultimate horizontal load Q h ) of the pile under the increase of horizontal load while the axial load was maintained at 40% Q v . Experiment E40M_R (and test T40M_R) is the replicate of experiment E40M (and test T40M). Experiments E20M (and test T20M) and E10M (and test T10M) are similar to E40M (and test T40M) but with F v equal to 20% and 10% Q v , respectively. Experiments E20M_R and E10M_R are their replicates. In order to simulate typical load combinations of energy piles implemented in high-rise buildings, highway bridges, earth-retaining structures and those located on sloping ground, the loading scheme of model tests in the present study comprised pre-axial static loading followed by horizontal static loading before subsequent heating-cooling cycles. In such a loading scheme, the additional rotational restraint induced by pile cap, group effects and the cyclic nature of horizontal loading were not taken into consideration to isolate the coupling effects on the energy pile behavior during cyclic thermal loading. Therefore, for experiment E40TM, F v was first increased to 40% Q v , followed by an increase of F h to 30% Q h . Afterward, under this inclined mechanical load, thermal cycles were applied (test T40TM_30). Owing to the fact that the pile temperature was controlled manually in the experiments, a duration of 2 h was adopted for the heating and cooling phases, which was long enough for the soil temperature to reach equilibrium according to the temperature history of soil obtained by Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF] using identical pile and soil under the same temperature change applied to the pile. Therefore, in each thermal cycle, pile temperature was manually increased from an ambient temperature of 22 to 23 °C over a 2-h heating phase prior to being decreased to 21 °C over a 2-h cooling phase. Finally, during the recovery phase, it was rapidly increased to an ambient temperature of 22 and maintained over 20 h prior to the subsequent thermal cycle. For the tests continued during the weekends, the duration of the recovery phase of some thermal cycles was increased to more than 20 h.

Table 1. Test program.

Experiment Test

v Q v F / (%) h Q h F / (%)

Number of thermal cycle

To scale the heat diffusion time in thermal cycles, Fourier's number could be used [START_REF] Kramer | Laboratory Thermal Performance Tests on a Model Heat Exchanger Pile in Sand[END_REF]:

(

Where , , and are soil thermal diffusivity, heat diffusion time, and pile diameter, respectively. The subscripts "m" and "p" mean model and prototype, respectively. Since the same sand was considered in model and prototype scale, the scaling factor for soil thermal diffusivity is one. Hence, the heat diffusion time must be scaled by .

As already noted by Zhao et al [START_REF] Zhao | Small-scale modeling of thermomechanical behavior of reinforced concrete energy piles in soil[END_REF], thermal strains ( ) should be scaled by the same scaling factor as mechanical strains (i.e.

). Hence, the temperature changes in the prototype-scale concrete pile ( ) are given by:

(2)

Since the model-scale aluminum pile has a thermal expansion coefficient ( ) of , which is 2.2 times that ( ) of a prototype-scale concrete pile, temperature changes of ( ) during 2-h heating and cooling phases in the model-scale pile could simulate temperature changes of during 2.25-month heating and cooling phases in the prototype-scale pile. This temperature variation range of the prototype pile is within the range of 3-37 °C of field-scale energy piles [START_REF] Jiang | Thermo-mechanical behavior of driven energy piles from full-scale load tests[END_REF][START_REF] You | Experimental study on structural response of CFG energy piles[END_REF].

four hours of temperature changes of in the model-scale pile ( ) could simulate five months of temperature changes of in the prototype-scale pile.

After performing test T40TM_30, F h was increased to 50% and 70% Q h prior to the application of the thermal cycles in tests T40TM_50 and T40TM_70, respectively. Experiments E20TM and E10TM are similar to E40TM but with F v equal to 20% and 10% Q v , respectively. Normally, in each thermo-mechanical test (TM), model pile was subjected to 10 heating-cooling cycles over a period of two weeks. There were two reasons to simulate the cyclic thermal load using 10 heating-cooling cycles. First, each heating-cooling cycle required about one day for completion and hence, in order to investigate different loading conditions, the number of thermal cycles should be optimized. Second, the results obtained from the first thermo-mechanical test (test T10TM_30) indicated that the increment rate of irreversible displacement in both axial and horizontal directions is unsteady during the first thermal cycles and, as the number of thermal cycles increased, it tended to be stable. 

