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Various analysis methods have been developed to simulate the performance of energy pile groups subjected to thermal and mechanical loads. Although they considered the interactions between piles in the group, the 'sheltering-reinforcing' effect was usually ignored during the analysis, or the methods were not experimentally validated. Therefore, to address this gap, we propose an experimentally validated load transfer model that considers the 'shelteringreinforcing' effect for the thermomechanical analysis of energy pile groups. The proposed method modeled two well-documented full-scale field tests and two finite-element simulation cases. The comparison results showed that the proposed method could capture several essential aspects of the energy pile group, including thermally induced strain, stress, displacement, and group effects. Furthermore, a parametric analysis was performed to evaluate the effects of relevant parameters on the thermomechanical behavior of the energy pile group.

Introduction

Energy piles are environment-friendly technologies that have attracted increasing attention

Revised Manuscript (Clean Version) because of their effective solicitation of shallow geothermal energy [START_REF] Rotta Loria | Thermally induced deformation of soils: A critical overview of phenomena, challenges and opportunities[END_REF]. Unlike conventional pile foundations, the operation of an energy pile involves complex coupling between thermal, mechanical, and other physical fields (Bourne-Webb and Bodas Freitas 2020). It is also necessary to consider pile-pile and pile-slab interactions under thermalmechanical loading for energy pile groups [START_REF] Moradshahi | Effect of nearby piles and soil properties on the thermal behaviour of a field-scale energy pile[END_REF], Ravera et al. 2020a, 2020b[START_REF] Fang | Group Performance of Energy Piles under Cyclic and Variable Thermal Loading[END_REF]. Recently, understanding this complex mechanism, seeking simple approaches to describe it, and then applying it to the engineering design of energy piles has become a hot topic in energy pile research.

Numerous in situ field tests [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] Murphy | Evaluation of thermo-mechanical and thermal behavior of full-scale energy foundations[END_REF][START_REF] Faizal | Axial and radial thermal responses of energy pile under six storey residential building[END_REF], Sutman et al. 2019a, Fang et al. 2020, 2022[START_REF] Wu | Interactions of an Energy Pile with Several Traditional Piles in a Row[END_REF], 2021), small-scale laboratory model tests [START_REF] Kalantidou | Preliminary study on the mechanical behaviour of heat exchanger pile in physical model[END_REF], Yavari et al. 2016a, Yazdani et al. 2019b, Kong et al. 2020[START_REF] Song | Performance study of energy piles in different climatic conditions by using multi-sensor technologies[END_REF], and centrifuge model tests [START_REF] Ng | Centrifuge modelling of heating effects on energy pile performance in saturated sand[END_REF], 2016, 2021[START_REF] Ng | Energy pile group subjected to non-symmetrical cyclic thermal loading in centrifuge[END_REF] have been conducted to investigate the thermomechanical behavior of energy pile and pile groups. It is impractical to use experimental methods to comprehensively investigate the effects of all the factors on the performance of energy piles considering the enormous time-consuming and financial expense. Thus, the development of experimentally verified numerical methods to supplement the experimental methods is necessary to thoroughly study the thermomechanical mechanisms of energy piles. Various numerical approaches with different complexities have been used in previous years, including finite element models [START_REF] Yavari | A simple method for numerical modelling of mechanical behaviour of an energy pile[END_REF][START_REF] Rammal | Impact of thermal solicitations on the design of energy piles[END_REF], Garbellini and Laloui 2019a[START_REF] Nguyen | Long-term thermomechanical behaviour of energy piles in clay[END_REF][START_REF] Arzanfudi | A thermo-hydromechanical model for energy piles under cyclic thermal loading[END_REF][START_REF] Georgiadis | Heating and cooling induced stresses and displacements in heat exchanger piles in sand[END_REF], Sutman et al. 2020), finite difference models [START_REF] Suryatriyastuti | Understanding the temperatureinduced mechanical behaviour of energy pile foundations[END_REF], 2014[START_REF] Luo | Probabilistic design model for energy piles considering soil spatial variability[END_REF][START_REF] Najma | Incremental load transfer analysis of an energy pile under arbitrary mechanical and thermal loads[END_REF], Liu et al. 2022), and other theoretical models [START_REF] Rotta Loria | The interaction factor method for energy pile groups[END_REF], 2017a, Rotta Loria et al. 2018, 2020a, Garbellini and Laloui 2019a[START_REF] Iodice | Analytical Solutions for Ultimate Limit State Design of Thermal Piles[END_REF][START_REF] Iodice | A practical method to design thermally stressed piles[END_REF], Ravera et al. 2020a, 2020b[START_REF] Cui | Analytical solution for longitudinal vibration of a floating pile in saturated porous media based on a fictitious saturated soil pile model[END_REF][START_REF] Rashk | Analytical Solutions for Thermomechanical Soil-Structure Interaction in Single Semifloating Energy Piles Embedded in a Layered Soil Profile[END_REF], Liu et al. 2022, Song et al. 2022, Song and Pei 2022, Pei et al. 2022a). Among these, the load transfer method is commonly used for energy pile design because it overcomes the drawbacks of high time consumption, high computational cost, and high requirements of the complete numerical simulation method. The load transfer method is very user-friendly and well-suited for the engineering design of energy piles.

The load transfer method was initially proposed by Seed and Reese [START_REF] Seed | The action of soft clay along friction piles[END_REF] and then gradually applied to investigate the thermomechanical response of an isolated energy pile. For example, [START_REF] Knellwolf | Geotechnical Analysis of Heat Exchanger Piles[END_REF] developed a load transfer method using the threepolyline load transfer curve proposed by Frank and Zhao (1982). In situ isolated energy piles were modeled, and their thermomechanical behavior was analyzed. The comparison results between the simulations and the measured data showed good agreement. Sutman et al. (2019b) developed a model by incorporating the unloading-reloading response into the load transfer curve and validated it through field test results. The above studies demonstrate the applicability of the load transfer method for studying the thermomechanical response of an isolated energy pile. As an essential part of the energy pile group, the successful application of the single pile response model lays the foundation for developing a pile group response model.

Recently, several studies (Ravera et al. 2020a[START_REF] Fei | Analysis of energy pile groups subjected to nonuniform thermal loadings[END_REF], Liu et al. 2022) extended the load-transfer method to consider the thermomechanical interaction of energy piles in groups. Ravera et al. (2020a) modified the load transfer curve of an isolated energy pile in a group using a displacement factor that considered group effects. The field test results of an energy pile group consisting of four energy piles were used to validate the proposed method. A comparison between the simulated and measured results showed the suitability of the proposed method for analyzing the thermomechanical performance of the energy pile group. Nevertheless, it should be noted that the determination of the displacement factor is based on an empirical formula, which is proposed based on the fitting of the finite-difference modeling results of the 5×5 pile group [START_REF] Comodromos | Contribution to the design methodologies of piled raft foundations under combined loadings[END_REF]. A significant difficulty in applying this empirical formula to the analysis of the energy pile group is that the effect of the temperature on displacement factor cannot be considered. Thus, additional experiments or numerical simulations are required for specific analysis cases to comprehensively determine the appropriate displacement factors.

Besides, the load transfer method proposed by Ravera et al. (2020a) has some limitations in clarifying the thermomechanical behavior of energy pile groups because it cannot take into account the 'sheltering-reinforcing' effects of the energy pile group into consideration.

