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Keywords  Abstract 
Energy piles provide a sustainable solution for building heating and cooling
while also serving as structural foundation elements. However, cyclic
thermal loading can alter pile–soil interaction and affect the settlement
response of surrounding structural piles, particularly in groups without pile-
head restraint. This study investigates the thermo-hydro-mechanical 
response of unrestrained energy pile groups embedded in saturated clay,
with emphasis on the interaction factor between thermally active piles and 

nearby structural piles. A three-dimensional numerical model was developed and verified against
established thermal consolidation, single energy pile, and pile group case studies. The verified model was
then used to examine the effects of pile diameter, length, spacing, and group size under two repeated thermal
cycles. The results reveal a clear heating–cooling asymmetry, with greater thermal interaction during
heating, indicating that pile expansion governed the maximum settlement interaction. During heating, the 
interaction factor was approximately 0.03–0.05, while during cooling it was lower, approximately 0.005–
0.02. The geometrical variables acted in combination: increased spacing reduced pile-to-pile interaction, 
larger pile groups intensified the thermal influence, and longer piles reduced the interaction factor by about
61–68% during cooling and 47–52% during heating when pile spacing and diameter were kept constant.
Heating generated compressive axial stresses in the energy piles, while cooling produced tensile stresses of 
comparable magnitude, highlighting the need to consider both phases in serviceability assessment. A
simplified dimensionless expression is proposed for preliminary estimation of thermally induced settlement
interaction in unrestrained energy pile groups. 

Energy piles, 
Thermal cycling, 
Pile group interaction, 
Interaction factor, 
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1. Introduction 
Energy piles are increasingly employed as 
multifunctional foundation systems that combine 
structural load transfer with shallow geothermal 
heat exchange [1,2]. In these systems, heat-
exchanger pipes are embedded within foundation 
piles, allowing the pile to operate both as a load-
bearing element and as part of the building heating 
and cooling system. This dual function makes 
energy piles an attractive solution for reducing 
energy demand and supporting more sustainable 
infrastructure [3]. However, the repeated heating 
and cooling of piles introduces additional thermo-
mechanical effects that are not normally 

considered in conventional pile design . 
When an energy pile is heated, it tends to expand; 
when it is cooled, it contracts [4]. These 
temperature-induced deformations may modify 
axial stress, shaft resistance, pore-water pressure, 
and pile-head displacement [5]. In pile groups, the 
response becomes more complex because 
thermally active piles may influence nearby 
structural piles through the surrounding soil [6]. 
Fig. 1 schematically illustrates the thermal pile–
soil–pile interaction mechanism in an 
unrestrained energy pile group under heating and 
cooling conditions. As a result, the serviceability 
performance of the foundation may be affected 
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even when the ultimate geotechnical capacity is 
not critical [7]. Settlement interaction is therefore 
an important design consideration, particularly for 
structures where differential movement between 
piles must be limited [8]. 
Previous studies have shown that interaction 
factor approaches can be useful for assessing pile 
group settlement [9,10]. The interaction factor 
concept was originally developed for 
mechanically loaded pile groups and has later 
been adapted to energy pile groups [11]. However, 
most available interaction factor methods are 
mainly applicable to specific boundary 
conditions, especially pile groups with head 
restraints, raft connections, or fixed-head 
assumptions [12]. In practice, some pile groups 
may behave closer to unrestrained or free-head 
conditions, where the absence of a cap or strong 
head restraint allows thermal deformation to 
develop more freely. Under these conditions, the 
settlement interaction between thermally active 
and structural piles may differ from that observed 
in restrained systems. 
Although numerical modelling has been widely 
used to study the behaviour of energy piles [13-
15], several limitations remain in the available 
literature. Many studies focus on single piles [16], 
capped pile groups [17], or thermo-mechanical 
behaviour without fully addressing the combined 
thermo-hydro-mechanical response [18]. In 
addition, existing IF formulations are often 
geometry-specific, complex, or difficult to use in 
preliminary design. Some regression-based 
expressions require many coefficients and provide 

limited physical interpretation, which reduces 
their practical value for engineers . 
This study investigates the thermo-hydro-
mechanical response of unrestrained energy pile 
groups embedded in saturated clay. The main 
focus is the IF between thermally active piles and 
nearby structural piles under repeated heating and 
cooling cycles. The effects of pile diameter, pile 
length, pile spacing, and group size are examined 
using a verified three-dimensional numerical 
model. Based on the resulting numerical database, 
a simplified dimensionless expression is proposed 
for estimating thermally induced settlement 
interaction in unrestrained energy pile groups. 
The study aims to provide a more practical 
serviceability-based framework for evaluating 
pile-to-pile interaction under cyclic thermal 
loading. 
 
2. Background and research gap 
2.1. Thermo-mechanical behaviour  
The behaviour of energy piles is governed by the 
interaction between thermal loading, mechanical 
loading, and the surrounding soil response [19]. 
During heating, the pile tends to expand, but this 
expansion is partly restrained by the soil and the 
pile-head boundary condition. This restraint can 
generate additional compressive stress within the 
pile [20]. During cooling, the pile contracts, which 
may lead to tensile stress development [21]. 
Therefore, cyclic temperature changes can 
produce repeated stress reversals, even when the 
applied mechanical load remains constant.

 

 
Fig. 1. Conceptual illustration of thermal pile–soil–pile interaction in an unrestrained energy pile group under 

heating (winter) and cooling (summer) conditions   
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Table 1. Governing equations employed in the coupled THM framework 
Physical 
process 

Governing 
equation 

Eq.
No.

Main 
variables 

Description 

Mechanical 
equilibrium 

∇. ሺ𝐷𝜀௘ െ 𝑝𝐼ሻ ൅ 𝜌𝑔 ൌ 0 (2) 𝐷, 𝜀௘, 𝑝, 𝐼, 

𝜌, g 

It describes static equilibrium 
of the saturated porous medium by 
considering elastic strain, pore-
water pressure, body force, and 

gravity. 
Fluid mass 

conservation 
𝜕𝑝
𝜕𝑡

െ
𝜕𝑇
𝜕𝑡

൅ ∇.𝑢௥௙ ൅ ∇.𝑢௦ ൌ 0 (3) 𝑝, 𝑇, 𝑢௥௙, 

𝑢௦ 

It represents pore-pressure 
generation, and dissipation caused 
by deformation, fluid flow, and 

temperature variation. 
Thermal 

energy 
conservation 

𝑐
𝜕𝑇
𝜕𝑡

൅ 𝑐௙𝑢௥௙ .∇T െ ∇. ሺ𝛬 ∇𝑇ሻ

ൌ 0 

(4) 𝑇, 𝑐, 𝑐௙, 

𝑢௥௙, 𝛬 

It describes heat storage, heat 
conduction, and heat transfer 
associated with fluid 

movement. 