Results and discussions

Load-displacement response of the model pile subjected to purely mechanical load

In the mechanical experiments, the data collected in terms of axial load and settlement of the model pile while being subjected to pure axial loading are plotted in Fig. 2. The load-settlement curves corresponding to the previous studies conducted using identical pile and soil are drawn in the same figure for comparison purpose [START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF][START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF]. It is clearly seen that the measured settlements in the present study is similar to those reported in previous works, confirming the repeatability of the model preparation and loading system. is equal to 86 -90 N. An increasing pre-applied axial load from 10% to 20% Q v causes a negligible reduction in pile head horizontal displacement, which agrees with the findings of previous studies using similar soil conditions and experimental set-up [START_REF] Mu | Influence of vertical loads on lateral behaviour of monopoles in sand[END_REF][START_REF] Xu | Investigation of single pipe pile behavior under combined vertical and lateral loadings in standard and coral sands[END_REF][START_REF] Zhang | Model test study on horizontal bearing behavior of pile under existing vertical load[END_REF][START_REF] Lu | Influence mechanism of vertical-horizontal combined loads on the response of a single pile in sand[END_REF]. On the contrary, with an increase of pre-applied axial load to 40% Q v , pile head horizontal displacement increases rather than decreases further so that the horizontal load-horizontal displacement curve is almost the same as the case of the pre-applied axial load of 10% Q v . Overall, where axial load varies between 10% and 40% Q v , the horizontal behavior of the pile is almost independent of the axial load. It is likely that small pre-applied axial loads (F v ≤ 40%Q v ) have negligible influence on the horizontal soil resistance. ) are ignored, it could be observed that normalized pile head settlement increases at a reducing rate with increasing horizontal load, and tends to stabilize at 0.35%, 0.50%, and 0.70% at high horizontal load under constant axial load of 10% Q v (E10M, E10M_R), 20% Q v (E20M), and 40% Q v (E40M), respectively. This behavior is similar to that obtained in the experimental study of Lu & Zhang [START_REF] Lu | Influence mechanism of vertical-horizontal combined loads on the response of a single pile in sand[END_REF]. This can be explained by the fact that when the pile has not moved sufficiently in the horizontal direction, the mobilization of passive earth pressure in front of the pile does not compensate for the loss of active earth pressure behind the pile. Thereby, the resulting shaft resistance loss and interface slip lead to the transfer of axial compressive load from the shaft to the pile toe and causes the increase in the pile toe settlement and resistance.

Influence of cyclic thermal loading on the behavior of the model pile subjected in advance to inclined mechanical loading

