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 13 
Abstract 14 

The behaviour of an energy pile in a group is different from that of an isolated 15 

energy pile due to thermal and mechanical interactions. This study aims to extend 16 

the load transfer method to consider the mechanical and thermal interactions of 17 

energy piles in groups. The load displacement curve of an energy pile in a group 18 

is modified from that of the isolated pile through a displacement factor to account 19 

for group effects. This paper presents the results of a full-scale field test of four 20 

operating energy piles over 12 months, against which the proposed method is 21 

validated. Temperature changes of ∆T = 5, 10, 15, 20 °C were applied in the 22 

analyses. A comparison between the experimental and numerical results reveals 23 

the capability of the approach to provide information about the vertical 24 

displacement, vertical stress, and mobilised shaft resistance profile for an energy 25 

pile in a group subjected to both mechanical and heating thermal loads.  26 
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 30 

Introduction 31 

Conventional pile foundations are one of the oldest techniques for the support 32 

of structures and infrastructures to overcome the difficulties of founding on weak 33 

soils. In recent years, the necessity to sustain human activities with a limited 34 

environmental impact has stimulated the development of new technologies. 35 

Energy piles have shown great potential to work as both structural supports and 36 

geothermal heat exchangers, thereby representing an effective means to meet the 37 

worldwide request of less dependence on fossil fuels. Considering their dual role, 38 

they are subjected to both mechanical and thermal loads. However, the primary 39 

role of energy piles (the structural support) should not be jeopardised by the 40 

effects of temperature changes. 41 

Over the last twenty years, researchers have examined the impact of thermal 42 

loads on the mechanical behaviour of isolated energy piles by performing a series 43 

of full-scale field tests (Laloui et al. 2003; Bourne-Webb et al. 2009; McCartney 44 

& Murphy 2012; Murphy et al. 2014; Akrouch et al. 2014; Wang et al. 2014; You 45 

et al. 2016; Sutman et al. 2019a), small-scale experiments (Kalantidou et al. 2012; 46 

Kramer & Basu 2014; Yavari et al. 2014), centrifuge modelling (Ng et al. 2014; 47 

Stewart & McCartney 2014; Goode & McCartney 2015; Ng et al. 2015), and 48 

numerical analyses (Laloui et al. 2006; Suryatriyastuti et al. 2012; Mimouni & 49 

Laloui 2014; Batini et al. 2015; Rotta Loria et al. 2015; Saggu & Chakraborty 50 
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2015; Gawecka et al. 2017). The behaviour of energy pile groups has recently 51 

been investigated via in situ tests (Mimouni & Laloui 2015; Rotta Loria & Laloui 52 

2017a, 2018a) and numerical analyses (Di Donna & Laloui 2014; Jeong et al. 53 

2014; Salciarini et al. 2015; Di Donna et al. 2016; Suryatriyastuti et al. 2016). 54 

Civil engineers that have to perform the analysis and design of such 55 

foundations encounter new challenges. The finite-element method offers the most 56 

rigorous approach because the non-linear behaviour of the ground can be 57 

modelled, and the complete history of the pile can be simulated. This means it is 58 

possible to consider the installation process and consequent stress variations 59 

induced in the ground before the loading phase (Poulos 1989; Randolph & 60 

Gourvenec 2011). Such analyses allow a better understanding of the details of pile 61 

behaviour, but are unlikely to be readily applicable for practical piling problems 62 

because of their complexity and the considerable number of required geotechnical 63 

parameters (Poulos 1989). Therefore, a reasonable equilibrium between excessive 64 

complexity and unacceptable simplicity should be achieved. To predict the 65 

behaviour of pile foundations, geotechnical engineers are asked to take several 66 

decisions: (i) the analysis method and associated soil model; (ii) the way in which 67 

the soil profile can be idealised for the analysis; (iii) the material parameters 68 

(Poulos 1989).  69 

An attempt to develop simplified yet rational design methods to analyse the 70 

behaviour of energy piles has been made over the last decade. A load transfer 71 

approach for the analysis of a single isolated energy pile has been formulated to 72 

consider thermal loads (Knellwolf et al. 2011; Suryatriyastuti et al. 2014; Pasten 73 

& Santamarina 2014; Sutman et al. 2019b). However, in the current foundation 74 
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practice, piles are mostly used in groups. It is well recognised that the behaviour 75 

of conventional piles subjected to mechanical loads, in which the piles are located 76 

sufficiently close to each other, is different from the behaviour of single isolated 77 

piles. Recently, the mechanical and thermal interactions of energy pile groups 78 

have been investigated. Rotta Loria & Laloui (2017a, 2018a) observed that 79 

thermally induced group effects characterise closely spaced energy piles. These 80 

recent studies drive the motivation for developing analytical methods aiming to 81 

capture these effects (Rotta Loria & Laloui 2018a). Two main aspects need to be 82 

considered in the analysis and design of closely spaced pile groups: (i) the 83 

differential and average vertical displacement of piles in the group and (ii) the 84 

load redistribution produced by thermally induced mechanical interactions 85 

between energy piles in a group as well as  variations of the stress fields in the 86 

piles due to the presence of a slab (Rotta Loria & Laloui 2016, 2017a). The 87 

former aspect represents the subject matter of the interaction factor method (Rotta 88 

Loria & Laloui 2016) and the equivalent pier method (Rotta Loria & Laloui 89 

2017b), simplified yet rational analysis and design tools, which have recently 90 

been introduced for estimating the average vertical displacements of energy pile 91 

groups by considering thermally induced group effects.  92 

Prior to this study, no simplified methods were available to consider the second 93 

aspect and to estimate the vertical stress, vertical displacement, and mobilised 94 

shaft resistance profile for an energy pile in a group subjected to both mechanical 95 

and thermal loads. Based on the above considerations, the goal of this study is to 96 

propose a formulation of the load transfer method, in which the load displacement 97 

curve is modified to consider the interactions of energy piles when they are in a 98 
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group. The pile–soil interface is discretised, and the characteristics of the soil 99 

response are represented in a lumped form by ascribing the behavioural features 100 

of the soil to the interface elements, thereby considering non-linearities. In the 101 

following, the hypotheses and mathematical formulation constituting the proposed 102 

method are presented. A full-scale in situ experiment (Rotta Loria & Laloui 103 

2018a; Mimouni & Laloui 2015) is described to validate the method. Moreover, 104 

an example of the load transfer method for a 5 × 5 energy pile group is presented 105 

to demonstrate possible predictions. Finally, the concluding remarks that can be 106 

drawn from this work are presented.  107 

 108 

Load transfer method for energy piles 109 

The conventional load transfer method was first proposed by Seed & Reese 110 

(1957) and Coyle & Reese (1966) and is one of the commonly used analytical 111 

methods for the analysis of axially loaded conventional single piles. In this 112 

method, the continuity of the soil domain is neglected, which is the essence of the 113 

load transfer approach (Chin & Poulos 1991). Further, the pile–soil interaction is 114 

characterised by springs distributed along the pile shaft and at the pile base.  115 