The 'sheltering-reinforcing' effects characterize the interaction between piles in groups and are considered in previous studies of conventional pile groups [START_REF] Mylonakis | Settlement and additional internal forces of grouped piles in layered soil[END_REF]Gazetas 1998, Wang et al. 2016). The results indicated that the calculated pile head displacement was overestimated without considering this effect, and the error increased significantly with increasing group size. For the energy pile group, the 'sheltering-reinforcing' effects act throughout thermomechanical loading, which can be observed in the field test results (Rotta Loria and Laloui 2017b, 2018, Fang et al. 2020). [START_REF] Liu | A simple method for analyzing thermomechanical response of an energy pile in a group[END_REF] proposed a load transfer method to rapidly calculate the response of an energy pile group in which they considered the reinforcing effect of neighboring piles in the group. The applicability of this method to pile groups was verified by comparing it with finite element simulations that did not consider the nonlinear pile-soil interaction (Rotta Loria and Laloui 2016). Nevertheless, the presence of the slab and the pile-slab-soil interaction had not been considered in their study, which would limit the scope of application of the method due to the importance of the slab in the energy pile group.

Besides, there is no adequate verification of whether the proposed model can accurately calculate the critical aspects of the thermomechanical responses of the energy pile group, including the pile axial strain, stress, and pile head displacement. Therefore, to address this gap, it is necessary to develop an experimentally validated model. This study aims to provide an experimentally validated simple load transfer model that considers the 'sheltering-reinforcing' effects for thermomechanical analysis of energy pile groups. Section 2 details the proposed model and the developed thermomechanical performance analysis algorithm for energy pile groups based on the proposed model. Section 3 verifies the results obtained by the proposed method using field tests and finite element simulations. A comprehensive sensitivity analysis of the parameters involved in the proposed model is presented in Section 4. Finally, conclusions are presented in Section 5.

Development of the load transfer model for the energy pile group

Some assumptions of the load transfer mechanism for energy piles are employed in this study: (1) the load-displacement relationship (i.e., t-z model) and pile and soil properties are assumed to be independent of temperature variations, based on the fact that previous studies suggested that the effect of temperature within the range of 5 -40 ℃ on soil and concrete properties is insignificant (Yavari et al. 2016b, Yazdani et al. 2019a[START_REF] Rotta Loria | Thermally induced deformation of soils: A critical overview of phenomena, challenges and opportunities[END_REF]; (2) the strain and stress analysis of the energy pile in the group is achieved by considering the pile-to-pile interaction in the pile group; (3) the interaction between the slab, energy piles in the group, and soil can be considered through assuming an additional spring connecting with the pile heads; (4) The influence of the axial deformation of the piles on the thermomechanical behavior of the piles is mainly considered in the study to simplify the calculation (Ravera et al. 2020a). The last assumption is based on the fact that a numerical study of energy piles [START_REF] Olgun | Thermo-mechanical radial expansion of heat exchanger piles and possible effects on contact pressures at pile-soil interface[END_REF]) and full-scale field studies [START_REF] Faizal | Axial and radial thermal responses of energy pile under six storey residential building[END_REF]) reported that the normal contact stress of the piles did not change significantly owing to their radial thermal expansion of the energy piles. Other studies on the load transfer analysis [START_REF] Knellwolf | Geotechnical Analysis of Heat Exchanger Piles[END_REF][START_REF] Chen | Parameters for Load Transfer Analysis of Energy Piles in Uniform Nonplastic Soils[END_REF] have also confirmed that the influence of radial deformation on the pile-soil axial interaction is negligible. Therefore, the present study did not consider the influence of the radial deformation of the energy pile.

Load transfer function at the shaft of the isolated energy pile

According to a previous study [START_REF] Lee | A simplified nonlinear approach for pile group settlement analysis in multilayered soils[END_REF], the nonlinear performance of the pile load displacement is divided into (i) the nonlinear relationship between the pile shaft shear stress and pile-soil relative displacement and (ii) the nonlinear stress-strain relationship of the surrounding soil induced by the pile shaft shear stress. [START_REF] Caputo | Pile foundation analysis: a simple approach to nonlinerity effects[END_REF] and [START_REF] Trochanis | Three-dimensional nonlinear study of piles[END_REF] divided surrounding soil into disturbed and undisturbed zones. The disturbed zone is a thin layer of soil on the soil/pile interface. The nonlinearity of the pile-soil interaction was concentrated in this interface. The area outside the interface is the undisturbed zone. Because this zone is subjected to a relatively low stress change, the stress-strain behavior of the soil is mainly elastic. The nonlinear response of pile groups primarily depends on the nonlinear characteristics of single piles, and the pile-pile interaction is elastic. The total shaft displacement at a certain depth (i.e., u) can be divided into pile-soil relative displacement (i.e., p) and the elastic displacement of the surrounding soil (i.e., s).Recently, these concept has been introduced into the thermomechanical analysis of energy pile group [START_REF] Fei | A simplified method for geotechnical analysis of energy pile groups[END_REF], Liu et al. 2022). As suggested by [START_REF] Lee | A simplified nonlinear approach for pile group settlement analysis in multilayered soils[END_REF], the thickness of the interface was assumed to be zero, which can provide a simplified mathematical processing method for simulating the pilesoil relative displacement and elastic displacement of the soil around the pile. Thus, the total pile shaft displacement can be expressed as follows:

u p s   (1)
The elastic soil displacement induced by pile shaft stress can be calculated using the expression proposed by Randolph and Worth (1978):

0 0 = ln = m r r s G r   (2)
where 𝐺 is the shear modulus of the soil, 𝑟 0 is the pile radius, 𝑟 𝑚 is the shear influence radius.

In this study, an exponential model was employed to calculate the pile-soil relative displacement of the pile-soil interface because it can better simulate the field test results without adopting complex fitting parameters [START_REF] Kezdi | Bearing Capacity of Piles and Pile Groups[END_REF]. The exponential model is expressed as

follows: max = 1 exp s u u G p                    ( 3 
)
where τ is the pile shaft shear stress, 𝜏 𝑢 is the ultimate shear stress, 𝐺 𝑠,𝑚𝑎𝑥 is the initial stiffness of the pile-soil interface, the unit of which is kPa/m.

It should be noted that the deformation mechanisms of energy piles and conventional piles differ. For the energy pile, when the pile body is heated up, it expands, the upper part of the pile side friction decreases, and it is in the unloading stage. In contrast, the shaft shear stress at the lower end of the pile side increases and is in a loading state. When the pile body is cooled, it shrinks, and the situation is the opposite of that during heating. Therefore, Eq. (3) should be improved for the thermomechanical analysis of the energy pile. We developed a model by employing the improved Masing rule to simulate the loading-unloading-reloading path of the pile-soil interaction, and its expression can be written as Eq. ( 4). Further details can be found in (Pei et al. 2022b).

    ,max 0 0 0 0 1 exp s u u G p p                              ( 4 
)
where 𝜂 denotes the loading and unloading branching judgment factor, 𝜂 = -1 and 𝜂 = 1 represent unloading and reloading conditions, respectively, 𝑝 0 denotes the relative displacement of the pile and soil corresponding to the stress reverse point, 𝜏 0 is the pile shaft stress corresponding to the stress reversal point. When 𝑝 0 and 𝜏 0 are equal to zero, Eq.( 4)

degenerates to the expression of the initial loading curve.

Substituting Eqs. ( 2) and (4) into Eq. ( 1), the total pile shaft displacement at a given depth can be expressed as Eq. ( 5):

  0 0 0 max 0 ln 1 u s u u p s p G                           (5) 
where 𝑝 0 = 𝑢 0 -𝑠 0 = 𝑢 0 -𝜓𝜏 0 , and 𝑢 0 denotes the total shaft displacement of the pile corresponding to the shaft shear stress reversal point. Thus, Eq. ( 5) can be expressed using Eq.

