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Abstract 9 

The design of energy pile is hampered by the complex interaction between the 10 

piles and the slab subjected to thermal loads. Although finite element analysis 11 

is used to account explicitly for the interactions, this method is mainly 12 

considered as a research tool. A more practical approach for the routine design 13 

is the interaction factor method. However, to date no attention has been paid to 14 

address the pile-slab-soil interaction problem. This work investigates the 15 

energy pile-cap interaction and integrates the available formulation of the 16 

method. The method is compared with results from more rigorous finite 17 

element analyses to evaluate its performance. 18 
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1. Introduction 25 

Energy pile foundations represent an increasingly important contribution to 26 

achieve energy performance targets and fulfilling nearly zero energy buildings 27 

requirements. As interest in this technology becomes more pronounced, engineers 28 

are progressively asked to plan and design these structures. Finite element 29 

numerical analyses are considered mainly as a research tool because of the 30 

computational resources required for foundations of practical proportions. In 31 

contrast, the flexibility of simplified procedures makes them attractive for the 32 

routine design of energy pile foundations. 33 

Over the last decade, an increasing amount of research has been devoted to 34 

modifying and extending various approximate methods for the analysis of energy 35 

piles subjected to thermal loads, applied alone or in conjunction with mechanical 36 

loads that were originally developed for the analysis of conventional pile 37 

foundations subjected to only mechanical loads. This includes the formulation of a 38 

load-transfer approach [1-4] for the analysis of a single isolated energy pile and 39 

the interaction factor method based on design charts [5,6,7], the interaction factor 40 

method based on analytical models [8] and the equivalent pier method [9] for the 41 

analysis of energy pile groups. 42 

The interaction factor method proposed by Poulos [10] is widely recognised as 43 

an approximate method for estimating the vertical displacement and increased 44 

deformation of conventional pile groups. Recent studies have been presented by 45 

Rotta Loria & Laloui [5,6,7], which provide design charts to address the vertical 46 

displacement of energy pile groups subjected to thermal loads. In the case of 47 

thermal load, to date, the proposed solutions refer to the displacement interaction 48 
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for freestanding energy pile groups configuration. However, in practice, it is 49 

common to cast the cap of a pile group foundation directly on the ground [11]. 50 

Therefore, the goal of this study has been (i) to investigate the energy pile-cap 51 

interaction (ii) to extend the interaction factor method from that of freestanding 52 

energy pile groups to that of energy pile groups with a slab supported on soil (iii) 53 

to propose charts that can be completely integrated with the current available 54 

formulation (iv) to investigate the conditions of application of the simplified 55 

procedure proposed based on a comparison with results of 3D thermo-mechanical 56 

finite element analyses. 57 

The analysis approach considered in this work draws on investigations by 58 

Poulos [12] for addressing the influence of a pile-cap on the behaviour of an 59 

axially loaded pile and Davis & Poulos [13] for the analysis of pile raft systems. 60 

In contrast to the approach originally proposed by Davis & Poulos [13], 61 

considering the limit of non-compatibility of the displacements, underlined by the 62 

authors themselves in the proposition of the method, a correction factor to 63 

consider the interaction between the slab and the piles is proposed. The study is 64 

based on thermo-mechanical finite element analyses. 65 

 66 

2. Energy pile-soil-cap interaction: modelling and method 67 

 68 

A rigorous analysis of pile foundations requires the study of the interaction 69 

between the foundation, the structure and the soil. The interaction of the pile-soil-70 

structure assumes a character of not negligible complexity, whereby the search for 71 

the solution often requires the introduction of very marked simplifications. The 72 
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greatest difficulties lie in the schematization of the ground response. Moreover, 73 

the correct representation of the stiffness of the structure is not without 74 

uncertainties either.  75 

Early studies that consider the interaction between the pile-cap and 76 

conventional piles have been performed by Poulos [12] and Butterfield & 77 

Banerjee [14]. Butterfield & Banerjee [14] suggested that the loads carried by the 78 

individual piles in the groups with contacting caps differ from those occurring in 79 

similar floating cap systems and the contacting cap slightly increases the system 80 

stiffness depending upon the group size and pile spacing. This finding has been 81 

subsequently confirmed by experimental work [15]. Afterwards, for the analysis 82 

of pile raft foundations, approaches of varying complexity have been developed 83 

specifically by Davis & Poulos [13], Poulos & Davis [16], Randolph & Clancy 84 

[17], Randolph [18], Clancy & Randolph [11], Russo & Viggiani [19], Poulos 85 

[20], Viggiani et al. [21]. 86 

To date, with regards to energy pile group foundations, the current formulation 87 