The load displacement curve can be evaluated either empirically (Coyle & 116 

Reese 1966; Randolph & Wroth 1979; Frank & Zhao 1982; Armaleh & Desai 117 

1987; Frank et al. 1991), using soil data measured from field tests on instrumented 118 

piles and laboratory tests on model piles, or theoretically (Baguelin & Frank 1979; 119 

Kraft et al. 1981; O’Neill & Ha 1982; Chow 1986; Armaleh & Desai 1987; Ooi et 120 

al.1989; Lee & Xiao 2001). Several features such as the soil non-homogeneity, 121 
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non-linearity, post-peak softening, and interface dilation, or contraction can be 122 

incorporated (Poulos 1989). 123 

For conventional pile foundations, the method has been extended modifying 124 

the single-pile load displacement curves to consider group effects (Randolph & 125 

Clancy 1993; Randolph 1994; Lee & Xiao 2001; Comodromos et al. 2016). The 126 

applicability of the method for conventional pile groups has been proved through 127 

a series of practical cases (Randolph & Clancy 1993; Randolph 1994; Lee & Xiao 128 

2001; Comodromos et al. 2016). The applicability of the load transfer method to 129 

consider the response of a single isolated energy pile to thermal loads has been 130 

presented by Knellwolf et al. (2011), Suryatriyastuti et al. (2014), Pasten & 131 

Santamarina (2014), Sutman et al. (2019b). Based on the above considerations, 132 

the purpose of this study has been to extend the applicability of the load transfer 133 

method to consider the mechanical and thermal interactions when an energy pile 134 

is in a group. The proposed method is useful for a number of purposes, which are 135 

not all possible with the existing practical approaches including (i) the 136 

consideration of  different soil layers allowing non linearities and irreversible 137 

behaviour to be taken into account; (ii) the consideration of the pile–soil–slab–pile 138 

interaction; (iii) the estimation of the vertical stress, vertical displacement, and 139 

mobilised shaft resistance of any energy pile in the group; (iv) the estimation of 140 

differential vertical displacements; (v) the analysis of the complex geometry and 141 

size of the foundation by identifying the proper design scenario and displacement 142 

ratio. 143 

 144 

Hypotheses and considerations 145 
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The energy pile is approximated as an isotropic, homogeneous and uniform 146 

cylindrical solid, although other cross-sectional shapes of the energy pile may 147 

indeed be considered. The description presented in this study is based on thermo-148 

mechanical finite-element analyses; other approaches are possible (e.g. the finite-149 

difference method) without a loss of generality with respect to the thermo-150 

mechanical response. Thus, the energy pile is modelled as a finite-element 151 

cylinder. The pile properties are considered to be independent of temperature 152 

changes. Further, the pile material exhibits a linear thermo-elastic behaviour, and 153 

pipes are not included in the model. 154 

Mechanical and thermal loads applied to energy piles in a group cause two 155 

types of interactions: (i) mechanical interactions caused by the application of 156 

mechanical loads that are associated with variations in deformation and stress; (ii) 157 

mechanical and thermal interactions caused by the application of thermal loads 158 

that are associated with variations in temperature (Rotta Loria & Laloui 2017a). 159 

Because of the interaction between the energy piles, an amplification factor must 160 

be introduced when comparing the displacement response of an energy pile in a 161 

group to that of an isolated energy pile. The definition of the settlement ratio, Rs, 162 

has been proposed by Poulos (1968) and Poulos & Davis (1980) for conventional 163 

piles. It is defined as the ratio of the average group settlement to the settlement of 164 

a single isolated pile carrying the same average load as a pile in the group. In 165 

analysing the displacement characterising the energy pile groups, the definition of 166 

the displacement ratio, Rd, (Rotta Loria & Laloui 2016) was adopted to consider 167 

displacements in both directions. As in the case of conventional pile groups 168 

(Comodromos et al. 2016), this factor depends on the geometric configuration of 169 
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the energy piles in the group and the loading level, i.e. it depends on the variations 170 

in the displacement field induced by mechanical and/or thermal loads. In the case 171 

of energy piles the displacement field depends also on the number of piles 172 

operating as energy piles. 173 

 174 

𝑅𝑅𝑑𝑑 =
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑜𝑜𝑔𝑔𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑑𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎 𝑑𝑑𝑔𝑔𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎𝑜𝑜 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑜𝑜𝑎𝑎𝑑𝑑
(1) 175 

The displacement necessary to fully mobilise the ultimate shaft resistance, 176 

considering an energy pile in a group, is significantly higher compared with that 177 

of an isolated energy pile, as a result of the pile–soil–pile interaction. Therefore, 178 

the load displacement curve should be appropriately modified. In the curve, the 179 

soil shear resistance along the pile is expressed as a function of the relative 180 

displacement along the pile–soil interface. The ultimate resistance is kept the 181 

same. This concept has been proposed by Comodromos et al. (2016) and is 182 

employed in this study. The required displacement of an energy pile in a group 183 

necessary to mobilise the same shaft resistance of a single isolated energy pile is 184 

multiplied by the displacement ratio: 185 

 186 

𝑤𝑤𝑔𝑔𝑔𝑔 = 𝑅𝑅𝑑𝑑𝑤𝑤𝑖𝑖𝑖𝑖 (2) 187 

𝑎𝑎𝑖𝑖,𝑔𝑔𝑔𝑔 = 𝑎𝑎𝑖𝑖 (3) 188 

 189 

where wgr is the displacement of an energy pile in a group, wis is the displacement 190 

of the single isolated energy pile at the spring location, ts,gr is the shaft resistance 191 

of an energy pile in a group, and ts is the shaft resistance of the single isolated 192 
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energy pile. The load displacement relationship at the base of the energy pile is 193 

applied for piles in a group with no modifications.  194 

Equations (2) and (3) provide the same load displacement relationship for any 195 

pile in the group. However, the behaviour of a pile in the group depends on its 196 

location. Therefore, the displacement factor, Rd, must be corrected by introducing 197 

a location weighting factor (Comodromos et al. 2016).  198 

The abovementioned concept can be implemented in a finite-element or finite-199 

difference model assigning springs as boundary conditions for the shaft and base. 200 