Simplified 
heat conduction 𝜌𝑐

𝜕𝑇
𝜕𝑡

െ ∇. ሺ𝜆 ∇𝑇ሻ ൌ 0 (5) 𝑇, 𝜌, 𝑐, 𝜆 It is used when porosity 
variation and convective heat 
transfer are neglected, allowing 
heat transfer to be represented 

mainly by conduction. 
 
The magnitude of thermally induced stress and 
displacement depends on several factors, 
including pile geometry, soil stiffness, pile–soil 
interface behaviour, drainage conditions, and the 
level of pile-head restraint. In saturated clay, 
thermal loading may also generate excess pore-
water pressure because temperature changes 
affect the soil skeleton and pore fluid [22]. 
Positive pore pressures may develop during 
heating, while cooling may generate negative 
excess pore-water pressure [23]. These hydraulic 
effects influence the effective stress state and may 
contribute to the time-dependent settlement 
response of the pile group . 
Previous numerical, analytical, laboratory, and 
field studies have improved understanding of 
energy pile behaviour [24]. However, a 
considerable portion of the literature has focused 
on single piles or pile groups with head restraint. 
The response of unrestrained pile groups has 
attracted comparatively limited attention, even 
though this condition is important for 
understanding the fundamental pile–soil–pile 
interaction caused by thermal loading. In free-
head systems, thermal expansion and contraction 
may directly influence pile-head displacement, 
making settlement interaction a pivotal 
serviceability concern. Unlike regional 
geothermal mapping studies that use artificial 
intelligence or optimization methods to predict 
subsurface temperature distributions (e.g., [25-
27]), the present study focuses on local-scale 

THM soil–structure interaction and serviceability 
settlement response of unrestrained energy pile 
groups. 
 
2.2. Interaction factor methods for pile 

groups 
The interaction factor is commonly used to 
describe the influence of one pile on the 
settlement response of another pile within a group. 
In conventional pile group analysis, the concept 
provides a simplified way to account for pile–
soil–pile interaction under mechanical loading 
(e.g., [28-31]). This approach is attractive because 
it enables the complex group response to be 
expressed using a relatively simple coefficient. 
For energy pile groups, the interaction factor 
concept has been extended to account for 
thermally induced displacement [32,33]. 
Interaction factor (IF) represents the settlement 
influence of a thermally active pile on an adjacent 
structural pile and can be expressed as : 
𝐼𝐹 ൌ

 ሺ∆௦ሻೌ೏ೕೌ೎೙೟ 

ሺ∆௦ሻೞ೔೙೒೗೐
    (1) 

where (∆s)adjacnt is the additional settlement of a 
nearby structural pile induced by thermal loading 
of an energy pile, and (∆s)single is the reference 
settlement of a single pile under comparable 
conditions. This parameter is particularly useful 
for serviceability assessment because, while 
thermal loading may not govern ultimate capacity, 
it can still affect differential settlement, pile-head 
displacement, and load redistribution within the 
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group . 
However, application of conventional interaction 
factor methods to energy piles is not 
straightforward. Thermal loading produces 
expansion and contraction rather than only 
downward mechanical displacement. Moreover, 
heating and cooling phases may not have 
symmetric effects. The interaction factor may 
therefore depend not only on pile spacing and 
geometry, but also on the thermal phase, group 
configuration, and pile-head boundary condition. 
For this reason, interaction factors developed for 
mechanically loaded pile groups or restrained 
energy pile groups may not be directly applicable 
to unrestrained energy pile groups. 
 
2.3. Limitations of existing numerical and 

empirical approaches 
Although numerical modelling has become a 
common approach for analyzing energy piles, 
existing methods still have several limitations. 
First, many models are developed for a specific 
soil type, pile arrangement, and boundary 
condition (e.g., [34]). As a result, their findings 
may not be directly transferable to other 
foundation systems. This is particularly important 
for interaction factor formulations, which are 
often calibrated using a limited numerical 
database . 
Second, some existing formulations for energy 
pile interaction are mathematically complex (e.g., 
[35]). High-order polynomial equations may 
reproduce numerical results within a specific 
calibration range, but they are difficult to interpret 
physically and inconvenient for practical design. 
A formulation with many coefficients may also 
create uncertainty when applied outside the 
original range of pile diameter, length, spacing, 
thermal loading, or group size. 
Third, some numerical studies simplify the 
coupled nature of the problem (e.g., [36]). Energy 
pile behaviour in saturated soil is inherently 
thermo-hydro-mechanical because temperature 
change may influence deformation and pore-
water pressure simultaneously. Ignoring one part 
of this coupled response may reduce the reliability 
of settlement predictions, especially in clayey 
soils where drainage and pore-pressure 
dissipation are important . 
Fourth, many studies do not fully discuss 
numerical reliability, including mesh sensitivity, 
boundary effects, pile–soil interface assumptions, 

and model limitations (e.g., [37]). These factors 
can affect the calculated pile displacement and 
interaction factor. For serviceability-based 
assessment, where the magnitude of settlement 
may be relatively small, numerical accuracy and 
transparent assumptions are essential. 
Fifth, since the present study is based on a 
controlled numerical parametric database rather 
than a sequential field database, automated 
database updating, dynamic filtering, and 
normalization of incoming monitoring data were 
outside the scope of this work. 
Finally, the broader applicability of current 
models remains limited [38]. Regular two-year 
thermal cycles are useful for controlled parametric 
assessment, but real energy pile systems may 
experience irregular seasonal demand, variable 
heating and cooling amplitudes, groundwater 
flow, soil layering, creep, or long-term thermal 
accumulation. These factors should be recognized 
when interpreting numerical results and proposing 
simplified design expressions. 
 
2.4. Objectives and contribution of this study 
The objective of this study is to investigate the 
thermo-hydro-mechanical interaction between 
thermally active piles and nearby structural piles 
in unrestrained energy pile groups. The study 
focuses on saturated clay and examines the 
influence of pile geometry and group 
configuration on the interaction factor under 
cyclic heating and cooling . 
The main contributions of the study are as follows: 
 A three-dimensional thermo-hydro-
mechanical numerical model is used to evaluate 
unrestrained energy pile groups under repeated 
thermal cycles . 
 The model is verified against established 
thermal consolidation, single energy pile, and pile 
group case studies before being used for the 
parametric investigation .  
 The effects of pile diameter, pile length, 
pile spacing, and group size are systematically 
examined for 3 × 3, 4 × 4, and 5 × 5 pile groups .  
 The difference between heating and 
cooling phases is explicitly evaluated, allowing 
the thermal phase dependency of the interaction 
factor to be identified .  
 A simplified dimensionless expression is 
proposed for estimating the interaction factor in 
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unrestrained energy pile groups within the 
calibration range of the numerical database. 
Through these contributions, the study provides a 
practical basis for preliminary serviceability 
assessment of thermally induced settlement 
interaction in unrestrained energy pile groups. 
The proposed framework is not intended as a 
universal design equation, but as a calibrated 
framework for conditions similar to those 
analyzed in this study. Further validation is 
required for other soil types, pile-head restraints, 
groundwater conditions, and long-term 
operational conditions. 
 