Fig. 4 illustrates the histories of measured temperature of model pile and surrounding soil at various distances from the pile axis for the first thermal cycle of Test T40TM_30. As shown in Fig. 4, when the pile temperature rises up from 22 to 23 during the heating phase and decreases to 21 during the subsequent cooling phase, the variation of soil temperature recorded at 30 mm (S1 and S4) and 50 mm (S3 and S5) from the pile axis have a smaller amplitude, ±0.5 and ±0.2 , respectively. The same phenomenon was also observed by Ng et al [START_REF] Ng | Centrifuge modelling of displacement and replacement energy piles constructed in saturated sand: a comparative study[END_REF] and Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF]. It is important to note that for all thermal cycles in the thermo-mechanical tests, the measured temperatures in the model pile and surrounding soil follow the same trend as observed for the first thermal cycle of Test T40TM_30. Additionally, during the recovery phase, the temperatures of the model pile and the surrounding soil return gradually to the ambient temperature. As can be seen from Fig. 5, during the first thermal cycle, the heating phase did not lead to axial displacement at the pile head, while the cooling phase causes a continuous pile head settlement of up to 0.13%D. With increasing the number of thermal cycles, the pile head tends to move slightly upward with increasing temperature to 23 in the heating phase. Meanwhile, during cooling the pile temperature to the ambient temperature (i.e. 22 ), the pile head does not move axially but with a further decrease in pile temperature to 21 , the pile head begins to move downward with a settlement of approximately 0.06%D. Eventually, during the recovery phase of all thermal cycles, there is no axial movement of the pile head. In the cooling phase of each thermal cycle, the settlement/temperature slope is similar to that of the free thermal expansion/contraction curve (i.e. equal to ), which corresponds to the thermally-induced axial displacement of a fully toe-restrained pile being free to move in other directions. This trend is consistent with those obtained from previous experimental studies on dry sand [START_REF] Kalantidou | Preliminary study on the mechanical behaviour of heat exchanger pile in physical model[END_REF][START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF][START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF]. In Fig. 6, generally, it can be observed that the pile head horizontal displacement increases continuously throughout each heating-cooling cycle. However, the rate of increase of the pile head horizontal displacement due to the cooling phase is negligible and could be ignored compared to that due to the heating phase. When the number of thermal cycles increases, the model pile tends to move less in the horizontal direction during the recovery phase, so that for the last few thermal cycles, the horizontal displacement could be neglected when compared to the one taking place during the heating phase. As can be seen from Fig. 6, for the first thermal cycle, the pile head initially moves horizontally by about 0.063%D during the heating phase, and then it continues to move horizontally for another 0.007%D during the subsequent cooling phase. Afterward, during the recovery phase, the pile head horizontal displacement continues to increase, reaching a peak value of 0.22%D. Correspondingly, for the tenth thermal cycle, pile head moves horizontally to 0.053%D during the heating phase while it moves marginally during the subsequent cooling phase. Afterward, during the recovery phase, the pile head exhibits no horizontal displacement and stabilizes at 0.06%. This kind of phenomenon is similarly observed in available centrifuge observations for horizontally-loaded energy pile [START_REF] Zhao | Thermally induced ratcheting of a thermo-active reinforced concrete pile in sand under sustained lateral load[END_REF], where the pile head movement in the horizontal direction increases clearly during the heating cycle and it remains approximately unchanged during the subsequent cooling phase. It can be also noticed from Figs. 5 and 6 that although the pile has been subjected to some constant temperature for a long time in some thermal cycles due to continuing tests during weekends, its settlement and horizontal displacement are nearly stabilized. By the end of each thermal cycle, the model pile keeps settling and accumulating horizontal movement instead of returning to its initial position. This irreversible phenomenon may occur as a result of the cooling-induced radial contraction and constrained heating-induced downward expansion of the model pile accompanied by the thermally-induced volumetric contraction of surrounding sandy soil. When the surrounding soil experiences a volumetric contraction under the heating/cooling cycle (evidence of this phenomenon is available in previous works [START_REF] Kong | Thermal induced horizontal earth pressure changes of pipe energy piles under multiple heating cycles[END_REF][START_REF] Ng | Centrifuge modelling of heating effects on energy pile performance in saturated sand[END_REF]) or when the model pile contracts radially under decreasing temperature, the lateral pressure acting on the pile shaft decreases, resulting in a reduction of the passive soil resistance as well as the shaft resistance. Since the surrounding soil is less resistant against the inclined mechanical loads, the amount of pile head horizontal displacement and pile toe settlement would increase to further mobilize the passive soil resistance in front of the pile and the base resistance at the pile toe.