of the interaction factor method allows the analysis of the displacement behaviour 88 

of such foundations where the cap does not make contact with the ground. Normal 89 

practice would rather be to rigidly attach the piles to a pile-cap which is supported 90 

on soil. Thermally induced mechanical interactions occur between the piles, the 91 

connecting slab and the surrounding soil which have been observed 92 

experimentally [22-25]. It is therefore considered important to have a thorough 93 

knowledge of the pile-soil-slab interaction and the availability of an approach to 94 

address the analysis of the vertical displacement.  95 

2.1 The modelling approach 96 
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The simplest unit to be analysed to address the problem of interaction is 97 

formed of a pile-cap and an energy pile subjected to a thermal load as a result of 98 

the geothermal operation of this element. The geothermal operation of the energy 99 

piles entails thermally induced deformations of these elements. It turns out that 100 

two pile portions move in the opposite directions from the null point of the 101 

vertical displacement [22, 26]. Different from situations where no base or head 102 

restraints are present, when either a rigid soil layer below the toe or a cap is 103 

present, the location of the null point is shifted towards the region of the system 104 

characterised by the higher rigidity. The displacement field transmitted in the 105 

adjacent soil is thus affected by the presence of the cap. 106 

Figure 1 provides a representation of the elementary unit composing the 107 

problem. The following assumptions and idealisation are considered. The energy 108 

pile and the pile-cap are an isotropic, homogeneous and uniform cylindrical solid 109 

and square prism respectively. The soil surrounding the shaft of the energy pile is 110 

a semi-infinite, isotropic, homogeneous and uniform mass. The application of the 111 

uniform temperature change concerns only the energy pile (i.e., only the pile is 112 

equipped as a heat exchanger). The analysis is conducted focusing on the response 113 

of these elements to a thermal load, thus reference is made to configurations in 114 

which no mechanical load from the superstructure is applied. This later hypothesis 115 

is justified by the elastic behaviour of the system allowing the use of the 116 

superposition principle. The pile is modelled as a perfectly jointed member with 117 

the cap (full moment connection). A perfect contact among the pile, the pile-cap 118 

and the soil is assumed, hence, no account has been taken of the possibility of slip 119 

or yielding at the interfaces. The pile-cap and the energy pile behave linear 120 
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thermo-elastically, whereas the soil is considered as an infinite heat reservoir at a 121 

fixed constant temperature and is characterised by a linear elastic behaviour. 122 

  123 

2.2 Method of analysis 124 

Similarly, to the formulation of the method originally proposed by Rotta Loria 125 

& Laloui [5] for groups of energy piles in freestanding conditions, the description 126 

presented in this study for the interaction between energy piles subjected to thermal 127 

load and slab is based on thermo-mechanical finite element analyses. 128 

2.2.1 Finite element analysis 129 

Thermo-mechanical finite element modelling is used in this study as an 130 

analysis and validation tool. Two types of simulations have been carried out: (i) 131 

steady state analyses to develop the simplified procedure and (ii) time dependent 132 

analyses to check the condition of validity of the method.  133 

3D steady state finite element simulations are carried out with the software 134 

COMSOL Multiphysics version 5.3a [27] (i) to analyse the effect of interaction 135 

between the pile and the cap (ii) to propose a formulation of the interaction factor 136 

concept for energy pile groups with slab (iii) to present design charts for the 137 

analysis of the slab interaction fully compatible with the actual available method.  138 

3D time dependent finite element simulations referring to problem closer to 139 

reality has been used to investigate the conditions of validity of the approach. 140 

Results obtained from the interaction analyses of the elementary unit, used in the 141 

simplified approach, are compared with results of interaction of general energy 142 

pile groups with slab. 143 
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Considering the symmetry of the problem only a quarter model is required. The 144 

model has a width and a breadth of x = 50D and a height of h = 25L in the 145 

analyses of the elementary unit. The model has a width and a breadth of x = 50D 146 

+ (nep-1)s and a height of h = 25L in the analyses of the general energy pile group 147 

system, where nep is the number of energy piles along a column or a row of the 148 

group in plain view in the considered direction and s the spacing among the piles. 149 