3. THM modelling framework 
3.1. Governing equations 
The response of energy piles embedded in 
saturated clay is governed by the coupled 
interaction between mechanical deformation, 
pore-fluid flow, and heat transfer. Therefore, the 
problem was treated as a thermo-hydro-
mechanical (THM) process in which static 
equilibrium, fluid mass conservation, and thermal 
energy conservation were solved in a coupled 
manner. The governing equations applied in the 
numerical framework are summarized in Table 1. 
 
 
where D is the elastic constitutive tensor, ε^e is 
the elastic strain tensor, p is pore-water pressure, 
I is the identity tensor, ρ is total mass density, g is 
gravitational acceleration, T is temperature, u_rf 
is the velocity of the fluid phase relative to the 
solid phase, u_s is the displacement vector of the 
solid phase, c is the equivalent heat capacity, c_f 
is the fluid heat capacity, Λ is the equivalent 
thermal conductivity tensor, and λ is the 
equivalent thermal conductivity. 
For the energy pile simulations, the influence of 
porosity variation and convective heat transfer 
was neglected. Therefore, the simplified heat 
conduction equation was adopted together with 
the mechanical equilibrium and fluid mass 
conservation equations. These equations were 
solved over the same numerical model to capture 
the coupled response of pile deformation, pore-
water pressure variation, and heat transfer during 
cyclic thermal loading. 
 
3.2. Implementation of coupled THM analysis 
The numerical analysis was performed using a 
three-dimensional finite element model. The 

coupled THM response was implemented by 
combining the mechanical deformation, pore-
water pressure, and temperature fields within the 
soil–pile system. The model was designed to 
capture the interaction between thermal expansion 
or contraction of the energy piles, pore-water 
pressure variation in the saturated clay, and the 
resulting settlement response of adjacent 
structural piles. 
The soil was modelled as a saturated porous 
medium, while the piles were represented as 
concrete structural elements embedded within the 
soil model. The pile–soil interface was included to 
allow load transfer between the pile and 
surrounding soil during mechanical loading and 
thermal cycling. Mechanical loading was applied 
to the pile heads to represent the structural load 
transferred from the superstructure. Thermal 
loading was then applied to the energy piles in the 
form of repeated heating and cooling cycles . 
In the coupled analysis, temperature variation 
modifies the thermal strain of the pile and 
surrounding soil. This thermal strain affects the 
stress state and displacement field. At the same 
time, thermal loading in saturated clay can 
generate excess pore-water pressure due to the 
different thermal expansion and compressibility 
characteristics of the soil structure and pore fluid. 
The generated pore-water pressure then 
influences the effective stress and settlement 
response. Therefore, the THM framework enables 
the thermal, hydraulic, and mechanical responses 
to interact throughout the analysis rather than 
being treated as independent processes . 
The modelling procedure consisted of three main 
stages. First, the initial geostatic condition was 
established to represent the in-situ stress state of 
the saturated soil. Second, the mechanical load 
was applied to the pile heads and maintained 
throughout the analysis. Third, cyclic thermal 
loading was applied to the energy piles while 
monitoring the displacement response of adjacent 
structural piles. The interaction factor was then 
calculated from the thermally induced settlement 
response and used to evaluate pile–soil–pile 
interaction under different geometrical and group 
configurations . 
This implementation was therefore used as a 
coupled numerical framework rather than as a 
newly derived constitutive model, and its 
applicability was assessed through the verification 
and validation cases described in the following 
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section. 
3.3. Coupling strategy and numerical 

formulation 
The behaviour of energy pile groups requires a 
coupled formulation since the governing physical 
processes are mutually dependent. The 
mechanical response controls deformation and 
variations in pore volume; the hydraulic response 
controls pore-pressure generation and dissipation; 
and the thermal response controls expansion, 
contraction, and heat transfer within the soil–pile 
system. These mechanisms are particularly 
important in saturated clay, where low 
permeability can delay pore-pressure dissipation 
and increase the time-dependent nature of 
settlement. 
In the present framework, the equilibrium 
equation controls the stress and displacement 
field, the mass conservation equation governs 
pore-water pressure response, and the heat 
transfer equation controls temperature variation. 
These equations were solved over the same 
numerical model so that changes in one field 
could influence the others during each loading 
step. This approach is suitable for evaluating 
settlement interaction because the displacement of 
adjacent structural piles depends not only on 
direct mechanical loading but also on thermal 
strain and pore-pressure variation induced by 
nearby energy piles. 
The energy piles were subjected to cyclic 
temperature variation to represent seasonal 
heating and cooling operation. During heating, 
pile expansion tends to increase compressive 
stress and outward displacement in the 
surrounding soil. During cooling, pile contraction 
can produce tensile stress and reverse the direction 
of thermally induced deformation. This cyclic 
stress reversal is central to the serviceability 
response of energy pile groups and is therefore 
explicitly considered in the numerical framework. 
 
3.4. Assumptions and scope of applicability 
The THM modelling framework was developed to 
investigate the fundamental settlement interaction 
between thermally active piles and adjacent 
structural piles in unrestrained pile groups. To 
keep the numerical database systematic and 
interpretable, several assumptions were adopted. 
The soil was assumed to be homogeneous, 
isotropic, and fully saturated. The groundwater 
table was considered to be located at the ground 