The accumulated irreversible settlement and horizontal displacement of pile head are plotted against the number of thermal cycles in Fig. 7. In Fig. 7(a), the results show a general trend with a quick increase of normalized horizontal displacement during the first cycles and a continued increase at a smaller rate during the remaining cycles, which reaches 1.1-1.25%, 1.2-1.65% and 1.8-2.3% after ten cycles for the cases with F h =30% Q h , 50% Q h and 70% Q h , respectively. In Fig. 7(b), the results of Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF], using identical pile and soil, under axial load only (F h = 0) are also shown for comparison purposes. The results show that, for the cases with

F v = 10% Q v , irreversible
normalized pile head settlement increases continuously and reaches 0.4% after ten cycles for

F h = 30% Q h (T10TM_30); for F h = 50% Q h (T10TM_50) and F h = 70% Q h (T10TM_70)
, it increases during the first three cycles and stabilizes at 0.13%. For the cases with F v = 20% Q v , irreversible normalized pile head settlement increases continuously and reaches 0.43%, 0.23% and 0.2% after ten cycles for F h = 0 (i.e. T20TM_0 [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF]), F h =50% Q h (T20TM_50) and F h = 70% Q h (T20TM_70), respectively, while for F h = 30% Q h (T20TM_30), it rapidly increases during the first three cycles and tends to stabilize at 0.47%. Finally, for the cases with

F v = 40% Q v , irreversible
normalized pile head settlement increases continuously and reaches 0.61%, 0.41% and 0.35% after ten cycles for F h = 30% Q h (T40TM_30), F h = 50% Q h (T40TM_50) and F h = 70% Q h (T40TM_70), respectively. For the pure axial loading case with F v = 40% Q v (i.e. T40TM_0 [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF]), the accumulation rate of the irreversible settlement during the first two cycles is much higher than that in the cases of inclined loading; however, it decreases significantly during subsequent cycles and the accumulated irreversible normalized settlement stabilizes at 0.62% after ten cycles.

What should be noted from Fig. 7 is that for all the nine thermo-mechanical tests, regardless of the magnitude of the applied mechanical loads, the observed ratcheting pattern for axial and horizontal displacements is characterized by two features: first, the largest increment of irreversible settlement and horizontal displacement are induced by the first thermal cycle; second, after a fast accumulation of irreversible displacement in the first thermal cycle, the accumulation rate initially decreases slightly, and then almost remains constant when increasing the number of thermal cycles. The tendency for a model pile to exhibit less settlement and horizontal displacement with an increase in the number of thermal cycles is commonly explained by the strengthening of surrounding soil due to the thermally-induced gradual densification (which is a phenomenon observed in previous works [START_REF] Blanc | Intrinsic creep of a granular column subjected to temperature changes[END_REF]). This kind of ratcheting response was similarly observed for axially-loaded energy piles reported by Nguyen et al [START_REF] Nguyen | Long-term thermomechanical behavior of energy pile in dry sand[END_REF], Yavari et al [START_REF] Yavari | Experimental study on the mechanical behaviour of a heat exchanger pile using physical modelling[END_REF] and Ng et al [START_REF] Ng | Centrifuge modelling of heating effects on energy pile performance in saturated sand[END_REF][START_REF] Ng | Centrifuge modelling of displacement and replacement energy piles constructed in saturated sand: a comparative study[END_REF][START_REF] Ng | Scaling effects on the centrifuge modelling of energy piles in saturated sand[END_REF], and for horizontally-loaded energy pile reported by Zhao et al [START_REF] Zhao | Thermally induced ratcheting of a thermo-active reinforced concrete pile in sand under sustained lateral load[END_REF]. As shown in Fig. 8, for the same horizontal load, imposing ten thermal cycles at an axial load higher than 10% Q v induces a higher accumulated irreversible settlement of up to 228% but a lower accumulated irreversible horizontal displacement of up to 25.8%. For the same axial load, imposing ten thermal cycles at a horizontal load higher than 30% Q h induces a lower accumulated irreversible settlement of up to 68.8% but a higher accumulated irreversible horizontal displacement of up to 86.6%. This possibly occurs because of the influence of mechanical loading condition on the soil-pile stiffness before the application of thermal loading. In general, it could be stated that at a specific axial load, the axial stiffness of the soil-pile system increases with an increase in horizontal load due to the increase in mobilized skin friction stresses, which result from increasing horizontal stresses and upward-directed movement of passive earth pressure wedge in front of the pile. Moreover, at a specific horizontal load, the horizontal stiffness of the soil-pile system increases with the increasing axial load. This could be explained by the increase in mobilized passive earth pressure, which arises from increasing level of confinement provided by the surrounding soil due to the axial load-induced settlement of pile.