For the mesh, an example regarding the elementary unit and the general energy 150 

pile group is illustrated in Figure 2. The energy pile, the pile-cap and soil domains 151 

are described through extremely fine tetrahedral elements. The distribution of the 152 

mesh is denser in the area around the piles and coarser towards the boundary of 153 

the models. Depending on the pile configuration the number of elements varies 154 

between 90000 and 140000.  The model was used in freestanding condition and 155 

the compatibility of the model has been verified in order to guarantee the integrity 156 

of the method with the current available formulation. 157 

2.2.2 Mathematical formulation 158 

Steady state and time dependent thermo-mechanical finite element simulations 159 

have been performed.  The former refers to simplified analyses while the latter 160 

was used in the validation phase where the geometries and the responses of the 161 

ground and of the pile to temperature variations are closer to reality. The 162 

equilibrium equation refers to Equation (1) 163 

 164 

𝛻𝛻 ∙ 𝜎𝜎𝑖𝑖𝑖𝑖 + 𝜌𝜌𝑔𝑔𝑖𝑖 = 0 (1)   165 

 166 

and the stress tensor can be written as 167 
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 168 

𝜎𝜎𝑖𝑖𝑖𝑖 = 𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖[𝜀𝜀𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖∆𝑇𝑇] (2) 169 

 170 

where 𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the elastic stiffness tensor, 𝜀𝜀𝑖𝑖𝑖𝑖 is the total strain tensor, 𝛼𝛼 is the 171 

linear thermal expansion coefficient, 𝛼𝛼𝑖𝑖𝑖𝑖 is Kronecker delta and ∆𝑇𝑇 is the 172 

temperature change. 173 

The mathematical formulation employed in the finite element analyses refers to 174 

the heat transfer in porous materials theory. The heat transfer mode considered in 175 

this study is conduction. The energy conservation equation reads 176 

 177 

𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

− 𝛻𝛻 ∙ (𝜆𝜆𝛻𝛻𝑇𝑇) = 0 (3) 178 

 179 

where 𝑐𝑐𝑝𝑝 is the specific heat,  𝜕𝜕 is the time, 𝜆𝜆 is the thermal conductivity and ∇ 180 

represents the gradient. The first term in Equation (3) disappear in steady state 181 

conditions. The thermal properties of the energy piles and the surrounding soil are 182 

temperature independent. 183 

2.2.3 Boundary and initial conditions 184 

Pinned boundary restrictions are applied to on the base of the model, hence, 185 

both vertical and horizontal displacements are prevented. Roller boundary 186 

restrictions are applied to the external sides of the soil mass that prevent 187 

horizontal displacements on the sides. Between the soil and the piles, a perfect 188 

contact is considered. No mechanical loads are prescribed at the top surfaces.  The 189 

horizontal top boundary (i.e., soil surface and external boundaries of the cap/slab) 190 

is treated as adiabatic. Thermal loading was modelled by the application of an 191 
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increment of temperature of ΔT = 10 °C to all the nodes of the pile under steady 192 

state heat flow conditions. It is acknowledged that this is a simplification with 193 

respect to the actual temperature distribution in the pile cross-section and 194 

surrounding soil with time. However, this assumption is reasonable with respect 195 

to the temperature along the pile which has been found to be almost constant by 196 

Bourne-Webb et al. [28].  In the time dependent analyses, throughout these 197 

simulations, the temperature change is applied to all the nodes of the energy piles 198 

for a time of t = 6 months, representative of a seasonal cycle. 199 

2.2.4 Material properties 200 

The soil properties have been successfully employed by Rotta Loria et al. [29] 201 

to model the behaviour of energy piles in dry Nevada sand with reference to 202 

physical observations. Table 1 summarises the material properties considered for 203 

the simulations. The analyses have been conducted considering a diameter of D = 204 

1 m.  205 

 206 

3. Single rigid pile-cap unit 207 

 208 

This section presents the results of the analysis of a single rigid pile-cap unit, 209 

as a starting point for the analysis of general pile groups. The effects of contact 210 

between a single isolated pile subjected to a temperature change and a rigid cap 211 

are analysed in the following. The solutions refer to steady state finite element 212 

analyses. 213 

The presence of a cap in contact with the ground results in a variation of 214 

rigidity of the system. Therefore, when a load is applied, variations of the 215 
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displacement and stress fields, in comparison to the freestanding condition, are 216 

expected. The influence of a pile-cap on the displacement field is examined in this 217 

paper by comparing the displacement of the pile with the cap to the displacement 218 

of the corresponding freestanding pile. The ratio is expressed in terms of pile-cap 219 

displacement ratio, Rc. 220 

 221 

𝑅𝑅𝐶𝐶 =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜕𝜕 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑑𝑑𝜕𝜕ℎ 𝑐𝑐𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜕𝜕 𝑜𝑜𝑜𝑜 𝑜𝑜𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝜕𝜕𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
(4) 222 

 223 

Figure 3 shows the evolution of the pile-cap displacement ratio Rc against the 224 

pile-cap dimension ratio Dc/D. Rc turned out to be dependent on pile slenderness 225 

and cap dimensions. The influence is more evident in the case of short piles or 226 

relatively wide cap. In terms of contribution to the total rigidity of the system 227 