The load displacement behaviour is modelled by adopting the load transfer 201 

method, in which the spring elements represent the elasto-plastic interactions with 202 

the soil in a simplified way. The load displacement curves used in this study rely 203 

on the relationships proposed by Frank & Zhao (1982) and Frank et al. (1991) 204 

based on the behaviour observed during in situ loading tests. The shape of these 205 

curves is characterised by the following: (i) an initial linear part that represents the 206 

elastic response of the shaft/base of the energy pile; (ii) a second linear part that 207 

describes the inelastic response of the shaft/base of the energy pile; (iii) a final 208 

plateau that refers to the perfectly plastic response when the ultimate shaft/base 209 

resistance is reached. Other forms are available to define the load displacement 210 

relationships. The load displacement curves used for characterising the single 211 

isolated energy pile and single energy pile in a group are considered to be 212 

unaffected by temperature effects. Preliminary studies on these effects have been 213 

performed for energy piles (McCartney & Rosenberg 2011; Wang et al. 2011; Ng 214 

et al. 2015; Goode et al. 2014; Kramer & Basu 2014) without providing a solid 215 

and unified observational framework. However, considering these effects might 216 
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improve the theoretical modelling of situations in which the load displacement 217 

relation might be sensitive to temperature changes (Rotta Loria & Laloui 2017b).  218 

 219 

Model algortithm 220 

 221 

In the following, the model description with reference to the curves proposed 222 

by Frank & Zhao (1982) is presented. The load displacement curves for single 223 

isolated energy piles are depicted in Figure 1 (a) and (b), where qs/2 and qb/2 are 224 

the intermediate shaft and base resistances, respectively; qs and qb are the ultimate 225 

shaft and base resistances, respectively; and wis,i represents the shaft and base 226 

displacements with subscript i representing the corresponding displacement of the 227 

intermediate or ultimate shaft and base resistances, respectively. The slopes Ks,is 228 

and Kb,is represent the stiffness of the springs that govern the pile–soil interaction 229 

for the shaft and base, respectively. The shaft and base stiffness are determined 230 

through the Menard pressuremeter modulus EM, which can be related to Young’s 231 

modulus (Amar et al. 1991; Amar & Jézéquel 1998; Clarke 1994; Frank 2009; 232 

Rotta Loria & Laloui 2017b). According to Frank et al. (1991): 233 

 234 

𝐾𝐾𝑖𝑖,𝑖𝑖𝑖𝑖 = 𝑎𝑎1
𝐸𝐸𝑀𝑀
𝐷𝐷

(4) 235 

𝐾𝐾𝑏𝑏,𝑖𝑖𝑖𝑖 = 𝑎𝑎2
𝐸𝐸𝑀𝑀
𝐷𝐷

(5) 236 

 237 

where c1 and c2 are empirical coefficients; 0.8 and 4.8 for coarse-grained soils and 238 

2 and 11 for fine-grained soils, respectively. 239 
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The modification of the load displacement curves for the consideration of 240 

group effects is based on the displacement ratio, Rd. The relationship for the shaft 241 

of an energy pile in a group is presented in Figure 1 (c). The ultimate shaft 242 

resistance is considered to be equal to that of a single isolated pile. Further, wgr,i 243 

represents the shaft displacement, with subscript i representing the corresponding 244 

displacement of the intermediate or ultimate shaft resistance. The slopes Ks,gr 1 and 245 

Ks,gr 2 represent the stiffness of the springs that govern the pile–soil interaction for 246 

the shaft. The mathematical formulation for the load displacement curve of the 247 

shaft resistance is described below. 248 

First branch: 249 

 250 

𝑎𝑎𝑖𝑖,𝑔𝑔𝑔𝑔 1 = 𝑎𝑎𝑖𝑖,1 =
𝑞𝑞𝑖𝑖
2

(6) 251 

𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠 2⁄ = 𝑅𝑅𝑑𝑑 ∙ 𝑤𝑤𝑖𝑖𝑖𝑖,𝑞𝑞𝑠𝑠 2⁄ (7) 252 

𝐾𝐾𝑖𝑖,𝑔𝑔𝑔𝑔 1 =
𝑞𝑞𝑖𝑖 2⁄
𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠 2⁄

(8) 253 

 254 

Second branch: 255 

 256 

𝑎𝑎𝑖𝑖,𝑔𝑔𝑔𝑔 2 = 𝑎𝑎𝑖𝑖,2 = 𝑞𝑞𝑖𝑖 (9) 257 

𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠 = 𝑅𝑅𝑑𝑑 ∙ 𝑤𝑤𝑖𝑖𝑖𝑖,𝑞𝑞𝑠𝑠 (10) 258 

𝐾𝐾𝑖𝑖,𝑔𝑔𝑔𝑔 2 =
𝑞𝑞𝑖𝑖 2⁄

𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠 − 𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠 2⁄
(11) 259 

 260 

The selected boundary condition for the pile shaft is expressed as force per unit 261 

area as a function of the displacement. The mathematical formulation was 262 
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implemented in the following form, where u is the displacement computed at each 263 

boundary node of the mesh:  264 

 265 

𝑎𝑎𝑖𝑖,𝑔𝑔𝑔𝑔 = �

𝐾𝐾𝑖𝑖,𝑔𝑔𝑔𝑔 1 ∙ 𝑔𝑔,  𝑔𝑔 ≤ 𝑤𝑤𝑔𝑔𝑔𝑔, 𝑞𝑞𝑠𝑠 2⁄

𝑞𝑞𝑖𝑖 2⁄ + �𝑔𝑔 − 𝑤𝑤𝑔𝑔𝑔𝑔, 𝑞𝑞𝑠𝑠 2⁄ � ∙ 𝐾𝐾𝑖𝑖,𝑔𝑔𝑔𝑔 2 , 𝑤𝑤𝑔𝑔𝑔𝑔, 𝑞𝑞𝑠𝑠 2⁄ < 𝑔𝑔 < 𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠

𝑞𝑞𝑖𝑖,  𝑔𝑔 ≥  𝑤𝑤𝑔𝑔𝑔𝑔,𝑞𝑞𝑠𝑠

               (12) 266 

 267 

The case in which Rd is equal to unity corresponds to the isolated energy piles. An 268 

analogous formulation was considered for the base resistance.   269 

The load displacement curves, as formulated above, enable non linearities to be 270 

considered and the use of different curves associated with each layer of the soil 271 

allows to consider different soil layers. 272 

 273 

Soil–slab–pile interaction 274 

The presence of a slab connecting the energy piles can be considered in a simplified 275 

way by introducing an additional spring linked to the pile head. This approach has 276 

been introduced by Knellwolf et al. (2011) to consider the restraining effect of the 277 

upper structure. The slab stiffness can be estimated through equation (13) 278 

considering a rigid rectangular plate being vertically loaded on an isotropic, elastic 279 

half-space (Gorbunov-Posadov & Serebrjanyi 1961; Poulos & Davis 1974; 280 

Selvadurai 1979; Randolph & Clancy 1993; Randolph 1994). 281 

 282 

 283 

𝐾𝐾𝑖𝑖𝑠𝑠𝑠𝑠𝑏𝑏 =
𝐸𝐸𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠�𝐵𝐵𝑖𝑖𝑠𝑠𝑠𝑠𝑏𝑏𝐿𝐿𝑖𝑖𝑠𝑠𝑠𝑠𝑏𝑏

(1 − 𝜐𝜐𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠2)𝜌𝜌0
(13) 284 
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 285 

 where Esoil is the Young’s modulus of the soil, Bslab and Lslab are the dimensions 286 

of the slab, 𝑎𝑎soil is the Poisson’s ratio of the soil, and 𝜌𝜌0 is the displacement 287 

coefficient. The displacement coefficient can be evaluated as a function of the 288 

ratio χ = Lslab/Bslab (Gorbunov-Posadov & Serebrjanyi 1961). 289 

   290 

Loading conditions 291 

The method has the capability to consider both mechanical and thermal loads, 292 

which allows the analysis of different loading conditions. Regarding the thermal 293 

load, which is the new aspect presented in this paper, the following assumptions 294 

based on the investigations of Rotta Loria & Laloui (2017b) are considered 295 

valuable. The reference system consists of an energy pile socketed in a deep soil 296 

layer at the same initial temperature and is later subjected to a temperature 297 

change. The previously described system is idealised considering the temperature 298 

change to be applied instantaneously and uniformly along the pile. A 299 

representation of the modelling approach is presented in Figure 2. 300 

 301 

Summary of model assumptions 302 

This section summarizes the main assumptions of the model and the 303 

consequences. 304 

(i) The model is based on the load transfer approach and only an energy pile is 305 

modelled. Thus, the pile-soil-slab interaction are represented in a lumped form 306 

and the continuity of the soil is neglected. 307 

(ii) The presence of the pipes in the energy piles is not modelled. 308 

https://www.collinsdictionary.com/it/dizionario/inglese-italiano/this_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/section_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/summarize_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/the_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/main_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/assumption_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/of_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/the_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/model_1
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(iii)The load displacement relationship and pile properties are considered to be 309 

independent of temperature changes. 310 

(iv)  The strain and stress analysis of an energy pile in a group is achieved through 311 

the application of the displacement ratio, Rd. The foundation’s response as a 312 

result of the thermal and mechanical interactions occuring in a group of 313 

energy pile can be performed.  314 

(v)  In the current formulation the method refers to conditions in which the 315 

behaviour of an energy pile is governed by thermally induced pile 316 

deformations (i.e., the coefficient of thermal expansion of the soil is lower or 317 

equal than that of the pile) and one-way thermal load are applied. 318 

 319 

Application and validation of the method 320 

This section compares the experimental data of a full-scale in situ test carried 321 

out at the EPFL, Lausanne (Rotta Loria & Laloui 2018a; Mimouni & Laloui 322 

2015) and the numerical results obtained with the proposed method to validate it.  323 

 324 

Thermo-mechanical test on a fully instrumented group of four energy piles 325 

The analysed case is a thermo-mechanical test on a fully instrumented group of 326 

energy piles described in detail by Mimouni & Laloui (2015) and Rotta Loria & 327 

Laloui (2017a, 2018a). A group of four energy piles with a diameter of 0.9 m and 328 

length of 28 m is located under the Swiss Tech Convention Centre (Figure 4a). 329 

All piles were bored, cast on site and are made of reinforced concrete. The energy 330 

piles are placed below a 10 m × 26 m heavily reinforced slab of 0.9 m thickness. 331 

The soil stratigraphy of the site is shown in Figure 4b and described in Table 1. 332 
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The groundwater in this area is close to the surface. The parameters, employed in 333 

the analysis, are discussed in the section Geotechnical parameters and model 334 

parameters of interest. Two experimental tests have been presented by Rotta 335 

Loria & Laloui (2018a). The first test (labelled as 20EPall) entailed the 336 

application of a heating–passive cooling cycle for all energy piles. The second test 337 

(labelled as 20EP1) entailed the application of a heating–passive cooling cycle for 338 

energy pile EP1, which was the only pile in the group that operated as a 339 

geothermal heat exchanger. The results of the heating phase from the former one 340 

were considered in this study. The test was conducted after the construction of the 341 

building; thus, constant structural loads were applied to the foundation. 342 

 343 

Modelling approach 344 

 Numerical model 345 

Two-dimensional axisymmetric finite-element simulations were conducted 346 

with COMSOL Multiphysics version 5.3 (COMSOL 2017) software, to 347 

implement the proposed mathematical formulation. Further, an extremely fine 348 

triangular mesh of 416 elements was used to describe the energy pile. The 349 

idealised system is presented in Figure 3b. 350 

Mathematical formulation 351 

Steady-state thermo-mechanical finite-element analyses were performed. The 352 

energy pile exhibits a linear thermo-elastic behaviour. Compressive stresses and 353 

contractive strains are positive. 354 

The equilibrium equation is 355 
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  356 

𝛻𝛻 ∙ 𝜎𝜎𝑖𝑖𝑖𝑖 + 𝜌𝜌𝑎𝑎𝑖𝑖 = 0 (14) 357 

 358 

where ∇ ∙ denotes the divergence, 𝜎𝜎ij the total stress tensor, 𝜌𝜌 the bulk density of 359 

the material, and 𝑎𝑎i the gravity vector.  360 

The equation that describes the thermal expansion can be expressed as 361 

 362 

𝜀𝜀𝑡𝑡ℎ = 𝛼𝛼 ∙ ∆𝑇𝑇 (15) 363 

 364 

where 𝜀𝜀𝑡𝑡ℎ denotes the thermal strain, 𝛼𝛼 the linear thermal expansion coefficient of 365 

the material, and ∆𝑇𝑇 the temperature variation. The material properties of the 366 

energy pile were considered to be independent of temperature variations. 367 

Boundary and initial conditions 368 

Spring boundary conditions were applied to the shaft and base of the energy 369 

pile. The law governing the pile–soil interaction (described in the paragraph 370 