(4), which is the load transfer function used to simulate the relationship between the pile shaft resistance and the relative pile-soil displacement.

    0 0 0 0 max 0 ln 1 u s u u u G                            (6)

Group interaction for energy piles considering 'sheltering-reinforcing' effect

As discussed in the previous section, the pile-soil-pile interaction in the pile group can be considered as linearly elastic and suitable for the principle of superposition. According to previous studies [START_REF] Randolph | An analysis of the vertical deformation of pile groups[END_REF], for the two energy piles system (𝑖 and 𝑗 ) subjected to thermomechanical loading, the vertical elastic displacement of the pile 𝑖 can be divided into three parts: (i) the displacement (𝑠 𝑖0 ) induced by its own load; (ii) the displacement (∆𝑠 𝑖0 ) induced by the 'sheltering-reinforcing' effect of pile 𝑗; (iii) the additional displacement (𝑠 𝑖𝑗 ) caused by 𝑗 pile under its own load. If the 'sheltering-reinforcing' effect is not considered, the total elastic displacement of 𝑖 pile can be written as follows:

0 i i i j s s s   (7) 
In the proposed method, we consider the 'sheltering-reinforcing' effect. Therefore, the total elastic displacement of 𝑖 pile can be written as follows:

0 0 i i i i j s s s s    (8)
According to the formulation proposed by Randolph and Worth (1978), 𝑠 𝑖0 can be calculated as follows:

0 0 0 = ln si m i r r s G r  (9) 
The shear stress of pile 𝑖 transferred to the side of pile 𝑗 can be expressed as follows: 0 0 , ( )

sij sji aij m aij r r s r s      (10) 
where 𝑠 𝑎𝑖𝑗 denotes the distance between the axes of two piles. Considering the 'shelteringreinforcing' effects of pile 𝑗 on pile 𝑖, ∆𝑠 𝑖0 can be obtained by:

0 0 0 0 = ln ln sji sij m m i aij aij aij r r r r r s G s s G s     (11) 
If the existence of pile 𝑗 is not considered, then the displacement at the position of pile 𝑗 caused by pile 𝑖 under its own load is:

0 0 0 = ln ,( ) sji m ji aij m aij r r s r s r G s    (12) 
In addition, the shear stress transferred from pile 𝑖 to the side of pile 𝑗 (i.e., 𝜏 𝑠𝑖𝑗 ) reduces the displacement of pile 𝑗 as follows:

0 0 0 0 0 0 = ln ln sji sji m m ji aij r r r r r s G r s G r     (13)
Therefore, the additional displacement of pile 𝑗 induced by the load of pile 𝑖 can be expressed as follows:

0 0 0 0 0 ln ln sji m m ji ji ji aij aij r r r r s s s G s s r              (14)
According to the assumption that 𝜏 𝑠𝑖𝑗 = 𝜏 𝑠𝑗𝑖 = 𝜏 𝑠𝑖 [START_REF] Zhang | Simplified non-linear approaches for response of a single pile and pile groups considering progressive deformation of pile-soil system[END_REF], the additional elastic displacement of pile 𝑖 caused by the load of pile 𝑗 is equal to the additional elastic displacement of pile 𝑗 caused by the load of pile 𝑖, that is:

0 0 0 ln ln si m m ij ji aij aij r r r r s s G s s r             (15)
Thus, for a two-pile system, the total elastic displacement of pile 𝑖 can be obtained as follows:

0 0 0 0 0 0 0 ln ln ln ln si m m m m i i i i j aij aij aij aij r r r r r r r s s s s G r s s s s r                 (16) 
For a group of 𝑛 piles, the total elastic displacement of pile 𝑖 can be calculated as follows:

  0 0 0 0 0 1, 1, 0 0 ln ln ln ln n n si m m m m i i i ij j j i j j i aij aij aij aij r r r r r r r s s s s G r s s s s r                                (17)
Therefore, the total shaft displacement of the energy pile 𝑖 is:

    0 0 0 0 max 0 = l n 1 u s i si s u u p s u G                              (18)
where 𝜓 , is the pile-pile interaction parameter, which can be written as follows:

0 0 0 1, 0 0 ln ln ln ln n m m m m j j i aij aij aij aij r r r r r r r G r s s s s r                          (19)

Load transfer function at the base of energy pile group

Similar to the definition of the pile-side displacement, the displacement at the pile end is the sum of the pile-soil relative displacement (i.e., 𝑝 𝑝 ) and the elastic displacement of the soil at the pile tip (i.e., 𝑠 𝑝 ). It can be written as

p p p u p s   (20) 
The pile-soil relative displacement can be simulated using an exponential model (Liu et al., 2022), which can be calculated as follows:

max = 1 exp p p up p up G p                      (21)
where 𝜎 𝑝 is the pile tip resistance, 𝐺 𝑝𝑚𝑎𝑥 is the initial stiffness of the pile tip-soil interface;

𝜎 𝑢𝑝 is the ultimate pile tip resistance.

According to the improved Masing rule (Pei et al. 2022), the load transfer function for simulate the loading-unloading-reloading path of the pile-soil interaction at the pile tip can be written as

    max 0 0 0 0 1 exp p p p up p p p up p G p p                                (22)
Thus, the pile-soil relative displacement of the energy pile tip can be written as

  0 0 0 max 0 ln 1 p p u p p p p p pu p p p G                       (23) 
where 𝜅 denotes the loading and unloading branching judgment factor, 𝜅 = -1 and 𝜅 = 1 represent unloading and reloading conditions, respectively, 𝑝 𝑝0 denotes the relative displacement of the pile tip and soil corresponding to the stress reversal point, 𝜎 𝑝0 is the pile tip resistance corresponding to the stress reversal point. When 𝑝 𝑝0 and 𝜎 𝑝0 equal zero, Eq. ( 22) degenerates to the expression for the initial loading curve.

According to [START_REF] Randolph | An analysis of the vertical deformation of pile groups[END_REF], the elastic vertical displacement of the soil induced by the pile tip resistance can be obtained as

  0 1 4 p p p soil r s G        ( 24 
)
where λ is the model parameter. According to the studies in [START_REF] Lin | Interaction coefficients method for calculating piles group settlements considering reinforcing and restraining effect[END_REF], the pile-pile interaction at the pile tip is insignificant. Therefore, the total displacement of the pile tip can be expressed as follows:

  0 0 0 max 0 ln 1 p p u p p p p p p p p pu p u p s p G                           (25) 
where 𝑝 𝑝0 = 𝑢 𝑝0 -𝑠 𝑝0 = 𝑢 𝑝0 -𝜆𝜎 𝑝0 , and 𝑢 𝑝0 denotes the total displacement of the pile tip corresponding to the pile tip resistance reversal point. Thus, Eq.( 25) can be expressed as Eq.( 26), which is the load-transfer function used to simulate the relationship between the pile tip resistance and the relative pile tip-soil displacement.