Figure 4 shows how the stiffness of a single energy pile varies by the presence of 228 

a pile-cap in contact with the ground, depending upon the cap size and pile 229 

slenderness. The results are presented as ratio of rigidities based on the ratio of 230 

displacements under a unit force. For pile with a slenderness ratio of L/D = 25 231 

with a pile-cap of Dc/D = 5 the system stiffness increase is 19%. 232 

The presence of the cap at the head of the pile represents a further condition of 233 

restriction. This implies that due to the impeded deformations further stresses are 234 

developed along the length of the pile. Figure 5 shows, as an example, the 235 

maximum stress along the length of the pile normalized with respect to the 236 

maximum stress under freestanding conditions. 237 

Figure 6 presents a comparison between two pile-cap unit in the case of thermal 238 

and mechanical loading. For small values of the size of the cap the trend is similar 239 
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for both types of load while diverging for relatively large cap, showing a greater 240 

reduction in the mechanical case. 241 

 242 

4. Analysis of energy pile groups with slab 243 

 244 

4.1 Idealisation 245 

The pile-cap unit may be seen as the simplest system representing an energy 246 

pile group with slab. The modelling approach is based on defining an equivalent 247 

value of Dc such that the area occupied by the unit is the same as that occupied by 248 

a typical portion of the slab in the group. In this way, for regular and symmetrical 249 

geometries, it is possible to find a direct relationship between the dimensions of 250 

the cap and the centre to centre distance between two piles.  251 

Figure 7, as an example, provides a representation of the modelling approach for 252 

regular and symmetrical pile groups in which the problem can be decomposed 253 

into several elementary units. 254 

4.2 The modified interaction factor method 255 

The interaction factor approach for the displacement analysis of energy pile 256 

groups in freestanding conditions has been formulated by Rotta Loria & Laloui 257 

[5]. The method is based on the principle of the superposition of effects and is to 258 

be considered as a simplified method, since it requires a degree of approximation 259 

to obtain solutions even in the case of ideal situations. The modified formulation 260 

presented in this study is an integration and extension of the approach for the 261 

conditions in which the slab is in contact with the ground.  262 
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The modified procedure for the displacement analysis of general energy pile 263 

groups with slab consists of 5 steps (cf., Figure 8).  The first three summarise the 264 

original formulation and the last two evaluate the interaction of the slab through a 265 

simplified procedure. 266 

1. An analysis of the displacement of an isolated pile subject to a 267 

temperature variation is done. 268 

2. The interaction factor is defined for a pair of two piles at any given 269 

centre to centre distance.  The design charts proposed by Rotta Loria & 270 

Laloui [5] can be used for this purpose. 271 

3. The vertical head displacement of any pile k in the group in 272 

freestanding condition can be estimated by applying Equation (5) 273 

 274 

𝑤𝑤𝑖𝑖 =  𝑤𝑤𝑖𝑖 � ∆𝑇𝑇𝑖𝑖𝛺𝛺𝑖𝑖𝑖𝑖

𝑖𝑖=𝑛𝑛𝐸𝐸𝐸𝐸

𝑖𝑖=1

(5) 275 

 276 

4. The definition of the pile-cap displacement ratio can be achieved by 277 

referring to the design charts proposed in this paper. 278 

5. The displacement determined in freestanding conditions can be 279 

corrected to consider the contacting slab by referring to Equation (6) 280 

 281 

𝑤𝑤𝑖𝑖 =  𝑅𝑅𝑐𝑐𝑤𝑤𝑖𝑖 � ∆𝑇𝑇𝑖𝑖𝛺𝛺𝑖𝑖𝑖𝑖

𝑖𝑖=𝑛𝑛𝐸𝐸𝐸𝐸

𝑖𝑖=1

(6) 282 

 283 

http://creativecommons.org/licenses/by-nc-nd/4.0


© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 

13 
 

The main hypothesis is to consider an area of influence of the slab, i.e. the 284 

definition of an equivalent area of interaction. It is therefore specified that the 285 

correction is independent of the position in the group. Differences in the 286 

correction factor, such it could be a different confinement in the centre compared 287 

to the edges, are not considered. Some inaccuracy may result from these 288 

approximations; however, an appropriate consideration would result in an 289 

excessive complexity of the method not commensurate with improvement in 290 

terms of accuracy. It should be kept in mind that the method is classified as a 291 

design method the goal of which is to provide preliminary information and orders 292 

of magnitude for the quantities studied.  293 

 294 

4.3 Design charts 295 

Interaction factors for varying design situations characterising a group of two 296 