Model algorithm) was implemented in the software to consider a non-linear 371 

response at the interface.  372 

The experimental data included variations in the strain and stress from the 373 

initial stages after the building was constructed. Therefore, the data only reflect 374 

the effect of the geothermal operation of the energy piles on the thermo-375 

mechanical behaviour of the foundation (Rotta Loria & Laloui 2018a).  376 

Throughout the simulations, each pile was assumed to carry an equal load P = 377 

495 kN. This hypothesis might not represent the reality perfectly, but can be 378 

adopted successfully because an infinitely rigid slab is considered according to 379 
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Poulos & Davis (1980) and Rotta Loria & Laloui (2017b). Temperature changes 380 

of ∆𝑇𝑇 = 5, 10, 15, 20 °C were applied in the analyses. 381 

Geotechnical parameters and model parameters of interest 382 

The geotechnical parameters considered in the analyses were based on studies 383 

previously performed in the area (Laloui et al. 1999; Laloui et al. 2003; Di Donna 384 

et al. 2016; Rotta Loria & Laloui 2017a, 2018a). Concerning the soil stratigraphy, 385 

the first layer was characterised as alluvial soil. The value of Young’s modulus 386 

proposed in this study differs from that used by Di Donna et al. (2016) and Rotta 387 

Loria & Laloui (2017a, 2018a) and was based on new verifications and analyses 388 

of test results of soil samples performed during the construction of the two 389 

experimental sites in the same area (Laloui et al. 1999; Laloui et al. 2003; 390 

Mimouni & Laloui 2015). The proposed value, based on experimental laboratory 391 

investigations, lies in the typical ranges for the considered soil. Table 1 392 

summarises the material parameters characterising the tested energy pile 393 

foundation. Table 2 lists the model parameters for the analyses of an energy pile 394 

in a group. The model parameters of interest for the analyses are (i) the slope of 395 

the elastic branch of the shaft load displacement function, Ks,is, (ii) the ultimate 396 

shaft resistance, qs, (iii) the slope of the elastic branch of the base load 397 

displacement function, Kb,is, (iv) the ultimate base resistance, qb, (v) the 398 

displacement ratio, Rd and (vi) the slab stiffness (head rigidity), Kslab.   399 

The values of Ks,is were determined based on information of material 400 

parameters characterising the tested energy pile foundation. The oedometric 401 

modulus of the soil, Eoed, was determined based on Young’s modulus, Esoil, and 402 

Poisson’s ratio, νsoil. The Menard modulus, EM, was thus obtained via the 403 
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oedometric modulus, Eoed, through the relationship proposed by Amar et al. (1991) 404 

and Amar & Jézéquel (1998). The rheological coefficient, αr, was chosen based on 405 

the soil stratigraphy of the site among the values proposed by Menard (1975). 406 

Two kinds of simulations were performed, considering the value of Ks,is of the 407 

molasse varying between one and two times the value of the moraine as proposed 408 

by Knellwolf et al. (2011) for an experimental site located 200 m far from that 409 

currently considered.  410 

The ultimate shaft resistance, qs, can be estimated by an integration of the pile–411 

soil shear strength over the surface area of the shaft (Poulos & Davis 1980). The 412 

shaft resistance was computed based on an effective stress analysis. The 413 

coefficient of lateral pressure that relates the normal effective stress acting on the 414 

pile–soil interface to the in situ vertical effective stress for non-displacement piles 415 

was assumed to be K = 0.7K0 based on the approach presented by Kulhawy et al. 416 

(1983), where K0 is the coefficient of earth pressure at rest. Regarding the shear 417 

strength angle, the values proposed by Di Donna et al. (2016) were used. The 418 

shear strength angle under constant volume, φ’cv,  was estimated through the 419 

stress–dilatancy relationship proposed by Rowe (1962) and the pile-soil interface 420 

angle of shear strength, δ’, is assumed to be equal to the angle of shear strength 421 

under constant volume conditions, φ’cv.  422 

The hypotheses described above for the slope of the elastic branch of the shaft 423 

load displacement function Ks,is of the molasse were considered to be valid for the 424 

slope of the elastic branch of base load displacement function Kb,is. The ultimate 425 

base resistance, qb , was calculated according to the equation proposed by Zhang 426 

& Einstein (1998) employing the unconfined compressive strength, UCS, 427 
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proposed by Laloui et al. (2003) for a site situated 200 m from the one under 428 

investigation. 429 

The displacement ratio, Rd, represents the key parameter for considering the 430 

group effects caused by the displacement interactions among energy piles. The 431 

definition of the displacement ratio Rd was resumed from that of the settlement 432 

ratio Rs by Rotta Loria & Laloui (2016). The definitions of the latter have been 433 

proposed by Randolph & Clancy (1993) and Comodromos et al. (1996). The 434 

application of the relationship proposed by Randolph and Clancy (1993) was 435 

found to lead to rather moderate values for small groups while it was considered 436 

more appropriate for pile groups larger than 5 × 5 (Comodromos et al. 2016).  437 

Comodromos et al. (2016) presented a relationship for pile groups up to 5 × 5, in 438 

which the settlement ratio depends on the pile group configuration, NR, and the 439 

variation in the displacement field of the single pile, Sns. Based on the 440 

experimental results of (Rotta Loria & Laloui 2017a, 2018a), it appears rational to 441 

consider the expression valid for the displacement interactions among energy 442 

piles.  For the application of this expression, the vertical head displacement of the 443 

single energy pile was used to simulate the thermally induced group effects of the 444 

closely spaced energy piles located under the Swiss Tech Convention Centre, 445 

Switzerland. The experimental results reflect variations in deformation and stress 446 

due to the geothermal operations of the system. Therefore, a value of Rd was 447 

defined to consider the mechanical interactions and to define the initial profiles 448 

before the activation of the system simulating the geothermal operations. 449 

Subsequently, the values of Rd were defined for the various thermal steps to 450 

consider the mechanical and thermal interactions (Table 3). The Rd was 451 



20 
 

determined at each simulation step because its value depends on the associated 452 

displacement field. The obtained variations in the strain and stress profiles after 453 

the activation of the system were compared with the experimental values. 454 

Rotta Loria & Laloui (2018a) experimentally determined the variations in 455 

vertical strain and stress along the length of the energy piles EP1, 2, 3, and 4 in 456 

test 20EPall. Because all the piles were heated equally, average values of 457 

temperature were legitimated by the low average population standard deviation 458 

over time characterising the inflow temperature (Rotta Loria & Laloui 2018a). 459 