    0 0 0 0 max 0 ln 1 p p u p p p p p p p pu p u u G                            (26) 

Pile-slab-soil interaction for the energy pile group

The pile-slab-soil interaction of the energy pile group is simulated using a spring linked to the pile head during the load transfer method, as adopted by [START_REF] Knellwolf | Geotechnical Analysis of Heat Exchanger Piles[END_REF]Ravera et al. (2020a). The spring stiffness is calculated by [START_REF] Randolph | Design methods for pile groups and piled rafts[END_REF][START_REF] Selvadurai | Elastic analysis of soil-foundation interaction[END_REF])

  2 0 1 s s l a b s l a b h s E B L k     (27) 
where 𝐸 𝑠 is Young's modulus of the soil; 𝜈 𝑠 is Poisson's ratio of the ssoil; 𝐿 𝑠𝑙𝑎𝑏 and 𝐵 𝑠𝑙𝑎𝑏 are the length and width of the slab, respectively; and 𝜌 0 is a coefficient, which can be evaluated from the dimensions of the slab (Ravera et al. 2020a).

Parameters determination

As shown in Fig. 1, the proposed model has four parameters that are calculated as follows:

(1) Ultimate shaft resistance 𝜏 𝑢

The ultimate shear stress is the stress corresponding to the asymptote of the stress-strain curve, which is obtained by laboratory interface shear tests. If the test data are not available, the ultimate shear stress can be calculated as follows:

  s 1 sin tan u s z        (28)
where 𝜎′ 𝑧 is the effective overburden pressure, 𝜎′ 𝑧 = 𝛾 , 𝑧 for the homogeneous soil and

𝜎′ 𝑧 = ∑ 𝛾 𝑖 , 𝑧 𝑖 𝑛 𝑖=1
for the layered soil, where 𝛾 , is the effective weight of the soil. 𝛿 𝑠 is the friction angle of the pile-soil interface, which can be expressed by the soil friction angle (𝜑 s )

as 𝛿 𝑠 = 𝑡𝑎𝑛 -1 𝑠𝑖𝑛𝜑 s 𝑐𝑜𝑠𝜑 s 1+𝑠𝑖𝑛 2 𝜑 s (Pei et al. 2022b).

(2) Initial stiffness of the pile-soil interface 𝐺 𝑠𝑚𝑎𝑥 According to Randolph and Worth (1978), 𝐺 𝑠𝑚𝑎𝑥 can be obtained as follows:

smax 2 2 ln s m G G r D D  ( 29 
)
where 𝐺 𝑠 is the soil shear modulus and 𝑟 𝑚 is the shear influence radius, which is related to the pile length and soil layer distribution. The value of the shear influence radius increases with increasing soil depth. It can be expressed by:

  s 2 1 m r L     ( 30 
)
where δ is the soil shear modulus ratio, ν 𝑠 is the Poisson's ratio of the soil, L is the pile length. For homogeneous soils, the soil shear modulus ratio can be calculated as

δ = 𝐺𝐿 2 𝐺 𝐿 ⁄ ,
where 𝐺𝐿 2 and 𝐺 𝐿 are the soil shear modulus at the middle and tip of the pile, respectively.

For multilayered nonhomogeneous soils, the soil shear modulus ratio can be calculated as δ = ∫ 𝐺 𝑖𝑧 𝑑𝑧 𝐺 𝐿 𝐿 ⁄ according to [START_REF] Lee | Pile groups under negative skin friction[END_REF], in which 𝐺 𝑖𝑧 is the shear modulus of the soil layer and 𝑧 is the soil depth. According to [START_REF] Wong | Negative skin friction on piles in layered soil deposits[END_REF], the shear influence radius should adopt a value in the range of 0.5-2.5L when the length-to-diameter ratio of the pile falls within the range of 20-100.

( The initial shear stiffness of the pile tip, which can be calculated as 𝐺 𝑝𝑚𝑎𝑥 = 4𝐺 𝑠 𝜋𝑟 0 (1 -𝜈 𝑠 ) ⁄ .

Fig. 1 Steps of calculation for the determination of model parameters

Implementation for thermomechanical analysis of an energy pile group

Approaches such as the one-dimensional element and finite difference methods can implement the proposed load transfer model. Song and Pei (2022) improved the finitedifference method proposed by [START_REF] Chen | Parameters for Load Transfer Analysis of Energy Piles in Uniform Nonplastic Soils[END_REF], which was divided into mechanical and thermomechanical analyses, as shown in Fig. 2. During the mechanical analysis, the temperature change is set to zero and the pile is subjected to the mechanical load only.

Besides, no constraint is applied to the pile head since the pile only moves downwards caused by the mechanical load. The mechanical response could be obtained through an iterative procedure.

When the energy pile is subjected to heating/cooling, the pile expands or contracts, a null point (NP) is defined as the position below and above which the pile has opposite displacements.

In the thermomechanical analysis stage, the position of the NP should be assumed first, and then the element number above and below the NP should be determined. The displacement calculation of the element below the NP starts from the NP+1 element. Since the displacement of NP caused by the thermal load is zero, the initial displacement of this element is the displacement under the mechanical load. Taking this as the initial element, one iteratively calculates the displacement of all pile elements below the NP and calculates the stress of each element from the pile bottom element upward based on the displacement. The displacement and stress calculation methods for elements above the NP are similar to those below the NP.

The difference is that the stress is calculated sequentially from the downward pile head element. parameters for the present study were extracted from [START_REF] Guo | Investigation on the thermomechanical behavior of free constrained full-scale PHC energy pile in multi-layer strata[END_REF] and are shown in Table 1. The pile was continuously heated for 168 h at an average power of 3.44 kW. In this study, the heating durations of 24, 72, 96, and 168 h are selected to be modeled, corresponding to the pile temperature variations of 11.1, 13.2, 16.6, and 19.3 ℃. No mechanical load was imposed on the pile head during testing, thus the change in pile stress was caused by the thermal load only. In addition, the contact stiffness between the pile head and superstructure was not considered in this case study because there were no structural constraints on the top of the pile. Fig. 4 shows the thermally induced pile axial stresses obtained from the experiments and the model used in this study. A close agreement between the measured and computed values for all the heating steps is observed. The computed thermal stress meaningfully yields a value of zero at the pile head, which reflects the absence of restraint provided by any structural elements.

The thermal stress increases with the pile depth and decreases again towards the pile tip.

Differences between the simulations and measurements along the pile in the first two soil layers can be found. The reason may be attributed to the significant variations of the ultimate skin friction of the first three soil layers, i.e., 37.82, 12.4 and 106.4 kPa for the first, second and third soil layers, respectively. As the temperature change increases, the second layer of soil needs to mobilize more friction than under lower temperature changes to resist the significantly increased relative pile-soil displacement. Even the third soil layer may mobilize more friction when the second soil layer is incapable of providing enough friction to reach the limit equilibrium, which would induce the stress redistribution along the pile depth and thus explains the variation of the thermal stress of the pile body in the second layer of soil. A similar phenomenon can also be found in previous studies (Rotta Loria and Laloui 2018, [START_REF] Fang | Thermomechanical Behavior of Energy Piles and Interactions within Energy Pile-Raft Foundations[END_REF]. 

Tests of an energy pile group

The analysis case was a full-scale field test of a pile group consisting of four energy piles, as reported by [START_REF] Mimouni | Behaviour of a group of energy piles[END_REF] and Rotta Loria and Laloui (2017Laloui ( , 2018)). The energy piles (EP) have a diameter of 0.9 m and a length of 28 m; their arrangement is shown in Fig. 6a. The pile group joint has a slab of 26 m long, 0.9 m thick, and 10 m wide. The piles were placed in five soil layers as shown in Fig 6b . The top layer of the soil deposit was alluvial, reaching a depth of 8.6 m. The subsequent layer is a sandy-gravelly moraine with a thickness of 8 m. Below it, a thin bottom moraine layer is found and reaches a depth of 20.1 m. The last layer is molasses, reaching a depth of 28.9 m. The soil deposit was considered to be fully saturated with water since the groundwater table was located at the surface. The relevant parameters used in this study were extracted from existing studies or calculated according to the determination methods described in Section 2, as shown in Table 2. It is noted that Young's modulus of the Molasse layer provided by Ravera et al. (2020a) was in the range of 3000-7000 MPa, based on which the calculated shear modulus fell in the range of 1153.8 -2692.3 MPa.