energy piles have been presented by Rotta Loria & Laloui [5] and are shown as a 297 

function of the pile spacing, the pile slenderness ratio, the pile-soil stiffness ratio, 298 

the Poisson’s ratio of the soil, the depth of a finite layer, non-uniform soil moduli 299 

and the soil-pile thermal expansion coefficient ratio. 300 

Following, the charts for the definition of the corrective factor (Rc) to be 301 

inserted at the step 4 of the procedure, as explained in section 4.2, are presented 302 

for the same conditions. They consider the presence of the slab in the 303 

determination of the displacements. The solutions have been obtained through 304 

steady state finite element analyses. The cap is rigid based on the definition of the 305 

relative flexural stiffness defined by Brown [30]. 306 
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4.3.1 Effect of pile spacing, pile slenderness ratio and pile-soil stiffness ratio 307 

The curves in Figs. 9 to 11 shows the evolution of the pile-cap displacement 308 

ratio as a function of the dimensionless pile spacing s/D for several pile-soil 309 

stiffness ratios Λ=EEP/Gsoil and slenderness ratio L/D.  310 

The pile-cap displacement ratio decreases with the increase of the centre to 311 

centre distance. As the spacing increases the effectiveness of reducing the 312 

displacement is diminished with increasing pile compressibility. Compressible 313 

piles have little reduction effect on displacement, the effect is clearer in the case 314 

of short piles. The trends show the complex interplay of the relative stiffness of 315 

the elements of the system and how the relative stiffness of the elements influence 316 

the behaviour not in a univocal way. The effect of interaction results more marked 317 

for shorter pile, while for higher length the value is around 20% reduction.   318 

4.3.2 Effect of cap thickness 319 

The results showed above refers to a given value of the cap thickness. The 320 

influence of this parameter has been investigated and a correction factor ξt to take 321 

it into consideration is proposed in Figure 12. The pile-cap displacement ratio for 322 

any value of t is given by 323 

 324 

𝑅𝑅𝑐𝑐 =  𝜉𝜉𝑡𝑡𝑅𝑅𝑐𝑐,𝑡𝑡=0.6 𝑚𝑚 (7) 325 

 326 

The reduction increases with the increase of the thickness of the cap. This effect 327 

becomes more marked as the dimensionless spacing s/D increases, corresponding 328 

to a larger cap. 329 

4.3.3 Effect of Poisson’s ratio 330 
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Correction factors ξν to the pile-cap displacement ratio for different values of 331 

the Poisson’s ratio, νsoil are shown in Figure 13. The adjusted value reads 332 

 333 

𝑅𝑅𝑐𝑐 =  𝜉𝜉𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅𝑐𝑐, 𝜈𝜈𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑=0.3 (8) 334 

 335 

The effect becomes more marked as the spacing increases, however in the 336 

whole range of the centre-to-centre distance the correction is less than 8%. 337 

4.3.4 Effect of finite layer depth 338 

Solutions for the pile-cap displacement ratio for a unit where there is a finite 339 

layer are illustrated in Figure 14.  340 

The actual pile-cap displacement ratio is then 341 

 342 

𝑅𝑅𝑐𝑐 =  𝜉𝜉ℎ𝑅𝑅𝑐𝑐,ℎ 𝐿𝐿⁄ →∞ (9) 343 

 344 

Note that the presence of an infinitely rigid layer at the base results in a 345 

decrease of the restrictive effect of the cap in the head compared to the floating 346 

case. This is because since in the case of finite layer the restriction condition is 347 

lower in the head, there is a shift of the null point. Therefore, displacement in the 348 

head is greater compared to the floating case. Thus, the pile-cap displacement 349 

ratio is higher than that characterising floating piles. 350 

4.3.5 Effect of non-uniform soil modulus and thermal expansion coefficient  351 

No correction values are presented for the interaction factor in the case of non-352 

uniform soil modulus and soil-pile thermal expansion coefficient ratio. With 353 

regards to the first, analysis of its effect on the interaction showed a minor 354 
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influence of 2% and therefore the use of the method in case of energy piles in 355 

homogeneous medium is considered conservative following the analyses carried 356 

out in freestanding conditions. With reference to the second, the assumption is to 357 

be considered satisfactory except in the case of values of the thermal expansion 358 

coefficient of soil greater than that of the pile [5]. In reference to the pile-cap 359 

displacement ratio, more detailed observations are discussed in the paragraph 5.2, 360 

with reference to the linear thermal expansion coefficient of the cap as a result of 361 

thermal interactions. 362 

 363 

5. Discussion on the pile-cap displacement ratio concept 364 

Analysis and design procedures can be divided into different categories 365 

depending on the level of sophistication and rigour [31]. The interaction factor 366 