Contemporaneously, the same behaviour for the strain and stress was assumed. 460 

Therefore, the experimental values were considered to be representative for the 461 

behaviour of each pile of the group, and in the analyses of the present study, a 462 

location factor equal to unity was assumed.  463 

The slab stiffness, Kslab, has been determined through the approach of 464 

Gorbunov-Posadov & Serebrjanyi (1961). 465 

A flowchart where the determination of the model parameters is illustrated is 466 

presented in Figure 4. 467 

 468 

 469 

Comparison between experimental and numerical results-Test 20EPall 470 

In this section, the experimental data collected during the execution of the full-471 

scale in situ Test 20EPall (Rotta Loria & Laloui 2018a) are compared with the 472 

numerical results obtained through the proposed method. The results were 473 

obtained for two sets of parameters for the molasse layer, as discussed previously. 474 
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The stress states generated by body loads and the application of the mechanical 475 

loads were not included in the stress and strain curves (Rotta Loria & Laloui 476 

2018a). Therefore, the data include variations due to the geothermal activation of 477 

the piles over time. Comparisons between the experimental and calculated profiles 478 

of the deformation, stress, and mobilised shaft resistance for an energy pile in the 479 

group are illustrated in Figures 4, 5, and 6. 480 

Figure 5 illustrates the changes in the vertical strain that were experimentally 481 

determined and numerically computed. The strain variation corresponds to the 482 

average value of the mean temperature variations along the uninsulated portions 483 

of EP1, 2, 3, and 4 (Rotta Loria & Laloui 2018a). For the initial stage of the 484 

geothermal operation of energy piles, discrepancies between the experimental and 485 

numerical results can be attributed to differences in temperature. According to the 486 

experimental data (Rotta Loria & Laloui 2017a, 2018a), the temperature changes 487 

were non-uniform along the length of the test piles, whereas the temperature 488 

changes in the numerical model were uniform, constant, and instantaneous. The 489 

differences can be considered acceptable for practical applications of the load 490 

transfer method. Nevertheless, a better agreement between experimental and 491 

numerical results was observed at later stages of the test, as the temperature along 492 

the piles becomes more uniform, except for the portion inside the molasse layer, 493 

in which the expansion of the ground is greater than that of the pile. However, to 494 

date, this phenomenon has only been observed in this test, and no other 495 

experimental evidence exists. In fact, the method in the current formulation refers 496 

to conditions in which the thermo-mechanical behaviour of an energy pile is 497 

governed by thermally induced pile deformations.   498 
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The experimental evidence highlights the presence of thermally induced group 499 

effects, which result in an increased deformation of the energy pile when it is in a 500 

group (Rotta Loria & Laloui 2018a). Thus, these phenomena can be analysed with 501 

the proposed method. 502 

Figure 6 presents the comparison of experimentally determined and 503 

numerically computed vertical stress. The stress variation corresponds to the 504 

average value of the mean temperature variations along the uninsulated portions 505 

of EP1, 2, 3, and 4 (Rotta Loria & Laloui 2018a). The differences are comparable 506 

to those discussed above for the vertical strain.  507 

Based on what has been experimentally observed the vertical stress variations 508 

(induced by the thermal load)  for an energy pile in a group decrease for the same 509 

temperature change applied compared to the isolated case because a greater strain 510 

occurs under equal average load (Rotta Loria & Laloui 2018a). Prior to this study, 511 

no analysis method was available to address this aspect. The agreement between 512 

experimental and numerical results corroborates the additional value of this 513 

method, which allows determination of the thermally induced vertical stress along 514 

the depth of an energy pile in a group in a simplified and rational manner. 515 

Figure 7 shows the mobilised shaft resistance at the pile–soil interface, which 516 

was inferred from the test response. A good agreement between the measured and 517 

predicted values is observed, where discrepancies in the molasse layer at later 518 

stages of the test are related to the same reasons explained previously. Moreover, 519 

for the first three temperature increments (∆𝑇𝑇 = 5, 10, 15 °C), the ultimate shaft 520 

resistance was not reached (Table 2) along the length of the pile. This is also true 521 
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for the last stage (∆𝑇𝑇 = 20 °C) for more than 70% of the length of the pile except 522 

for the molasse layer. 523 

A parametric analysis was carried out which includes a wide range of values 524 

for the definition of stiffness of the springs that govern the pile-soil interaction in 525 

the molasse since minor information relates to the molasse layer for which a 526 

detailed geological description has been made but limited geotechnical 527 

information are available. This allowed to evaluate the sensitivity of the model to 528 

the input parameter. The values are expressed in Table 4 as normalised maximum 529 

difference of  strain, stress and mobilised shaft resistance between the models for 530 

the range of stiffness of the molasse studied. The vertical strain is normalised by 531 

the strain of an energy pile under free thermal expansion conditions. The vertical 532 

stress is normalised by the thermally induced vertical stress for an energy pile 533 

under completely blocked conditions. The mobilised shaft resistance is normalised 534 

by the utlimate value of side shear resistance. The analyses show a sensitivity of 535 

the model's response at 10-12% for all cases analyzed. Only in the case of ∆𝑇𝑇 = 536 

20 °C a higher value results for the mobilised shaft resistance. This value turns out 537 

to be a point value in the area next to the moraine and molasses interface, for the 538 

rest of the length of the pile again the differences are around 10-12% as in the 539 

other cases. 540 

Despite the simplifications inherent in the theory, there is evidence to 541 

demonstrate that the behavioural characteristics revealed by the proposed method 542 

are consistent with observations from field tests on energy piles. Some differences 543 

are observed for the part of the pile in the molasse. This because the current 544 

formulation of the method based on the load transfer approach ignore the thermal 545 
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volume response of the ground. This means that the model is appropriate to 546 

simulate conditions in which the ratio of soil CTE to concrete CTE is 547 

approximately equal to or less than one. 548 

 549 

Illustrative example 550 

This section presents the possible prediction types that can be obtained with the 551 

proposed method. To illustrate the use of the procedure described previously, a 552 

square group of 5 × 5 energy piles of L = 25 m, D = 1 m, and spacing s = 5D was 553 