Coupling effects on the thermally-induced mechanical response of model pile

These results agree with those obtained for purely mechanical loading, in which the increase of axial load at the same horizontal load leads to a reduction in horizontal displacement, but an increase in the settlement; Moreover, the increase of horizontal load at the same axial load leads to an increase in horizontal displacement. Only the reduction of the accumulated irreversible settlement with the increase of horizontal load at the same axial load is contrary to that observed for purely mechanical loading. Since for the same axial load, the horizontal load increases in three steps, and ten thermal cycles are imposed to the pile at the end of each step (as described in section 2.2), the accumulated thermally-induced irreversible settlement under the horizontal loads of 50% and 70% Q h might be influenced by the accumulated thermally-induced irreversible settlement induced by the horizontal loads of 30% and 50% Q h .

Load-displacement response of model pile subjected to thermo-mechanical load

In order to investigate the influence of thermal loading on the pile response, the results obtained from the mechanical and thermo-mechanical experiments are presented in terms of normalized pile head horizontal displacement and settlement versus normalized horizontal load (i.e. divided by pile's ultimate horizontal load for the mechanical tests) in Fig. 9. As shown in Fig. 9, during the initial increase of F h to 30% Q h prior to the application of thermal loading, the settlement and horizontal displacement of pile head in thermo-mechanical tests are similar to those in mechanical ones. In the subsequent increments of the horizontal load to 50%, 70%, and 100% Q h after the application of thermal loading, pile head horizontal displacement remains unchanged for a while and then increases again with increment rates equal to those in mechanical tests. Meanwhile, pile head settlement almost does not change with horizontal load increments after having been thermally loaded. When comparing the horizontal loaddisplacement response of the pile in mechanical experiments to those in thermo-mechanical ones, it must be pointed out that the thermal loading does not affect the horizontal response of the soil-pile system. The reason for this is that the large extent of reduction in the horizontal stress and mobilized skin friction is recovered by the subsequent reloading phase. Therefore, it could be concluded that the total axial and lateral resistance of the pile is affected only slightly by the thermal loading. By comparing the horizontal load at a pile head horizontal displacement of 4 mm (i.e. 20% pile diameter), the ultimate horizontal bearing capacity of pile may remain unchanged after ten heatingcooling cycles. However, due to the gradual accumulation of the irreversible pile head horizontal displacement over thermal cycles, it is recommended that the long-term performance of the energy pile is controlled by horizontal displacement rather than ultimate horizontal bearing capacity. 

Conclusions

The thermo-mechanical behavior of a model energy pile subjected to inclined mechanical loads and temperature variations was experimentally investigated in dry sand. Ten heating-cooling cycles were applied to the pile under various combination of axial and horizontal mechanical loading (axial loads equal to 10, 20, and 40% of the ultimate axial load; horizontal loads equal to 30, 50, and 70% of the ultimate horizontal load). The main conclusions that can be drawn from this study are the following:

 For Fv ≤ 40%Qv, effect of Fv on the horizontal response of the pile under horizontal loading could be considered negligible. Moreover, additional settlement occurs at pile head due to the horizontal loading.

 The application of temperature variations along with inclined mechanical loads results in irreversible settlement and horizontal displacement at the pile head, whose largest increment takes place during the first thermal cycle. After a fast accumulation of irreversible displacement in the first thermal cycle, the increments of irreversible settlement and horizontal displacement, accumulating after each thermal cycle, initially decrease slightly and then almost remain constant with an increase in the number of heating-cooling cycles. By the end of the tenth thermal cycle, the amount of accumulated irreversible settlement and horizontal displacement are generally in the range of 0.1-0.6%D and 1.1-2.3%D, respectively.

 Under the same horizontal load, thermal cycles at a higher axial load induce a higher irreversible settlement but a lower horizontal displacement at the pile head.