method is proposed as a preliminary design method. It is characterised by a 367 

simplified procedure, but it has an appropriate theoretical basis.  This type of 368 

procedures usually involves the use of simple computational methods or design 369 

charts with the aim of predicting the magnitude of vertical head displacements 370 

within the group with reasonable accuracy for most practical values of spacing 371 

between the energy piles. 372 

To date, the interaction with the slab was not studied with this approach and a 373 

procedure to consider the effects were not presented. In this context, a simplified 374 

procedure has been described that can be coupled to current available classical 375 

interaction factor approach to estimate the displacement behaviour of pile groups 376 

with a contacting slab subjected to thermal loads. However, any simple approach 377 

must be first calibrated against a more rigorous numerical analysis. 378 
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The method is based on the correction of the displacement obtained in 379 

freestanding conditions by means of the pile-cap displacement ratio. The 380 

corrective factor was determined for several conditions, considered to be of 381 

practical engineering interest. It was defined in reference to the elementary unit, 382 

based on the hypothesis of an equivalent area representative of the portion of slab 383 

that influences the behaviour of the pile. It is therefore necessary to verify the 384 

accuracy of this factor in describing the interaction of the slab and the pile with 385 

reference to the values obtained by the finite element analysis, where the entire 386 

foundation is modelled and a more realistic behaviour of the soil is considered, i.e. 387 

thermally induced volumetric variations are considered.  388 

Figs. 15 to 18 show the evolution of the pile-cap displacement ratio as a 389 

function of the normalised centre-to-centre distance. The analyses refer to the case 390 

of piles with slenderness ratio of L/D = 25, pile-soil stiffness ratio of Λ = EEP/Gsoil 391 

= 1000 and Poisson's ratio of soil of νsoil = 0.3. The results are presented in 392 

reference to four different thickness values of slab 0.6, 1, 2, 4 m. The values of Rc 393 

derived from steady state simplified analyses, thus referring to the elementary 394 

unit, are compared with the values of Rc obtained from time dependent thermo-395 

mechanical finite element analyses of square groups of 4, 9, 16, 25 energy piles. A 396 

more accurate description of the problem is observed for small centre to centre 397 

distances between the piles, when the number of piles is limited and the thickness 398 

of the slab increases. When considering the two limiting cases in terms of slab 399 

thickness, the following considerations are valid: (i) thin slab: for small group of 400 

piles (i.e., 4 piles) the differences between rigorous and simplified analyses are 401 

between 2-7% and for groups with a large number of piles (i.e., 25) the 402 
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differences reach 21%. It is also noted that in this last case there are 403 

configurations where there is no reduction of the displacement due to the presence 404 

of the slab compared to the freestanding case. (ii) thick slab: it is noted that in this 405 

case for groups of both small and large number of piles differences are minor and 406 

of the order at the maximum of 10%. The motivations of the inaccuracies found 407 

for large number of piles, large spacing and small thicknesses of the cap can be 408 

related to two aspects that are discussed in sections 5.1 and 5.2: the relative 409 

stiffness of the elements and the thermal interaction between the elements that 410 

turns out to be different from the mechanical load. 411 

 412 

5.1 Effect of relative flexural stiffness 413 

This section presents a more thorough discussion on the effects of slab stiffness 414 

and relative stiffness of the elements.  415 

The relative flexural stiffness can be assessed with the formulation proposed by 416 

Brown [30]. This formulation refers to the relative stiffness between the raft and 417 

the ground, where the presence of piles and therefore its contribution to stiffness 418 

is not considered. Typical range is 0.001-10 [11]. Values above 0.1 refers to rigid 419 

behaviour while lower values refer to flexible behaviour [30]. Comparisons on the 420 

stiffness of the group and slab were presented by Randolph [32]. In the case of 421 

small pile groups, the pile group stiffness is significantly greater than the stiffness 422 

of a raft foundation. Therefore, even if the pile-cap rests directly on competent 423 

ground, it will contribute little to the response of the overall foundation. In the 424 

case of large rafts, the stiffness of a pile group occupying the full area of the raft 425 

will be quite similar to that of the raft alone. These statements are also reflected in 426 
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the results of the analyses proposed in this article with reference to a thermal load 427 