The initial stiffness of skin friction and tip reaction of the load transfer in the Molasse layer were calculated according to the equations mentioned in section 2.5 and fell in the range of 318.2-742.5 MPa/m and 2176.5-5078.5 MPa/m, respectively. Therefore, this study conducted two kinds of simulations using the maximum and minimum values of the initial stiffness of skin friction and tip reaction estimated from the shear modulus. The four energy piles were subjected to a heating-passive cooling cycle during the test. In this study, the monitoring results of EP1 pile (see Fig. 6a) during the heating phase were used to validate the proposed model. The 

FE simulations of energy pile groups

Saggu and Chakraborty (2016) conducted numerical studies of energy pile groups with spacings of 2.5 and 4 m using the finite element software Abaqus. In these studies, the pile group size was 3×2, and the slab was considered to be composed of the same concrete as the pile. The slabs were 15.5 m long, 1.2 m thick, and 12.9 m wide. All piles, 20 m long and 1m in diameter, were wished into a single layer of dry Ottawa sand. During the simulations, an axial load of 6000 kN was continuously applied to the slab, and all the piles were first heated and then recovered. The temperature changes were 21 and 2.8 ℃ at the heating and recovery ends, respectively. The parameters used in this study are listed in Table 3. A contact stiffness calculated as 401.7 MPa/m was considered in the study. The vertical stress at the end of the recovery phase was slightly higher than that under mechanical loading, because the pile did not return to the initial temperature. An interesting phenomenon is that the corner piles show a more significant thermal stress than the central piles because of the interaction effects, which is in agreement with previous studies [START_REF] Jeong | Thermally induced mechanical response of energy piles in axially loaded pile groups[END_REF][START_REF] Suryatriyastuti | On the understanding of cyclic interaction mechanisms in an energy pile group[END_REF]. A similar phenomenon can be observed in Fig. 9(d), (e), and (f) for the piles with 4.0 m center-to-center spacing. effect in the group. The difference between the results without and with consideration of the 'sheltering-reinforcing' effect tend to disappear when s/D is larger and the convergence is delayed if the number of piles increases. The displacement ratio obtained by the finite element simulation is the largest, and the results without and with consideration of the 'shelteringreinforcing' effect are smaller and smallest, respectively. The possible reasons, similar to those discussed by [START_REF] Liu | A simple method for analyzing thermomechanical response of an energy pile in a group[END_REF], are as follows:

(i)

The nonlinear interaction of the pile-soil interface is not considered in the finite element simulations of Rotta Loria and Laloui (2016). Thus, when the pile is subjected to the thermal load, the pile and soil will deform together, and there is no relative slip between them. However, the nonlinear pile-soil interaction is considered in the proposed model, which means there will be a relative slip between the pile and soil. The shaft resistance induced by surrounding soil will hinder the upward expansion of the pile. Therefore, the displacement ratio obtained by the finite element simulation is greater than that obtained by the model proposed in this study.

(ii) Even though the nonlinear mechanical properties of the interface have been considered, the calculation without considering the 'sheltering-reinforcing' effect would overestimate the displacement ratio of the pile.

Besides, the displacement ratio obtained in the free displacement field increases significantly when s/D=3. The reason may be that the shear displacement of the surrounding soil in the free displacement field varies according to a non-linear decreasing function with pile spacing and increases rapidly at smaller pile spacings [START_REF] Wang | Interaction factor for large pile groups[END_REF]. The comparison results show the importance of considering the 'sheltering-reinforcing' effect in estimating the energy pile group response and the relevance of the model proposed in the present study.

Parametric study

This section aims to study the influence of the pile-slab-soil interaction, pile spacing, pile position and number in a group using the present load transfer model. To this end, a series of simulations was conducted using the parameters listed in Table 4. 

Effect of the pile-slab-soil interaction

To study the effect of the pile-slab-soil interaction on the thermomechanical behavior of an energy pile group, a 2×2 pile group and an isolated pile were modeled. The pile-to-pile spacing of the group was three times the pile diameter. The parameters used in simulations are

shown in Table 4. The piles were subjected to temperature changes of 10 and 30 ℃. Contact stiffness values of 0, 1, 3, 5, and 7 GPa/m were used in simulations. Fig. 10 shows the effect of the contact stiffness on the thermal vertical stress of the pile. It can be observed that more thermal stress was induced as the contact stiffness increased. The thermal stress generated at the pile head of the pile group was slightly larger owing to the pile-slab-soil interaction. Fig. 11 shows the effect of the contact stiffness on the maximum thermal vertical stress in the pile. It can be found that the maximum thermal stress in the pile in the group under the same contact stiffness was smaller than that of the isolated pile. This phenomenon has also been observed in previous studies [START_REF] Suryatriyastuti | On the understanding of cyclic interaction mechanisms in an energy pile group[END_REF], Ravera et al. 2020a). The thermally induced downward displacement of the pile under different levels of pileslab-soil interaction is compared in Fig. 12. According to the study of [START_REF] Najma | Incremental load transfer analysis of an energy pile under arbitrary mechanical and thermal loads[END_REF], the location of the NP (i.e., thermally induced displacement equal to zero) approaches the pile head with greater pile head constraint, which explains why the position of NP gradually moves upward as the contact stiffness increases. It is also observed that the absolute values of the pile head and end displacements decreased and increased, respectively, as the contact stiffness increased. Additionally, the NP of the pile group was lower than that of the isolated pile under the same constraint conditions. Fig. 13 presents the effect of the contact stiffness on the absolute value of the maximum thermal vertical displacement of the pile. Compared with the isolated piles, the pile group had larger thermally induced displacements under the same constraints; however, this difference became insignificant as the temperature change increased. 4. The pile-to-pile spacing of the group was three times the pile diameter. During the simulation, all the group piles were energy piles and subjected to a temperature change of 30 ℃. Besides, contact stiffness equal to zero was considered. Fig. 14 shows the vertical thermal displacement of the pile head subjected to different spacings. It can be observed that the thermal displacements decreased with increasing pile spacing, which is consistent with the results of [START_REF] Jeong | Thermally induced mechanical response of energy piles in axially loaded pile groups[END_REF][START_REF] Rotta Loria | The interaction factor method for energy pile groups[END_REF]. This may be because an increase in pile spacing weakens the pile interactions within the group. The mechanism was discussed in detail in a study by Rotta Loria et al.( 2016) on the interaction factor of energy-pile groups. In addition, the comparison results with and without considering the 'sheltering-reinforcing' effect, shown in Fig. 14, further indicate the advantage of the present method in the analysis of the response of the energy pile group. The difference between thermal stresses in the pile group and the isolated pile decreased as the temperature increased. However, the pile head displacement increased with the number of piles.

These results are consistent with those found by experimental and numerical studies(Rotta Loria and Laloui 2017b, Ravera et al. 2020a[START_REF] Fang | Group Performance of Energy Piles under Cyclic and Variable Thermal Loading[END_REF]) and validate the applicability of the present method to simulate the interactions and group effects of energy piles. 