 Under the same axial load, thermal cycles at a higher horizontal load induce a lower settlement but a higher horizontal displacement at the pile head.

 Thermal loading did not affect the subsequent horizontal load-displacement response of the pile.

Likewise, by comparing the horizontal load at a pile head horizontal displacement of 4 mm (i.e.

20%D), the ultimate horizontal bearing capacity of the pile remained barely unchanged after ten heating-cooling cycles. However, due to the accumulation of irreversible horizontal displacement during the cyclic thermal loading, it is vital to ensure that the long-term cyclic thermal loading does not degrade the safety and durability of the energy piles for the service life of the building. Therefore, it is highly recommended that the long-term performance of the energy pile is controlled by horizontal displacement rather than ultimate horizontal bearing capacity.

The results of 1-g model tests carried out in this study could be helpful to gain insights into the qualitative influence of inclined mechanical loading on the thermally-induced displacements in both axial and horizontal directions; however, in order to provide quantitative confirmation of these initial findings, further studies are required to be conducted using centrifuge and field-scale tests.
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  the inherent limitations of 1-g small-scale physical model tests compared to the field-scale and centrifuge model tests, qualitative results obtained from the former could be used to gain an insight into the behavior of energy piles under thermo-mechanical loading and the mechanism involved. Overall, model tests to analyze the performance of energy piles subjected to combined mechanical and cyclic thermal loads are still limited and there is a necessity to deeply investigate the potential effects of multiple thermal cycles on the energy pile-soil interaction mechanism.The objectives of the present research are twofold: (1) investigating the influence of multiple heating-cooling cycles on the geotechnical responses of energy piles; (2) evaluating the coupling effects on the thermally-induced mechanical response of energy piles. Therefore, a series of 1-g model experiments was carried out on a single model energy pile embedded in dry sand. The model pile was initially subjected to axial static compressive load(10, 20, 
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 1 Fig. 1. Schematic view of experimental setup.

  To measure pile head axial displacement, in all experiments except E20M_R and E40M_R, axial displacement sensors V1 and V2 were mounted in the perpendicular direction to horizontal load and opposite to each other at a distance of 40 mm from the pile axis. Conversely, in experiments E20M_R and E40M_R, axial displacement sensors V3 and V4 were mounted in the horizontal load direction and opposite to each other at a distance of 40 mm from the pile axis. In all experiments, pile head horizontal displacement was measured at a height of 40 mm above the soil surface by two horizontal displacement sensors (H1 and H2) mounted directly opposite to each other at a distance of 50 mm from the pile axis (see Fig.1).
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 2 Fig. 2. Pile head settlement versus axial load measured in mechanical tests without horizontal loading.
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 3 Fig. 3. Variation of (a) pile head horizontal displacement; (b) pile head settlement with horizontal load measured under constant axial load.
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 4 Fig. 4. Soil and pile temperature versus the elapsed time during the first thermal cycle of Test T40TM_30.
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 5 Fig. 5. Thermally-induced pile head settlement versus (a) temperature changes and (b) elapsed time during ten heating-cooling cycles of test T40TM_30.
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 6 Fig. 6. Thermally-induced pile head horizontal displacement versus (a) temperature changes and (b) elapsed time during ten heating-cooling cycles of test T40TM_30.
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 7 Fig. 7. (a) Irreversible horizontal displacements; (b) irreversible settlement of pile head versus the number of heating-cooling cycles.

Fig. 8

 8 Fig. 8 demonstrates the coupling effects on the irreversible settlement and horizontal displacements accumulated over ten heating/cooling cycles at the pile head.

Fig. 8 .

 8 Fig. 8. Coupling effects on the irreversible settlement and horizontal displacement accumulated over ten heating/cooling cycles at the pile head.

Fig. 9 .

 9 Fig. 9. Temperature-induced change in pile head response to horizontal load under a constant axial load of (a) 10% (b) 20% and (c) 40% of the axial pile resistance.
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