surface, and groundwater flow was not explicitly 
modelled. Heat transfer was assumed to occur 
mainly by conduction, while convective heat 
transfer and long-term groundwater-induced 
thermal drift were neglected. The thermal loading 
was idealized as regular heating and cooling 
cycles, rather than irregular operational demand 
from a real building energy system . 
The pile material was modelled as linear elastic 
concrete, and the pile temperature was applied 
uniformly along the thermally active pile 
elements. This assumption is commonly used in 
numerical studies where the main objective is to 
evaluate soil–pile interaction rather than the 
detailed performance of the heat-exchanger pipe 
system [39]. The circulation of heat-carrier fluid 
and the detailed pipe geometry were therefore not 
simulated . 
The pile heads were treated as unrestrained to 
isolate the influence of thermal pile–soil–pile 
interaction without the additional stiffness 
contribution of a cap, raft, or rigid superstructure. 
As a result, the findings are most applicable to 
free-head or weakly restrained pile group 
conditions. They should not be directly 
transferred to fixed-head, capped, or piled-raft 
systems without further calibration. 
In this context, soil–structure interaction is 
represented through the coupled pile–soil 
continuum and pile–soil interface response. The 
interaction between thermally active energy piles, 
surrounding soil, and adjacent structural piles is 
evaluated through the interaction factor, 
settlement response, axial stress variation, pore-
water pressure response, and temperature 
distribution. The superstructure itself is not 
explicitly modelled, as the study focuses on local-
scale pile–soil–pile interaction in unrestrained 
energy pile groups rather than full building–
foundation interaction . 
The proposed framework is therefore intended for 
preliminary serviceability assessment of 
thermally induced settlement interaction in 
unrestrained energy pile groups embedded in 
saturated clay. Its applicability is limited to 
conditions similar to those considered in the 
numerical model. Further validation is required 
before extending the results to layered soils, 
unsaturated soils, anisotropic ground conditions, 
irregular pile arrangements, long-term thermal 
accumulation, creep, freezing–thawing effects, or 
different pile-head restraint conditions. 
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3.5. Model verification and numerical 

reliability 
Prior to conducting the parametric analyses, the 
numerical framework was assessed through a 
staged verification and validation procedure. The 
simulations were performed using Abaqus 2013, 
with a modified three-dimensional eight-node 
coupled element (C3D8PT) was implemented 
through the input file to represent the 
displacement, pore-pressure, and temperature 
fields required for thermo-hydro-mechanical 
analysis [40,41]. The soil was modelled as a 
saturated porous medium, while the piles were 
represented as concrete elements embedded in the 
soil, with pile–soil interaction included through 
interface contact to allow load transfer during 
mechanical loading and thermal expansion or 
contraction. The modelling procedure first 
established the initial stress condition, then 
applied the mechanical load to the pile heads, 
followed by time-dependent heating and cooling 
cycles applied to the energy piles. Three 
comparison cases with increasing levels of 
complexity were considered: a one-dimensional 
thermal consolidation problem, a full-scale single 
energy pile test, and a published energy pile group 
model. These cases were selected to evaluate the 
numerical implementation from a simple 
saturated porous medium response to more 
complex pile–soil interaction under thermal 
loading. In addition, mesh sensitivity, boundary 
effects, and numerical error sources were assessed 
to improve the reliability of the calculated 
settlement response and interaction factors. 
Although additional experimental datasets would 
further strengthen the validation, particularly for 
unrestrained pile group settlement interaction, the 
selected cases assess the formulation from 
fundamental coupled THM behaviour to field-
scale single-pile response and group-level pile–
soil interaction. 
 
3.6. Thermal consolidation verification 
The first verification stage considered a one-
dimensional thermal consolidation problem 
involving a fully saturated clay column. This case 
was selected because it represents a controlled 
coupled THM condition in which thermal loading 
generates pore-water pressure, subsequent 
drainage causes pore-pressure dissipation, and the 
soil undergoes time-dependent vertical 

deformation. Therefore, it provides a suitable 
basis for evaluating the hydraulic and thermal 
components of the formulation before applying 
the model to energy pile simulations . 
The verification model consisted of a saturated 
clay column with a height of 7 m and a width of 2 
m. A vertical surface traction of 1 kPa and a 
thermal load of 50 °C above the initial 
temperature were applied at the top boundary. A 
free-drainage boundary condition was assigned to 
the upper surface, while the lateral and bottom 
boundaries were treated as undrained. The 
material parameters adopted for the saturated clay 
column and water are summarised in Table 2. The 
model geometry, boundary conditions, and pore-
pressure monitoring locations are shown in Fig. 2. 

 
 

Fig. 2. Geometry, boundary conditions, mesh 
discretization, and pore-pressure monitoring nodes 

(7, 27, and 37) for the thermal consolidation 
verification model 

 
The computed response was evaluated against 
previously published numerical solutions for the 
same thermal consolidation problem [42,43]. As 
shown in Fig. 3, the model captured both the time-
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dependent vertical deformation and the 
dissipation of excess pore-water pressure at the 
selected monitoring nodes. The predicted 
displacement response followed the same trend 
and comparable magnitude as the reference 
solutions, indicating that the model reproduced 
the coupled deformation of saturated clay under 
simultaneous mechanical and thermal loading. 

The pore-water pressure response at the selected 
monitoring nodes also showed good agreement 
with the comparison results. This verification step 
confirmed that the coupled formulation was 
capable of capturing the generation and 
dissipation of thermally induced excess pore 
pressure in saturated clay. 

 

 
Fig. 3. Thermal consolidation verification: a vertical displacement–time response, b pore-water pressure 

dissipation at selected monitoring nodes 
 
 
Table 2. Material input parameters adopted in the thermal consolidation verification 

No. Parameter 
group 

Parameter 
[unit] 

Symbol  Clay 
Soil 

Water 

1 Physical Initial porosity [–] 𝑛 0.2 -  
2 Hydraulic Soil intrinsic permeability [m2] 𝐾 46 × 10-18 - 
3 Hydraulic Dynamic viscosity of pore water [Ns/m2] 𝜇 - 0.001 
4 Thermal Coefficient of thermal conductivity [W/(m.C)] 𝜆 0.2 0.57  
5 Thermal Coefficient of thermal expansion [1/C] 𝛼 9 × 10-7 35 × 10-5 
6 Thermal Specific heat capacity [J/(kg.C)] 𝐶  732 4186 

 
 
3.7. Full-scale single energy pile validation 
The second stage involved validation against a 
full-scale single energy pile test of Bourne-Webb 
et al. [44]. This case was utilized to assess the 
ability of the numerical model to reproduce field-
scale pile–soil interaction under combined 
mechanical and thermal loading. 
Compared with the thermal consolidation 
problem, the single-pile case provides a more 
realistic assessment of pile-head displacement, 
axial force variation, and thermal stress 

development along the pile . 
The simulated energy pile had a diameter of 0.55 
m and a length of 23 m. The upper 4 m of the pile 
was installed in a granular soil layer, whereas the 
lower portion of the pile and the ground below the 
pile base were located in London clay. A 
mechanical load of 1200 kN was first applied to 
the pile head and then maintained during the 
heating and cooling stages. The adopted soil 
properties are summarized in Table 3. 
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Table 3. Input parameters assigned to the soil layers in the full-scale single energy pile validation model 
 

No. Parameter 
group 

Parameter 
[unit] 