Discussion

In this study, we proposed an experimentally validated load transfer model that considers the 'sheltering-reinforcing' effect for the thermomechanical analysis of energy pile groups. The proposed method modeled two well-documented full-scale field tests and two finite-element simulation cases. The comparison results showed that the proposed method could capture several essential aspects of the energy pile group, including thermally induced strain, stress, displacement, and group effects. Also, we conducted a parametric analysis to evaluate the effects of relevant parameters on the thermomechanical behavior of the energy pile group.

Recently, several methods considering pile-pile interactions have been developed for the thermomechanical analysis of energy pile groups. For example, Rotta Loria and Laloui (2018) proposed an analytical model to analyze the vertical displacement and the increased deformation of energy pile groups subjected to thermal loads more comprehensively by defining a pile-soil-pile interaction factor. Iodice et al. (2021) provided a unified methodology involving a novel explicit formula for evaluating the maximum thermally induced axial load by establishing the effect of the actual restraint condition at the pile head as a function of the stiffness ratio between the inactive and the active pile subgroups. Nevertheless, the present study is different from the above studies. First, the present study aims to provide an experimentally validated simple load transfer model that considers the 'sheltering-reinforcing' effects for thermomechanical analysis of energy pile groups. The model can estimate all the thermomechanical behavior of energy pile groups involving vertical displacement, strain, stress, side friction, and group effects. This aim is very different from Rotta Loria and Laloui (2018) study, which mainly focuses on estimating the vertical displacement of the energy pile group.

Furthermore, this study developed the load transfer method for the single energy pile under thermomechanical loading by considering the pile-pile interaction in the group to make it suitable for the thermomechanical behavior of energy pile groups. This is different from the study of Iodice et al. (2021) because they fulfilled their aim by analyzing numerical simulation results and proposed the design procedure by using analytical solutions, which can be worked out to obtain explicit formulae for the direct computation of axial force in a multilayer soil.

Their practical method is more geared toward calculating the thermomechanical responses of single energy piles. Second, The present study considers both nonlinear pile-soil interaction and elastic deformation of the surrounding soil. The surrounding soil is divided into disturbed and undisturbed zones. The soil in the disturbed zone is a skinny layer of soil on the soil/pile interface. The nonlinearity of the pile-soil interaction was concentrated in this interface. The area outside the interface is the undisturbed zone. Because this zone is subjected to a relatively low stress change, the stress-strain behavior of the soil is mainly elastic. The pile-soil-pile interaction in the pile group is considered linearly elastic and suitable for the principle of superposition. The advantage of this approach is that it can consider the relative slip between piles and soil for the single pile and the interaction between piles-soil-pile in pile groups. Thus, the consideration of pile-soil-pile interaction in the present study is very different from the two studies (Rotta Loria & Laloui, 2018;Iodice et al., 2021).

One of basic assumptions of the simple load transfer method is that the mechanical behavior of the energy pile is governed by thermally induced pile axial deformation. Thus, the radial deformation induced by thermal loading is not considered in the present study. There is controversy about whether the influence of radial deformation of energy piles on the response of piles can be ignored in the study of simplified analysis methods. [START_REF] Wang | Posttemperature Effects on Shaft Capacity of a Full-Scale Geothermal Energy Pile[END_REF] and [START_REF] Faizal | Axial and radial thermal responses of a field-scale energy pile under monotonic and cyclic temperature changes[END_REF] showed that axial thermal strains were more restricted to thermal expansion than radial thermal strains, which indicated that the radial thermal strains are closer to that of the pile in free thermal expansion. On the contrary, the study by [START_REF] Mimouni | Behaviour of a group of energy piles[END_REF] showed that the radial thermal strains of the pile were much lower than the free thermal strains, indicating that stiffer soils provided higher restriction to radial thermal strains than the case reported by [START_REF] Wang | Posttemperature Effects on Shaft Capacity of a Full-Scale Geothermal Energy Pile[END_REF] and [START_REF] Faizal | Axial and radial thermal responses of a field-scale energy pile under monotonic and cyclic temperature changes[END_REF]. It suggests that building loads could affect the development of radial thermal strains along the pile length. [START_REF] Saggu | Cyclic Thermo-Mechanical Analysis of Energy Piles in Sand[END_REF] observed that the radial strains induced in a pile due to thermo-mechanical loading are higher than that induced due to only mechanical loading. Elzeiny & Suleimam (2021) pointed out that the horizontal pressure decreased by 2~5 kPa when colling the pile, which corresponds quite well with the average stress associated with the measured reduction in pull-out capacity.

Bourne-Webb et al. ( 2022) conducted numerical simulations and comprehensively investigated the problem. They reported that the horizontal stress changes induced by thermal loading have significant potential effects on the thermomechanical behavior of energy piles. The effects depend on the margin concerning the initial mobilization of the shaft resistance by the mechanical load. In summary, the studies mentioned above suggested that the horizontal thermally induced contact stresses would significantly influence the thermomechanical behavior of energy piles because of the radial expansion and contraction of the pile under heating and cooling.

However, these require a confirmation from field tests under building loads representing actual boundary conditions. It is noted that the existing studies have different opinions. [START_REF] Olgun | Thermo-mechanical radial expansion of heat exchanger piles and possible effects on contact pressures at pile-soil interface[END_REF] reported that radial contact pressures typically increase less than 15 kPa, which cannot fully explain the shaft resistance observed in heating tests. They thought that the increase of heat exchanger pile capacity in response to heating, observed in several small-scale laboratory studies, cannot be directly attributed to the increase of contact pressure at the soil/pile interface. [START_REF] Faizal | Axial and radial thermal responses of energy pile under six storey residential building[END_REF] conducted a field test of the energy pile and found that the magnitudes of the axial thermal strains were more constrained than the radial thermal strains at all depths, leading to the development of axial and radial thermal stresses of up to -4.5 and -0.015 MPa, respectively, for a change in average pile temperature of 24.1 ℃. The magnitudes of the radial thermal stresses with changes in pile temperature were significantly lower than the axial thermal stresses at all depths of the pile, indicating that the radial thermal expansion had found to be almost constant with pile depth and more significant than the pile length. However, when the pile was subjected to thermal loads, Rotta Loria and Laloui (2018) conducted finite element simulations and found that the shear radius was not constant with the pile depth and smaller than the pile length. In this study, the calculation of the shear radius is considered in a simplified method. For the multi-layered soil, the shear modulus and Poisson's ratio of each soil layer are different, which means there will be different values of shear radius for each soil layer. Thus, the calculated shear radius varies with pile depth but remains unchanged within the same soil layer through this simplified method. The simplified method mentioned above for the homogeneous soil will fail to obtain a shear radius varying with depth. The calculated shear radius remains unchanged within all the pile depths because the shear modulus and Poisson's ratio of the soil keep constant, which may adversely affect the application of the proposed simple load transfer method for energy pile groups in the homogeneous soil. Furthermore, the shear radius is greater than the pile length under mechanical loads and generally smaller than the pile length under thermal loads [START_REF] Randolph | Analysis of Deformation of Vertically Loaded Piles[END_REF]Rotta Loria & Laloui, 2018).

The proposed simple load transfer method for energy pile groups in the presented study can consider the combined thermal and mechanical loads. During the thermomechanical analysis, it is necessary to consider the shear radius induced by both mechanical and thermal loads.

Therefore, the shear radius induced by mechanical loads is employed for the thermomechanical analysis because the radius induced by mechanical loads is much greater than that induced by thermal loads.