(cf., Figs. 15 to 18). The flexibility of the pile-cap is governed by several factors 428 

including the thickness and the width. During all analyses, the behaviour of the 429 

elementary unit cap is rigid according to the definition of Brown [30]. For this 430 

reason, the estimates of the pile-cap displacement ratio of the elementary unit is to 431 

be considered as lower limit. In fact, considering groups of piles with the same 432 

thickness, the behaviour of the slab is more flexible as the numbers of piles and 433 

spacing increase, i.e. the overall increase of the size of the slab. 434 

The representativeness of Rc is therefore dependent on the relative flexural 435 

stiffness of the slab under examination (cf., Figure 19). If it has a rigid behaviour, 436 

then the fact of considering the interaction based on the areas of influence of the 437 

elementary unit is a good approximation. This does not appear to be accurate 438 

when the numbers of piles and spacing increase, for a slab of the same thickness. 439 

For the second conditions, the behaviour is flexible and therefore considering the 440 

slab as composed of many rigid elementary units is no longer a good 441 

representation. In these cases, however, it progressively approaches to the case of 442 

fully flexible slab configurations and the method can then be applied in its 443 

original formulation (i.e., freestanding piles). 444 

 445 

5.2 Effect of thermal interactions 446 

For conventional piles subjected to mechanical loads the presence of cap 447 

always implies a reduction in the displacement compared to the freestanding case. 448 

The present-day routine design practice for pile foundations neglects the 449 

contribution of the cap as a conservative assumption [21]. In the case of a thermal 450 
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load this assumption is not always true. 3D finite element analyses show that the 451 

activation of the energy pile induces a variation in temperature around it and the 452 

heat is transferred mainly by conduction (in the absence of fluids in motion). 453 

Therefore, the surrounding soil and the cap undergo a variation in temperature and 454 

a consequent variation in volume. There are configurations (cf., Figs. 15, 16) 455 

where these thermal interactions are more pronounced. There may be cases in 456 

which the presence of the cap does not reduce the displacement in the head of the 457 

pile but on the contrary contributes to its increase (Rc > 1) because of its thermal 458 

expansion, albeit limited for practical case. Figure 20, shows the effect of the cap 459 

thermal expansion coefficient on the pile-cap displacement ratio. To highlight this 460 

effect in Figure 20, results for linear thermal expansion coefficient ratios of 0, 1, 2 461 

are illustrated. While the values of 0 and 2 may be considered of limited practical 462 

importance, its purpose is to support the hypothesis of thermal interaction and to 463 

explain values of Rc>1.  464 

 465 

6. Conclusions 466 

This study carried out an analysis of the interaction between an energy pile and a 467 

rigidly attached rigid pile-cap resting on the soil surface. In addition, an 468 

improvement and extension have been made to the original formulation of the 469 

interaction factor method to consider the pile-slab-soil interaction. The method of 470 

analysis presented in this study falls within the category of procedures that have a 471 

proper theoretical basis, albeit simplified [31]. The usefulness of the development 472 

of this category of methods aims to enable complex practical problems to be 473 

examined in a systematic, albeit approximate, manner for the routine design. The 474 
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growing demand for the use of renewable technologies, in order to meet 475 

international requirements, needs attention to the development of effective aid 476 

tools in the planning and design phases. However, simplifications and limitations 477 

of the presented theory should be acknowledged. As in the original formulation, 478 

the method suffers from some shortcomings and aspects such as potential 479 

construction imperfections, the residual stresses at the pile shaft, the order of the 480 

driving of the piles, the layering of the soil, nonlinear behaviour of the materials 481 

and cyclic aspects related to the operation of the geothermal system are not 482 

considered. This involves the exercise of judgement for assigning representative 483 

inputs in the method (e.g., the temperature variations). 484 

From the study on the interaction for the single energy pile, the following 485 

conclusions can be drawn: 486 

- The influence on the displacement due to the presence of the pile-cap is 487 

generally less than 20%. Larger influence is highlighted for short piles and 488 

relatively wide caps. Similar effect is shown by the presence of the 489 

contacting cap on the increase of the system stiffness depending upon the 490 

pile lengths and the cap width. 491 

- Further stress is developed along the length of the pile due to the presence 492 

of the cap which represents a further condition of restriction. Maximum 493 

stress increases with decreasing length of the pile and increasing width of 494 

the cap. 495 

For the analysis of general energy pile groups with slab some of the main 496 

conclusions that can be drawn from this work are as follows: 497 
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- An effective approach to integrate the pile-slab interaction in interaction 498 

factor method has been presented. The modelling approach is based on 499 

defining an equivalent area of influence and the pile-cap unit may be seen 500 

as the simplest system representing an energy pile group. 501 

- This approach can be coupled with the current available formulation (e.g., 502 

[5]). The modified procedure for the displacement analysis of general pile 503 

groups is to correct the displacement determined in freestanding 504 

conditions through the pile-cap displacement ratio to consider the 505 

interaction with the contacting slab. 506 

- The definition of Rc can be accomplished employing design charts 507 

proposed in this work which cover a broad range of conditions of practical 508 

interest. The impact of the pile spacing, the pile slenderness ratio, the pile-509 