Symbol Granular 
soil 

London 
clay 

1 Physical Unit weight [kN/m3] 𝛾  19 20 
2 Mechanical Elastic modulus [MPa] 𝐸  20 800 𝑆௨ 
3 Mechanical Poisson’s ratio [–] 𝜈 0.2 0.49 
4 Strength Friction angle [°] 𝜙 20 0  
5 Strength Cohesion [kN/m2] 𝑐 0 70 + 7 𝑧 
6 Thermal Coefficient of thermal expansion [1/K] 𝛼 5.6 × 10-6 1 ×10-5 
7 Thermal Coefficient of thermal conductivity [W/(m.K)] 𝜆 2 1.5 
8 Thermal Specific heat capacity [J/(kg.K)] 𝐶 1200 1000 

 
Table 4. Mechanical, hydraulic, and thermal input parameters assigned to the soil and concrete in the energy pile group 

validation model 
No. Parameter Parameter [unit] Symbol Soil Concrete 
1 Physical Unit weight [kN/m3] 𝛾 20 25  
2 Mechanical Bulk modulus [MPa] 𝐾  20 24510  
3 Mechanical Shear modulus [MPa] 𝐺  12 9398  
4 Hydraulic Permeability coefficient [m/s] 𝑘  8-101 ×   9-101 ×   
5 Thermal Coefficient of thermal expansion [1/K] 𝛼  4-1 × 10  5-101 ×   
6 Thermal Coefficient of thermal conductivity [W/(m.K)] 𝜆 1.7  1.8  
7 Thermal Specific heat capacity (J/(kg.K)) 𝐶  3034  880  

 
The axial load distributions along the pile depth at 
the end of the cooling and heating phases are 
compared with the computed data in Fig. 4. 
The predicted axial load profiles showed 
reasonable agreement with the reference response 
at the end of both cooling and heating.  
In general, axial load decreased with depth, 
reflecting load transfer from the pile to the 
surrounding soil. Compared with the cooling 
phase, heating produced higher axial load in the 
upper part of the pile, indicating the effect of 
thermally induced expansion on the energy pile 
response. 
Fig. 5 shows the load-displacement responses 
under mechanical loading only, mechanical 
loading with cooling, and mechanical loading 
with heating conditions. 
The model reproduced the overall load-settlement 
trend under the different loading conditions, 
where axial load increased with pile-head 
settlement in all three cases. 
These results indicate that the numerical model 
can reasonably capture the main thermo-
mechanical mechanism controlling the response 
of a full-scale single energy pile. 
 
 

 

 
Fig. 4. Axial load distribution with depth at the end 

(a) 

(b) 
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of: a cooling, b heating 

 
 

 
 

 
 
Fig. 5. Full-scale single energy pile validation based 

on axial load–settlement response under: a 
mechanical loading, b mechanical loading with 

cooling, c mechanical loading with heating 
 
3.8. Full-scale single energy pile validation 
The third stage considered validation against the 
published energy pile group model of Salciarini et 
al. [45]. 
This step was conducted because the present study 
focuses on settlement interaction between 
thermally active piles and adjacent structural 

piles, requiring the model to reproduce the 
coupled response of multiple piles interacting 
through saturated clay . 
The reference case consisted of a 3 × 3 pile group 
with a 0.5 m thick rigid raft embedded in saturated 
clay and subjected to mechanical loading 
followed by cyclic thermal loading. The pile 
diameter and length were 0.6 m and 25 m, 
respectively. The soil properties, concrete 
properties, and thermal loading conditions were 
assigned consistently with the reference model, 
and the adopted input parameters are summarized 
in Table 4. 
The numerical response was then assessed by 
comparing the predicted axial load and pore-
pressure profiles with the published results of 
Salciarini et al. [45], as shown in Fig. 6.The 
comparison was made for the first thermal cycle, 
including the initial condition, 3 months of 
thermal loading, and 12 months, corresponding to 
the end of the first cycle. Fig. 6a compares the 
axial load distribution with depth for pile P5 at 
selected thermal loading stages, while Fig. 6b 
compares the pore-pressure distribution with 
depth for pile P9. 
The predicted axial load profiles followed the 
same general trend as the reference results during 
thermal cycling, indicating that the model could 
reproduce axial load redistribution within the pile 
group. 
The pore-pressure profiles also showed 
reasonable agreement with the published results, 
capturing the development of positive excess pore 
pressure during heating and its reduction or 
reversal during later stages of thermal loading. 
The apparent decrease in axial load between the 
initial condition and 3 months, followed by an 
increase toward 12 months, reflects the evolution 
of thermal load redistribution during the first 
heating–cooling cycle and is consistent with the 
selected comparison stages reported in the 
reference study. 
Overall, the comparison confirms that the 
numerical model can reproduce the main coupled 
mechanisms involved in energy pile group 
behaviour, including thermal diffusion, pore-
water pressure variation, and axial load 
redistribution.  
This verification provides a basis for extending 
the model to the parametric investigation of 
unrestrained energy pile groups with different 
geometrical configurations. 
 

(a) 

(b) 

(c) 



Thermal cycling effects on pile–soil–pile 
interaction in unrestrained energy pile groups … 

Geomechanics and Geoenergy Journal; 
Vol. 9; Issue. 1; Spring 2026 

 

11 
 

 
 

 
Fig. 6. Energy pile group response verification for 
the 3 × 3 pile group: a axial load distribution with 
depth for pile P5, b pore-water pressure distribution 
with depth for pile P9 
 
3.9. Mesh sensitivity, boundary effects, and 

numerical error assessment 
A numerical reliability assessment was conducted 
to reduce uncertainty associated with mesh 
discretization, model boundaries, and numerical 
approximation. This step is crucial because the 
interaction factor is calculated from pile 
displacement, and small numerical differences in 
settlement may influence the estimated pile-to-
pile interaction. 
The finite element mesh was refined around the 
piles, where the largest gradients in displacement, 
pore-water pressure, and temperature were 
expected. A gradually coarser mesh was used 
farther from the pile group to reduce 
computational cost while maintaining sufficient 
accuracy in the zone of interest. Mesh sensitivity 
was assessed by comparing pile-head 
displacement, excess pore-water pressure, and 
interaction factor for different mesh densities. The 
adopted mesh was considered suitable when 
further refinement produced only minor changes 
in the calculated response . 
Boundary effects were evaluated by ensuring that 
the external boundaries were located sufficiently 

far from the pile group. This was necessary to 
prevent artificial restriction of displacement, pore-
pressure dissipation, or thermal diffusion. The 
selected model dimensions were therefore 
evaluated to confirm that the response near the 
pile group was not significantly affected by the 
boundary location. 
Potential numerical errors may arise from spatial 
discretisation, time-step size, convergence 
tolerance, interpolation of coupled field variables, 
and material idealisation. To minimise these 
effects, the thermal loading history was divided 
into appropriate time increments, convergence 
was monitored during each analysis step, and the 
same modelling procedure was used consistently 
across all parametric cases. Although these 
measures cannot eliminate all sources of 
uncertainty, they provide a consistent basis for 
comparing the influence of pile diameter, length, 
spacing, and group size on thermally induced 
settlement interaction. 
 