Conclusions

We proposed a simple load transfer method for the thermomechanical analysis of an energy pile group subjected to thermomechanical loads. The proposed method was validated using full-scale field tests and finite element numerical simulations. In addition, a numerical analysis was performed to evaluate the effects of relevant parameters on the thermomechanical behavior of energy pile groups. The main conclusions are as follows:

(1) The results obtained with the proposed method were compared with those from fullscale field tests and FE simulations. The comparison indicated that the proposed model could capture the thermal strain, stress, and displacement of the energy piles in the group under thermal and mechanical loads.

(2) Under the same constraints and thermal loads, the energy piles in the group exhibited less thermal stress and larger thermal displacement than the isolated piles. The difference in the thermal stress and displacement between the single energy pile and the energy pile in groups increases with the temperature change increases.

(3) The maximum and minimum thermal stresses occurred at the corner and center piles, whereas the minimum and maximum thermal displacements occurred at the corner and center piles, respectively. In addition, the thermal displacement decreased with increasing pile spacing.

(4) The thermal stress decreased as the number of energy piles in the group increased under the same thermal load. The difference between thermal stresses in the pile group and the isolated pile decreased as the temperature change increased. 
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  Fig.2Flow chart for computational thermo-mechanical analysis of energy piles (after Song
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 3 Fig.3Schematic of the soil and pile referring to the study of[START_REF] Guo | Investigation on the thermomechanical behavior of free constrained full-scale PHC energy pile in multi-layer strata[END_REF] 
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 45 Fig. 4 Experimental and modeled thermally induced pile axial stresses referring to the tests of Guo et al. (2018). (a) ΔT=11.1 ℃; (b) ΔT=13.2 ℃; (c) ΔT=16.6 ℃; (d) ΔT=19.3 ℃ Fig. 5 shows the measured and modeled thermal stress at different pile depths versus the

  temperature changes were 5, 10, 15, and 20 ℃, respectively. Additionally, an initial vertical mechanical load of 495 kN was calculated for the single pile tested by Rotta Loria and Laloui (2017). A contact stiffness calculated as 4450 MPa/m was considered. Besides, thermal stress means pile vertical stress induced by temperature changes only.
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 6 Fig.6 Schematic of (a) the energy pile foundation; (b) the soil stratigraphy (modified from Rotta Loria and Laloui 2017a, 2018a)
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 7 Fig.7shows the comparison between experimentally observed and computed thermal
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 7 Fig. 7 Comparison between experimentally observed and computed thermal vertical stresses variations. (a) ΔT=5℃; (b) ΔT=10℃; (c) ΔT=15℃; (d) ΔT=20℃
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 8 Fig. 8 FE simulated and modeled pile axial stresses referring to Saggu & Chakraborty(2016).
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 9 Fig. 9 Displacement ratio under the different pile spacings Fig.9 shows the displacement ratio for various pile groups under different pile spacings. It
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 1011 Fig. 10 Effect of contact stiffness on the thermal vertical stress of the pile. (a) and (b) are the thermal vertical stress under a temperature change of 10 ℃ of an isolated pile and a pile in a 2×2 group, respectively; (c) and (d) are the thermal vertical stress under a temperature change of 30 ℃ of an isolated pile and a pile in a 2×2 group
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 1213 Fig. 12 Effect of the contact stiffness on thermal vertical displacement of the pile. (a) and (b) are the thermal vertical displacement under a temperature change of 10 ℃ of an isolated pile and a pile in a 2×2 group; (c) and (d) are the thermal vertical displacement under a temperature change of 30 ℃ of an isolated pile and a pile in a 2×2 group
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 14 Fig. 14 Thermal displacement of the pile head under different pile spacing
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 15 Fig.15 shows a comparison of the profiles of the vertical thermal stress and displacement for
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 1516 Fig. 15 Effect of pile arrangement in a group. Thermal vertical stress of the pile under (a) ΔT=10 ℃ and (b) ΔT=30 ℃; thermal vertical displacement of the pile under (c) ΔT=10 ℃; (d) ΔT=30 ℃
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 17 Fig. 17 Effect of the number of piles in the group. Thermal vertical stress of the pile under (a) ΔT=10 ℃ and (b) ΔT=30 ℃; thermal vertical displacement of the pile under (c) ΔT=10 ℃; (d) ΔT=30 ℃.

  

  

  𝜎 𝑣𝑏 , is the effective vertical stress at the pile tip; 𝑁 𝑞 and 𝑁 𝑐 are the load capacity coefficients, which can be calculated by 𝑁 𝑞 = 𝑒 𝜋𝑡𝑎𝑛𝜑 , 𝑡𝑎𝑛 2 ( 𝑁 𝑐 = (𝑁 𝑞 -1)𝑐𝑜𝑡𝜑 , , where 𝜑 , is the effective friction angle of the pile tip soil.

	𝜋+2𝜑 , 4 ),

3) Ultimate base resistance 𝜎 𝑢𝑝 𝜎 𝑢𝑝 can be calculated as 𝜎 𝑢𝑝 = 𝑐 , 𝑁 𝑐 + 𝜎 𝑣𝑏 , 𝑁 𝑞 , where 𝑐 , is the effective cohesion of the soil, (4) Initial shear stiffness of the pile tip 𝐺 𝑝𝑚𝑎𝑥

Table 1

 1 Soil parameters considered for modelling the field tests of[START_REF] Guo | Investigation on the thermomechanical behavior of free constrained full-scale PHC energy pile in multi-layer strata[END_REF] 

	Variable	Soil layer, z [m]	Clay [0-4.3]	Silty clay 11.5] [4.3-	Clay 13.5] [11.5-	Clay 16] [13.5-	Silty [16-24] clay	Pile [24, -] tip	Pile
	Unit weight, 𝛾 𝑠𝑎𝑡 [𝑘𝑁/𝑚 3 ]	18.9	17.4	19.7	19.5	19.9	-	24.9
	Ultimate skin friction, 𝜏 𝑢 [𝑘𝑃𝑎]	2.6	6.5	10.3	22.9	31.9		
	Young's modulus, 𝐸 [𝑀𝑃𝑎]	4.6	3.6	7.5	6.6	7.3	-	45700
	Shear modulus, 𝐺 𝑠𝑜𝑖𝑙 [𝑀𝑃𝑎]	17.1	13.9	28.5	25.2	15.1	-	-
	Friction angle, 𝜑 [∘]	10	6.6	6.8	18.4	17.3	-	-
	Initial stiffness of skin friction, 𝐺 𝑚𝑎𝑥 [𝑀𝑃𝑎/𝑚]	13.1	11.1	22.9	20.3	11.8	-	-
	Ultimate tip resistance, 𝑞 𝑏 [𝑀𝑃𝑎]	-	-	-	-	-	50	-
	Initial stiffness of tip reaction, -	-	-	-	-	1200	-

Table 2

 2 Soil and pile parameters considered for modelling the field tests referring to(Rotta Loria and Laloui 2017b, Ravera et al. 2020a) 

	Variable	Soil layer, z [m]	Alluvial soil [0.0, 8.6]	Sandy-gravelly moraine [8.6, 16.6]	Bottom moraine [16.6, 20.1]	Molasse [20.1, 28.9]	Pile tip [24, -]	Pile
	Unit weight, γ sat [kN/m 3 ]	19.8	19	19.8	25.5	-	25