considered (Figure 8). Moreover, temperature changes of ∆𝑇𝑇 = 10, 30 °C were 554 

applied to all energy piles.  555 

The objective of the analysis is to estimate the vertical displacement, vertical 556 

stress, and mobilised shaft resistance, which constitute information of paramount 557 

importance for engineering applications. The procedure can be divided into the 558 

following steps: 559 

1. The energy pile–soil interaction parameters for the isolated energy pile 560 

need to be defined. In the example, reference is made to Table 5. 561 

2. A proper displacement ratio, Rd, should be defined. The formulation 562 

proposed by Comodromos et al. (2016) was considered suitable for the 563 

analysed example because it is based on the geometric configuration and 564 

displacement field. 565 

3. The energy pile–soil interaction parameters for an energy pile in a group 566 

need to be defined. To accomplish this step, the equations proposed in the 567 

paragraph Model algorithm were employed. 568 
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4. The analysis can be conducted by applying the load displacement 569 

relationship, modified for an energy pile in a group. 570 

In Figure 10, the vertical displacement and vertical stress of an isolated energy 571 

pile is compared with those of an energy pile in a group. The compressive stress 572 

and downward displacements are considered to be positive. Table 6 presents the 573 

comparison of the vertical head displacements of the two configurations. The 574 

presented results refer to a middle pile (Figure 14). Thus, a location factor equal to 575 

unity was applied throughout the simulations. The results highlight that the 576 

analysis of an isolated energy pile provides a conservative estimate of the vertical 577 

stress for the pile when it is in a group. However, this is not the case for the 578 

displacement, which must be addressed by a group analysis, although the 579 

difference between the values is limited in the presented example. These 580 

observations are consistent with those obtained experimentally, and imply that the 581 

method is suitable to model interactions and group effects.  582 

Figure 11 presents the profile of the mobilised shaft resistance. The mobilised 583 

shaft resistance derived from the analysis agrees well with the defined load 584 

displacement relationship. A complete mobilisation of the ultimate shaft 585 

resistance can be seen in the upper part of the pile, which is due to the higher 586 

displacement and lower ultimate shaft resistance. The profiles of the mobilised 587 

shaft resistance, vertical stress, and vertical displacement reflect the evolution 588 

described in the thermo-mechanical schemes based on the elastic theory presented 589 

by Rotta Loria & Laloui (2018b) when a thermal load is applied. It is worth noting 590 

in the results that the null points of the vertical displacement and shear stress 591 

coincide, because the continuity within the pile and soil was not considered. 592 
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According to the remarks made by Poulos & Davis (1980) and Rotta Loria & 593 

Laloui (2018c), not considering the continuity of the soil mass means that the 594 

movement of the pile at any point is only related to the shear stress at that point. 595 

This differs from other continuous approaches that consider the influence of the 596 

stress occurring elsewhere along the pile. Therefore, these observations should be 597 

considered when the method is applied to the analysis of an energy pile in a 598 

group. 599 

The analysis of the corner, external, and internal piles (Figure 14) is possible 600 

by applying a proper location factor to correct the displacement ratio, Rd, as 601 

proposed by Comodromos et al. (2016). The different response of a pile placed in 602 

the middle area of the group compared to an external pile is a consequence of the 603 

larger number of surrounding piles and therefore the associated interactions. 604 

Figure 12 and 13 presents the comparisons of the profiles of the vertical 605 

displacement, vertical stress and mobilised shaft resistance for the corner (ECO), 606 

the middle (EMD) and the internal energy pile (EIN). For a sake of clareness the 607 

results of the displacement are presented also in Table 7 and normalised to the 608 

displacement of the middle pile (EMD) in Figure 15. The vertical displacement of 609 

the middle piles is intermediate while the maximum and the minimum are 610 

observed in the internal (EIN) and at the corner (ECO) respectively. Consequently 611 

less stress are developed in the internal (EIN)  pile and higher in the corner (ECO) 612 

pile.  The results of a thermally loaded energy pile group foundation are in 613 

accordance with the ones of conventional piles subjected to mechanical loads. 614 
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The reported case is purely illustrative in order to show the procedure of the 615 

method. In practice, the accuracy of the results depends on a proper definition of 616 

the input parameters (i.e. displacement ratio and temperature variation). 617 

 618 

Conclusion 619 

The load transfer method presented in this paper allows the consideration of 620 

group effects in energy pile foundations subjected to both mechanical and thermal 621 

loads. 622 

The mathematical formulation for the analysis of the impact of thermal and 623 

mechanical loads on the stress and displacement behaviour of an energy pile in a 624 

group has been described. The individual response, in terms of strain and stress of 625 

an energy pile in a group, can be addressed through the application of the 626 

displacement factor in the load displacement curve of the single isolated energy 627 

pile. 628 

According to the results presented in this study, the experimental data and 629 

numerical results are in close agreement. Comparisons with experimental results 630 

reveal the capability of the modified load displacement curve with the 631 

displacement factor to capture the group effects, in a simplified manner. Despite 632 

some simplified hypotheses, when applied with engineering judgement, this 633 

approach is considered an expedient solution for the analysis of the stress and 634 

displacement behaviour of energy piles in groups. Further, this is the first practical 635 

approach for energy piles that accounts for various soil layers, non-linear 636 

behaviour of the soil, and pile–soil–slab–pile interactions. Different geometries 637 
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and foundation sizes can be studied, which make this method more flexible than 638 

other simplified approaches.  639 

As a general conclusion, the approach presented in this work leads to satisfying 640 

results for one-way thermal loads. The current formulation of the method based 641 

on the load transfer approach ignore the thermal volume response of the ground. 642 

This means that the model is appropriate to simulate conditions in which the ratio 643 

of soil CTE to concrete CTE is approximately equal to or less than one. Therefore, 644 

it is considered a time- and cost-effective solution in the preliminary phases of the 645 

analysis and design subject to the assignment of representative inputs (e.g. 646 

representative temperature variations and displacement ratio). Further 647 

experimental evidences, including cooling phenomena and cyclic temperature 648 

changes for a group of energy piles which are not available to date, are necessary 649 

to evaluate the performance of the method under a broader range of conditions. 650 
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Fig. 1. Schematics of  (a) an energy pile in a group with slab and (b) a single isolated energy pile. 
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Fig. 2. Load transfer relationship for (a) shaft and (b) base of single isolated energy pile; (c) shaft of an energy 
pile in a group. 