4. Parametric study design 
The verified numerical model was employed to 
conduct a parametric study on unrestrained energy 
pile groups embedded in saturated clay. The 
purpose of the parametric analysis was to evaluate 
how pile geometry, pile spacing, and group size 
influence thermally induced pile–soil–pile 
interaction under cyclic heating and cooling. 
Unlike capped or fixed-head pile groups, the pile 
heads were not restrained in the present 
simulations, enabling thermally induced 
displacement to develop more freely. This 
configuration was selected to isolate the 
interaction between thermally active piles and 
adjacent structural piles without the additional 
stiffness contribution of a raft, cap, or rigid 
superstructure. 
 
4.1. Energy pile group geometry and 

configurations 
Three free-head energy pile group arrangements 
were considered in the parametric study: 3 × 3, 4 
× 4, and 5 × 5 groups, as illustrated in Fig. 7. In 
each arrangement, the corner piles were treated as 
thermally active energy piles, while the remaining 
piles were considered structural piles subjected 
only to mechanical loading. This configuration 
was adopted to investigate the influence of 
thermally active piles on adjacent structural piles 
through the surrounding saturated clay. 
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Fig. 7. Plan-view layouts of the three unrestrained 

energy pile groups 
 
The finite element model had a height of 55 m and 
a width of 48 m to reduce boundary effects on the 
calculated displacement, pore-pressure, and 
temperature fields. The mesh was refined around 
the piles, where the highest gradients in stress, 
displacement, pore pressure, and temperature 
were expected, and became gradually coarser 
away from the pile group. For instance, Fig. 8 
shows the three-dimensional model geometry and 
mesh refinement adopted for the representative 5 
× 5 pile group model. 
 

 
Fig. 8 Three-dimensional finite element mesh for 

the 5 × 5 energy pile group model 
 
Pile length, diameter, and spacing were varied 
systematically to evaluate the effects of geometry 
on the interaction factor. Four pile lengths (L = 20, 
25, 30, and 35 m), four pile diameters (D = 0.4, 
0.6, 0.8, and 1 m), and two centre-to-centre pile 
spacings (S = 2 and 3 m) t were considered and 
compared. These variables were expressed using 
the spacing ratio (S/D) and slenderness ratio 
(L/D). The adopted pile geometries and material 
properties are summarized in Table 5. 

4.2. Soil, pile, and interface properties 
The soil was modelled as a homogeneous, 
isotropic, fully saturated clay layer. The 
groundwater table was assumed to be located at 
the ground surface, and the soil model was treated 
as saturated throughout the analysis. The clay 
behaviour was represented using the Mohr–
Coulomb constitutive model. Although advanced 
thermo-elastoplastic models are available for 
saturated clay, the present study focused on 
moderate temperature variations, for which 
thermal yielding was not expected to dominate the 
response. Therefore, the adopted model was 
considered suitable for evaluating the 
serviceability-level interaction response of the 
pile groups. The clayey soil parameters assigned 
into the model for parametric study are 
summarized in Table 6. 
The piles were modelled as concrete elements 
with linear elastic behaviour. Their mechanical, 
hydraulic, and thermal properties were kept 
constant throughout the parametric study to 
isolate the influence of geometry and group 
configuration. The pile–soil interface was 
represented using frictional contact, allowing 
shear transfer between the pile and surrounding 
clay during mechanical loading and thermal 
expansion or contraction. The interface friction 
coefficient was selected consistently with the 
friction angle assigned to the clay. 
A vertical mechanical load of 540 kN was applied 
to the head of each pile to represent the structural 
load transferred from the superstructure. This load 
was maintained during the thermal cycles so that 
the additional pile response could be attributed to 
thermal loading and pile–soil–pile interaction. No 
pile-head restraint was applied in the main 
parametric models, which allowed the thermally 
induced displacement of the piles to be evaluated. 
 
4.3. Heating–cooling thermal cycles 
The entire soil–pile system was initially assigned 
a uniform temperature of 20 °C. Thermal loading 
was then applied to the energy piles to represent 
repeated seasonal heating and cooling cycles. The 
heat-exchanger pipes and circulation fluid were 
not explicitly modelled; instead, the temperature 
variation was applied directly and uniformly to the 
thermally active pile elements. This simplification 
was adopted because the study focused on pile 
group interaction rather than the detailed thermal 
performance of the heat-exchange system .



Thermal cycling effects on pile–soil–pile 
interaction in unrestrained energy pile groups … 

Geomechanics and Geoenergy Journal; 
Vol. 9; Issue. 1; Spring 2026 

 

13 
 

Table 5. Geometrical, mechanical, hydraulic, and thermal input parameters assigned to the piles in the parametric 
analyses. 

Value Symbol Parameter 
[unit] 

Parameter 
group 

No. 

20, 25, 30, 35 𝐿  Pile length [m] Geometry 1 
0.4, 0.6, 0.8, 1 𝐷  Pile diameter [m] Geometry 2 
2, 3 𝑆  Pile spacing [m] Geometry 3 
25000 𝐸  Elastic modulus [MPa] Mechanical 4 
0.33 𝜈 Poisson’s ratio [-] Mechanical 5 
1 × 10-9 𝑘  Permeability coefficient [m/s] Hydraulic 7 
1 × 10-5 𝛼 coefficient of thermal expansion [1/K] Thermal 6 
880 𝐶 Specific heat capacity [J/(kg.K)] Thermal 8 

 
Table 6. Clay soil input parameters adopted for the thermo-hydro-mechanical parametric models 

Value Symbol Parameter 
[unit] 

Parameter 
group 

No. 