Table 3

 3 Soil and pile parameters considered in the present study referring to[START_REF] Saggu | Thermomechanical Response of Geothermal Energy Pile Groups in Sand[END_REF] 

	Variable	Soil layer, z [m]	Ottawa sand [0, 20]	Pile tip [24, -]	Pile
	Unit weight, 𝛾 [𝑘𝑁/𝑚 3 ]		18	-	25
	Ultimate skin friction, 𝜏 𝑢 [𝑘𝑃𝑎]		31.6	-	-
	Shear modulus, 𝐺 𝑠𝑜𝑖𝑙 [𝑀𝑃𝑎]		32.6	-	-
	Friction angle, 𝜑 [∘]		32	-	-
	Initial stiffness of skin friction, 𝐺 𝑚𝑎𝑥 [𝑀𝑃𝑎/𝑚]	16.2	-	-
	Ultimate tip resistance, 𝑞 𝑏 [𝑀𝑃𝑎]		-	8.3	-
	Initial stiffness of tip reaction, 𝐺 𝑝𝑚𝑎𝑥 [𝑀𝑃𝑎/𝑚]	-	118.6	-
	Young's modulus, 𝐸 𝑃 (𝐺𝑃𝑎)		-	-	33.7
	Thermal dilation coefficient, 𝛼 𝑠 (𝜇𝜀/℃)		-	-	10

Table 4

 4 Soil and pile parameters considered in the present study Initial stiffness of skin friction, 𝐺 𝑠,𝑚𝑎𝑥 [𝑀𝑃𝑎/𝑚] 30 Ultimate tip resistance, 𝜎 𝑢𝑝 [𝑀𝑃𝑎] 10 Initial stiffness of tip reaction, 𝐺 𝑝𝑚𝑎𝑥 [𝑀𝑃𝑎/𝑚] 1500

	Variable

  ℎ contact stiffness between the pile head and slab 𝐿 length of the pile 𝐿 slab length of the slab 𝑁 𝑞 load capacity coefficients 𝑁 𝑐 load capacity coefficients 𝑃 mechanical load applied to the pile head 𝑝 pile-soil relative displacement 𝑝 0 relative pile-soil displacement corresponding to the stress reversal point 𝑝 p pile-soil relative displacement of the pile tip 𝑝 p0 relative displacement of the pile tip and soil corresponding to the stress reverse point 𝑟 0 pile radius 𝑟 𝑚 shear influence radius 𝑠 elastic displacement of the surrounding soil 𝑠 𝑖0 displacement of pile i induced by its own load 𝑠 ij additional displacement caused by 𝑗 pile under its own load 𝑠 aij distance between the axes of two piles 𝑠 p elastic displacement of the soil at the pile tip 𝑢 total shaft displacement at a certain pile depth 𝑢 0 total pile shaft displacement corresponding to the shaft shear stress reversal point 𝛼 𝑠 thermal dilation coefficient of the pile ∆𝑠 𝑖0 displacement induced by the 'sheltering-reinforcing' effects of pile 𝑗 δ soil shear modulus ratio 𝛿 𝑠 friction angle of the pile-soil interface 𝜂 loading and unloading branching judgment factor 𝜅 loading and unloading branching judgment factor 𝜈 soil Poisson's ratio of the soil 𝜎 p pile tip resistance

	𝜎 𝑢𝑝	ultimate pile tip resistance
	𝜎 𝑝0 𝜎 𝑣𝑏 ,	pile tip resistance corresponding to the stress reversal point effective vertical stress at the pile tip
	𝜎′ 𝑧	effective overburden pressure
	𝜏	pile shaft shear stress
	𝜏 𝑢	ultimate shear stress
	𝜏 0	pile shaft stress corresponding to the stress reverse point
	𝜑 s 𝜑 ,	friction angle of the soil effective friction angle of the pile tip soil
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negligible effects on the development of axial thermal strains and stresses.

In some studies (Garbellini and Laloui 2019b[START_REF] Iodice | Analytical Solutions for Ultimate Limit State Design of Thermal Piles[END_REF][START_REF] Iodice | A practical method to design thermally stressed piles[END_REF], Liu et al. 2022), radial thermal effects are commonly considered relatively small compared to axial thermal effects when predicting the axial thermal response of energy piles due to the low diameter-tolength ratio of the pile. Some load transfer analysis methods have consistently validated and predicted the axial thermal response of field-and centrifuge-scale energy piles by neglecting the radial thermal effects [START_REF] Knellwolf | Geotechnical Analysis of Heat Exchanger Piles[END_REF][START_REF] Suryatriyastuti | A load transfer approach for studying the cyclic behavior of thermo-active piles[END_REF][START_REF] Chen | Parameters for Load Transfer Analysis of Energy Piles in Uniform Nonplastic Soils[END_REF][START_REF] Luo | Probabilistic design model for energy piles considering soil spatial variability[END_REF], Ravera et al. 2020a, Rotta Loria et al. 2020a[START_REF] Hu | Life-cycle probabilistic geotechnical model for energy piles[END_REF][START_REF] Najma | Incremental load transfer analysis of an energy pile under arbitrary mechanical and thermal loads[END_REF][START_REF] Fei | Analysis of energy pile groups subjected to nonuniform thermal loadings[END_REF]. Some numerical studies have also noted that radial thermal stresses in the energy pile are significantly low compared to the axial thermal stresses along the length of the pile [START_REF] Ozudogru | Analysis of friction induced thermomechanical stresses on a heat exchanger pile in isothermal soil[END_REF][START_REF] Gawecka | Numerical modelling of thermo-active piles in London Clay[END_REF]). Besides, preliminary numerical and analytical studies on energy piles [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] Zhou | A novel cavity expansion-based analytical tool and its potential application for energy pile foundation[END_REF], along with a field study on an energy pile without end restraints [START_REF] Faizal | Axial and radial thermal responses of a field-scale energy pile under monotonic and cyclic temperature changes[END_REF]) have used cavity expansion analyses to confirm that no significant changes in pile-soil contact stresses are expected from the radial thermal expansion of the pile. However, these also need validation at various depths of a field-scale energy pile under building loads.

In the present study, a simple load transfer method was proposed for analyzing the thermomechanical behavior of energy pile groups. Therefore, the same assumption adopted by some studies, including the load transfer method for the thermomechanical analysis of energy pile and energy pile groups [START_REF] Knellwolf | Geotechnical Analysis of Heat Exchanger Piles[END_REF][START_REF] Suryatriyastuti | A load transfer approach for studying the cyclic behavior of thermo-active piles[END_REF][START_REF] Chen | Parameters for Load Transfer Analysis of Energy Piles in Uniform Nonplastic Soils[END_REF][START_REF] Luo | Probabilistic design model for energy piles considering soil spatial variability[END_REF], Ravera et al. 2020a, Rotta Loria et al. 2020a[START_REF] Hu | Life-cycle probabilistic geotechnical model for energy piles[END_REF][START_REF] Najma | Incremental load transfer analysis of an energy pile under arbitrary mechanical and thermal loads[END_REF][START_REF] Fei | Analysis of energy pile groups subjected to nonuniform thermal loadings[END_REF]) is employed to reduce the complexity of coupled thermomechanical analysis.

During the development of the simple load transfer model, the shear radius proposed by [START_REF] Randolph | Analysis of Deformation of Vertically Loaded Piles[END_REF] is employed to calculate the initial stiffness of the pile-soil interface, as shown in Eq.( 30). The shear radius is affected by pile length, shear modulus and Poisson's ratio of the soil. For the pile under pure mechanical loads, the shear radius has been