 

 

 

 

 

 

 



36 
 

 
Fig. 3. Modelling approach. 
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Fig. 4. Schematic of (a) the energy pile foundation (b) the soil stratigraphy (modified from Rotta Loria & Laloui 
(2017a, 2018a and (c) schematization of the model (As an example, the scheme refers to the EP1 pile). 
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Fig. 5. Steps of calculation for the determination of model parameters. 
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Fig. 6. Comparison between experimentally observed and numerically computed vertical strain variations. 
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Fig. 7. Comparison between experimentally observed and numerically computed vertical stress variations. 
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Fig. 8. Comparison between experimentally observed and numerically computed mobilised shaft resistances. 
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Fig. 9. Configuration of the illustrative example. 
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Fig. 10. Group effects on vertical displacement and vertical stress of a middle energy pile in a 5 × 5 energy pile 
group. 
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Fig. 11. Mobilised shaft resistance of a middle energy pile in a 5 × 5 energy pile group subjected to a thermal 
load. 
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Fig. 12. (a) Effect of location in axially loaded pile groups (redrawn from Comodromos et al., 2016); (b) middle 
energy pile in a group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

 

 

Fig. 13. Effect of piles location on vertical displacement and vertical stress in a 5 × 5 energy pile group 
subjected to a thermal load. 
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Fig. 14. Effect of piles location on mobilised shaft resistance in a 5 × 5 energy pile group subjected to a thermal 
load. 
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Fig. 15. Effect of piles location: evolution of the normalised vertical displacement with depth.  
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Table 1. Geotechnical parameters and pile properties characterising the investigated energy pile foundation 
(modified from Rotta Loria & Laloui, 2018a). 

Material parameters Young’s 
modulus, E 

[MPa] 

Poisson’s 
ratio,  

υ 

Unit weight, 
γsat [kN/m3] 

Shear strength 
angle,  
φ’ [°] 

Linear thermal 
expansion 
coefficient, 

α [°] 

Soil layer A   ̶ Alluvial soil    5 0.22 19.8 30  - 
Soil layer B   ̶ Sandy-gravelly moraine    84 0.4 19 23 - 
Soil layer C   ̶ Bottom moraine    90 0.4 19.8 27 - 
Soil layer D   ̶ Molasse (i.e. sandstone)    3000 - 7000 0.3 25.5 35 - 

Energy piles 28000 0.25 - - 1 · 10-5 
 

 

Table 2. Model parameters considered for  the load transfer analyses of the energy pile test 20EPall. 

Model parameters Ks,is [MPa/m] Kb,is [MPa/m] qs [kPa] qb [kPa] Kslab [MPa/m] 

Soil layer A   ̶ Alluvial soil    6.6 - 7 - - 
Soil layer B   ̶ Sandy-gravelly moraine    53 - 17 - - 
Soil layer C   ̶ Bottom moraine    57 - 28.9 - - 
Soil layer D   ̶ Molasse (i.e. sandstone)    121 (242) 667 (1335) 50.8 15836 - 
Slab interaction - - - - 4449.96 

 

Table 3. Displacement ratio Rd for modelling the energy pile test 20EPall. 

Displacement 
ratio, Rd 

Rd, mec Rd, mec+th (ΔT = 5 °C) Rd, mec+th (ΔT = 10 °C) Rd, mec+th (ΔT = 15 °C) Rd, mec+th (ΔT = 20 °C) 

Case Kb, is= 667 [MPa/m] 3.26 3.33 3.13 3.05 3 
Case Kb, is= 1335 [MPa/m] 3.26 3.32 3.12 3.04 2.9 

 

Table 4. Sensitivity of the model to the input parameters of the molasse. Values expressed as normalised 
maximum difference of strain, stress and mobilised shaft resistance between the models for the range of stiffness 
of the molasse studied. 

 ΔT = 5 °C ΔT = 10 °C ΔT = 15 °C ΔT = 20 °C 

∆𝜺𝜺𝒎𝒎𝒎𝒎𝒎𝒎,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝜺𝜺𝒇𝒇𝒕𝒕𝒕𝒕⁄  12.3 % 11.2 % 11.8 % 12.3 % 

∆𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝝈𝝈𝒃𝒃𝒕𝒕𝒕𝒕⁄  12.8 % 11.7 % 12.3 % 12.7 % 

∆𝒒𝒒𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒒𝒒𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎⁄  10.9 % 10.5 % 14.3 % 24.6 % 
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Table 5. Parameters used for the load transfer analyses of the illustrative example. 

Geometry of an energy pile in a group  

Energy pile diameter, D [m] 1 
Energy pile length, L [m] 25 
Pile spacing ratio, s/D 5 

Material properties of the energy pile  

Young’s modulus, E [MPa] 30000 
Poisson’s ratio, υ 0.2 
Linear thermal expansion coefficient, α 1 · 10-5 

Energy pile–soil interaction parameters  

Displacement ratio, Rd, th (5 × 5) 7.69 (ΔT = 10 °C), 7.60 (ΔT = 30 °C) 

Ks, is [MPa/m] 119.3 
Kb, is [MPa/m] 656.2 
qs [kPa] 7, 21, 35, 49 
qb [kPa] 4684 

 

 

 

 

 

Table 6. Comparison of vertical head displacement induced by thermal load obtained in the illustrative example 
for the middle pile (MD). 

Analysed configurations Vertical head 
displacement [mm] 

ΔT = 10 °C 
Single 1.51 

Group 5 × 5 1.65 

ΔT = 30 °C 
Single 5.57 

Group 5 × 5 5.76 

 

 

Table 7. Effect of the piles location on the vertical head displacement induced by thermal load. 

 ΔT = 10 °C ΔT = 30 °C 

Piles location MD CO IN MD CO IN 

Displacement ratio, Rd 7.69 6.99 9.05 7.60 6.90 8.94 
Vertical head displacement [mm] 1.65 1.63 1.68 5.76 5.74 5.82 

 


	,𝑡-𝑠, 𝑔𝑟.=,,,𝐾-𝑠,  𝑔𝑟 1 .∙𝑢,- 𝑢≤,𝑤-𝑔𝑟,  ,, 𝑞-𝑠.-2..-,,𝑞-𝑠.-2.+,𝑢−,𝑤-𝑔𝑟,  , ,𝑞-𝑠.-2...∙,𝐾-𝑠,  𝑔𝑟 2 .,-,𝑤-𝑔𝑟,  , ,𝑞-𝑠.-2..<𝑢<,𝑤-𝑔𝑟,  ,𝑞-𝑠..-,𝑞-𝑠.,  - 𝑢≥ ,𝑤-𝑔𝑟,  ,𝑞-𝑠....               (12)