20 𝛾  Unit weight [kN/m3] Physical 1 
30 𝐸  Elastic modulus [MPa] Mechanical 2 
0.25 𝜈  Poisson’s ratio [-] Mechanical 3 
1 × 10-8 𝑘  Permeability coefficient [m/s] Hydraulic 4 
10 𝜙Friction angle [°] Strength 5 
Variable 𝑐 Cohesion [kPa] Strength 6 
1 × 10-4 𝛼 Coefficient of thermal expansion [1/K] Thermal 7 
1.7 𝜆  Coefficient of thermal conductivity [W/(m.K)] Thermal 8 
3034 𝐶  Specific heat capacity [J/(kg.K)] Thermal 9 

 

 

Fig. 9. Heating–cooling thermal cycle applied to the energy pile and induced temperature variations in 
adjacent structural piles 

 
The applied thermal loading consisted of two 
complete heating–cooling cycles over a total 
duration of 720 days. The two-year thermal 
loading history was adopted for controlled 
parametric comparison and was not intended to 
represent long-term settlement, thermal 
accumulation, or fatigue behaviour over the full-
service life of an energy pile system. The applied 
heating–cooling cycle and the induced 
temperature variations in the adjacent structural 

piles are shown in Fig. 9. In the first stage, the 
temperature of the energy piles was increased  
from 20 °C to 40 °C (over 90 days). The 
temperature was then reduced from 40 °C to 0 °C 
(over the following 180 days). In the second 
heating stage, the temperature was increased from 
0 °C to 40 °C (over 180 days), followed by a 
second cooling phase from 40 °C to 0 °C (over 
another 180 days). Finally, the temperature was 
increased from 0 °C to 20 °C (over 90 days) to 
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complete the two-year thermal loading history. 
The maximum induced temperatures in the 
adjacent structural piles remained limited to 18.3 
°C and 23.9 °C, indicating that the thermal 
influence on non-active piles was relatively small. 
The temperature distribution around the pile 
groups was monitored at key stages of the thermal 
cycle, particularly at the end of the first cooling 
phase (Point A at day 270) and the end of the 
second heating phase (Point B at day 450). These 
stages were selected because they correspond to 
important thermal contraction and expansion 
conditions and were used to evaluate the phase-
dependent interaction between energy piles and 
structural piles. 
 
4.4. Definition of interaction factor and 

response indices 
The interaction factor, defined previously in Eq. 
(1), was adopted as the main response index for 
quantifying thermally induced settlement 
interaction between energy piles and adjacent 
structural piles. In the present parametric study, 
this dimensionless parameter was calculated using 
the axial displacement induced in a structural pile 
by thermal loading of a nearby energy pile, 
normalized by the reference axial displacement of 
a single isolated pile under comparable 
conditions. This approach provides a practical 
basis for comparing pile–soil–pile interaction 
across different group geometries and thermal 
phases . 
The interaction factor was evaluated at selected 
stages of the heating–cooling cycles, including the 
end of the first cooling phase (Point A in Fig. 9) 
and the end of the second heating phase (Point B 
in Fig. 9). These stages were selected to compare 
the influence of thermal contraction and 
expansion on the pile group response. In addition, 
the maximum interaction factor over the full 720-
day loading period was recorded to identify the 
most critical serviceability condition . 
In addition to the interaction factor, several 
response quantities were monitored to interpret 
the coupled THM behaviour of the energy pile 
groups. These included pile-head displacement, 
axial stress distribution along the energy piles, 
temperature variation in adjacent structural piles, 
and excess pore-water pressure in the surrounding 
clay. These response indices were used to clarify 
the mechanisms controlling settlement 
interaction, including thermal expansion during 

heating, thermal contraction during cooling, pore-
water pressure generation and dissipation, and 
stress reversal in the energy piles. 
The resulting numerical database was then 
utilized to examine the effects of spacing ratio, 
slenderness ratio, pile diameter, pile length, and 
group size on thermally induced settlement 
interaction. The same database also provided the 
basis for developing a simplified dimensionless 
expression for estimating the interaction factor in 
unrestrained energy pile groups. 
 
5. Results 
5.1. Temperature transfer to adjacent 

structural piles 
The temperature field around the pile groups at the 
selected cooling and heating stages is shown in 
Fig. 10. The temperature disturbance was 
concentrated around the thermally active energy 
piles, while the temperature variation decreased 
with distance from the heat source. During the 
cooling phase, lower-temperature zones 
developed around the energy piles, whereas 
during the heating phase, higher-temperature 
zones expanded into the surrounding soil. The 
extent of the thermal influence zone varied with 
pile group size, but the temperature change in the 
adjacent structural piles remained relatively 
limited compared with the applied temperature 
variation in the energy piles. 
This result indicates that the settlement interaction 
between energy piles and structural piles was not 
mainly controlled by direct heating or cooling of 
the structural piles. Instead, the interaction was 
governed primarily by thermal expansion or 
contraction of energy piles and the resulting 
displacement transfer through the surrounding 
saturated clay. 
 
5.2. Heating–cooling asymmetry in 

interaction factor 
The variation of interaction factor with 
normalized pile spacing (S∕D) is shown in Fig. 11 
for the various pile groups. The results 
demonstrate a clear difference between the 
heating and cooling phases. For all group sizes, 
the interaction factor was consistently higher at 
the end of the second heating phase (Point B in 
Fig. 9) than at the end of the first cooling phase 
(Point A in Fig. 9). This confirms that pile 
expansion during heating produced greater pile–
soil–pile interaction than pile contraction during 
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cooling. 
During heating, the interaction factor was 
generally within the range of approximately 0.03–
0.05, whereas during cooling it was much lower, 
approximately 0.005–0.02. 
This indicates that the serviceability response of 
unrestrained energy pile groups is more critical 
during heating than cooling. The higher 
interaction factor during heating can be attributed 
to the outward expansion of the thermally active 
piles, which mobilizes stronger displacement 
transfer through the surrounding soil. The results 

also show that the interaction factor generally 
decreased as S∕D increased. This trend confirms 
that greater pile spacing reduces thermal 
interaction between energy piles and adjacent 
structural piles. 
Among the investigated group sizes, the 5 × 5 
group generally produced the highest interaction 
factor during heating, indicating that pile group 
size can intensify the thermal interaction effect. 
 
 

 
End 

of 

Cooling 

(A) 

 (a) (c) (e) 

End 

of 

Heating 

(B) 

 (b) (d) (f) 
Fig. 10. Temperature distribution around the energy pile groups at selected thermal stages [Points A and B]: 

a-b 3 × 3 group [cooling at day 270, and heating at day 450], c-d 4 × 4 group [cooling at day 270, and heating at 
day 450], e-f 5 × 5 group [cooling at day 270, and heating at day 450] 

 
 

 
Fig. 11. Influence of normalized spacing (𝑺 𝑫⁄ ) on the interaction factor for different energy pile groups 

under first-cooling and second-heating conditions 
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5.3. Effects  of spacing, diameter, and 
slenderness ratio 
The effects of spacing ratio and pile group size on 
the interaction factor are shown in Fig. 12. The 
results indicate that increasing the normalized 
spacing (S∕D), reduced the interaction factor for 
all pile group configurations. This reduction was 
more evident at smaller spacing ratios, where the 
energy pile and structural piles were close enough 

for stronger displacement interaction to develop 
through the surrounding clay. At larger spacing 
ratios, the interaction factor gradually approached 
lower values, suggesting that the influence of 
thermal loading became less significant as the 
piles were separated further. 