soil stiffness ratio, the Poisson’s ratio of the soil, the depth of a finite layer 510 

and the slab thickness has been investigated. The factor decreases with 511 

increasing of the spacing, the slab thickness and Poisson’s ratio and with 512 

decreasing the pile slenderness ratio. 513 

- Comparisons with results of 3D finite element analysis allowed to 514 

investigate the conditions of application of the simplified procedure. The 515 

comparison allows concluding that attention has to be paid mainly on two 516 

aspects: (i) the relative flexural stiffness and (ii) thermal interactions. 517 

As a general conclusion, this method can be considered useful from an 518 

applicative point of view because it allows an estimation of the expected 519 

displacement that can be used as comparison and control tool for the results 520 

obtained through more sophisticated procedures in the advanced stages of the 521 
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design process. Although the idealizations may seem relatively simplified in 522 

comparison to notoriously complex nature of the pile-soil-structure interactions, 523 

the proposed method is useful for several reasons considering the limited 524 

scientific development that address energy pile groups. (i) It facilitates 525 

understanding of the interactions between the piles, between the piles and the 526 

structure and the surrounding soil. (ii) It is a time- and cost-effective tool in the 527 

preliminary phases of the design to identify the parameters that affect the thermo-528 

mechanical behaviour of the energy foundation.  It therefore turns out to be a 529 

useful guidance tool for the engineer in the early stages of a project. (iii) It 530 

provides a reference for the analysis of more complex situations in which 531 

significant loading levels (i.e., irreversible conditions) cannot be neglected.  In 532 

fact, these cases, at the engineering level, are still challenging for the difficulty of 533 

calibrating the parameters and the considerable computational effort required both 534 

in terms of time and cost. However, experimental evidence and a return of 535 

experience are necessary and fundamental for further validation of the method. To 536 

date, no absolute benchmarks for comparison are available. 537 
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Figure 1. The elementary unit. 
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Figure 2. Example of the mesh for (a) the elementary unit and (b) the general energy pile group. 
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Figure 3. Influence of a pile-cap on displacements at the head of the pile in a deep soil layer. 

 

 

 

Figure 4. Effect of pile-cap on single pile stiffness. 
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Figure 5. Influence of a pile-cap on maximum stress in a deep soil layer. 

 
Figure 6. Comparison on the influence of pile-cap on displacements in the case of thermal and mechanical 
loading. 
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Figure 7. The modelling approach for the analysis of energy pile groups with contacting slab. 
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Figure 8. Key steps of the method for the analysis of energy pile groups with contacting slab. 
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Figure 9. Pile-cap displacement ratio for L/D = 10. 

 

 

 

Figure 10. Pile-cap displacement ratio for L/D = 25. 
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Figure 11. Pile-cap displacement ratio for L/D = 50. 

 

 

 

Figure 12. Correction factor ξt for effect of cap thickness. 
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Figure 13. Correction factor ξνsoil for effect of Poisson’s ratio. 

 

Figure 14. Correction factor ξh for effect of finite layer depth. 
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Figure 15. Comparison between the pile-cap displacement ratio obtained through steady state and time-
dependent analyses for a thickness cap of 0.6 m. 
 

 

Figure 16. Comparison between the pile-cap displacement ratio obtained through steady state and time-
dependent analyses for a thickness cap of 1 m. 
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Figure 17. Comparison between the pile-cap displacement ratio obtained through steady state and time-
dependent analyses for a thickness cap of 2 m. 
 

 

Figure 18. Comparison between the pile-cap displacement ratio obtained through steady state and time-
dependent analyses for a thickness cap of 4 m. 
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Figure 19. Effect of the relative flexural stiffness. 
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Figure 20. Effect of the linear thermal expansion coefficient. 
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Table 1. Material properties used for the 3D thermo-mechanical finite-element analyses of the comparative 
study. (Rotta Loria & Laloui, 2016) 

Reinforced concrete pile parameters Value (thermo-elastic description) Soil parameters Value (thermo-elastic description) 

EEP [MPa] 30000 Gsoil [MPa] 30 
υEP [-] 0.25 υsoil [-] 0.3 
ρEP [kg/m3] 2450 ρsoil [kg/m3] 1537 
αEP [1/°C] 1 · 10-5 αsoil [1/°C] 1 · 10-5 
λEp [W/ (m °C)] 1.47 λsoil [W/ (m °C)] 0.25 
cp, EP [W/ (m °C)] 854 cp, soil [W/ (m °C)] 961 
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