 

 
Fig. 12 Influence of normalized spacing (𝑺 𝑫⁄ ) on the interaction factor for the three energy pile groups under: 

a cooling, b heating, c maximum-response conditions 
 
 
Fig. 12 also compares the interaction factor at the 
end of cooling, at the end of heating, and at the 
maximum relative displacement over the full 
thermal loading period. The maximum interaction 
factor generally followed the heating response 
more closely than the cooling response, 
confirming that the most critical settlement 
interaction occurred during the expansion phase. 
This result is consistent with the heating–cooling 
asymmetry shown in Fig. 11. 
Fig. 13 shows the effect of pile slenderness ratio 

(𝐿 𝐷⁄ ). For both the 3 × 3 and 4 × 4 pile groups, 
the interaction factor decreased as 𝐿 𝐷⁄  increased. 
This indicates that longer and more slender piles 
produced lower settlement interaction than shorter 
and larger-diameter piles. In contrast, piles with 
lower slenderness ratios generated stronger 
interaction because their greater diameter and 
lower relative length increased the influence of 
thermal expansion on the surrounding soil. 
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Fig. 13 Influence of pile slenderness ratio (L∕D) on interaction factor for two pile spacings (S= 2 m and 3 m): a 

3 × 3 energy pile group, b 4 × 4 energy pile group 
 
The quantitative comparison indicates that the 
interaction factor was influenced by the combined 
effects of pile spacing, diameter, and length. 
Because changing pile diameter also changes both 
S∕D and L∕D, its effect should be interpreted 
together with the corresponding changes in 
normalised spacing and slenderness ratio. 
However, pile length and pile diameter showed 
contrasting effects on thermal interaction. 
Under fixed spacing and diameter conditions (S = 
2 m and D = 0.4 m), increasing pile length from 
20 to 35 m reduced the interaction factor by 
approximately 61–68% during cooling and 47–
52% during heating. In contrast, under fixed 

length and spacing conditions (S = 2 m and L = 25 
m), increasing pile diameter from 0.4 to 1 m 
increased the heating-stage interaction factor by 
approximately 21–30%. 
In sum, the results show that pile spacing, pile 
diameter, and pile slenderness are crucial 
geometrical controls on thermally induced 
interaction. 
In general, larger pile spacing and higher 
slenderness ratios reduced the interaction factor, 
whereas larger pile diameters and larger group 
sizes increased the thermal influence on adjacent 
structural piles. 

 
6. Simplified interaction-factor model 
6.1. Dimensionless interaction-factor 
equation 
The numerical results demonstrated that the 
interaction factor is mainly governed by pile 
spacing, pile slenderness, pile group size, thermal 
loading amplitude, and the phase of the thermal 
cycle. To provide a practical approach for 
preliminary assessment, a simplified 
dimensionless expression is proposed for 
estimating the interaction factor in unrestrained 
energy pile groups. The proposed expression 
relates the interaction factor to the main 
geometrical and thermal variables identified from 
the numerical modelling: 

𝐼𝐹ఏ

ൌ 𝐴ఏ.𝐺௡ . ൬
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where 𝐼𝐹ఏ is the interaction factor for thermal 
phase 𝜃, 𝑆 is the centre-to-centre pile spacing, 𝐷 
is the pile diameter, 𝐿 is the pile length, and |∆𝑇| 

is the absolute temperature change relative to the 
reference temperature. The parameters 𝐴ఏ, 𝑚ఏ, 
𝑞ఏ, and 𝑟ఏ are phase-dependent fitting coefficients 
calibrated separately for cooling, heating, and 
maximum-response conditions. The term 𝐺௡ is a 
group-size modifier used to account for the 
influence of the number of piles in the group: 

𝐺௡ ൌ 1 ൅ 𝑏ఏ . ൬
 𝑁௣ െ 9 

16
൰ 

(7) 

where 𝑁௣ is the total number of piles in the group, 
and 𝑏ఏ is a phase-dependent coefficient. For the 
pile groups considered in this study, 𝑁௣ equals 9, 
16, and 25 for the 3 × 3, 4 × 4, and 5 × 5 
configurations, respectively. This definition gives 
𝐺௡ = 1 for the 3 × 3 group and allows the group-
size effect to increase progressively for larger pile 
groups. 

(a) (b) 
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The coefficients in Eqs. (6) and (7) were obtained 
by nonlinear regression of the numerical database. 
The calibrated coefficients are summarized in 
Table 7. In this formulation, 𝐴ఏ controls the 
reference magnitude of the interaction factor, 𝑚ఏ 
describes the influence of spacing ratio, 𝑞ఏ 
describes the influence of slenderness ratio, 𝑟ఏ 
accounts for the thermal loading amplitude, and 
𝑏ఏ represents the group-size effect. The proposed 
simplified interaction-factor model, defined by 

Eqs. (6) and (7), was calibrated and assessed using 
the full numerical database generated from the 
investigated pile group sizes, pile lengths, pile 
diameters, pile spacings, and thermal response 
conditions. Therefore, its performance should be 
interpreted based on its consistency across the 
complete dataset rather than from selected 
individual cases. 

 
 
Table 7. Calibrated coefficients for the simplified interaction-factor model under heating and cooling phases 
Thermal phase, 𝜃 𝐴ఏ 𝑚ఏ  𝑞ఏ 𝑟ఏ  𝑏ఏ Calibration basis 

Cooling 0.0317 0.230 0.267 0 0.028 IF values at day 270 
Heating 0.0552 0.138 0.0783 0 0.163 IF values at day 450 
Maximum response 0.0516 0.180 0.0427 0 0.188 Maximum IF over 720 days 

 
The coefficients were obtained from the 
interaction-factor values calculated for the 3 × 3, 
4 × 4, and 5 × 5 pile groups. Since the calibration 
data were generated for a single thermal-
amplitude level (∆T = 20 ºC), the temperature-
amplitude exponent r_θ was not independently 
identifiable and was fixed in the present 
calibration. Consequently, the calibrated 
coefficients should be applied only within the 
thermal loading range considered in this study . 
The proposed expression is consistent with the 

overall trends observed in the numerical results. 
The spacing-ratio term captures the reduction in 
interaction factor with increasing pile spacing, 
while the slenderness-ratio term accounts for the 
influence of pile length and diameter. The group-
size modifier reflects the greater thermal 
interaction observed in larger pile groups. 
Although the thermal-amplitude term is included 
to preserve generality, additional simulations with 
different temperature amplitudes are required 
before r_θ can be independently calibrated. 
 

6.2. Calibration range and design application 
The proposed expression is intended for 
preliminary serviceability assessment of 
thermally induced settlement interaction in 
unrestrained energy pile groups. It was developed 
based on the numerical database generated in this 
study and should be applied only within the range 
of the analyzed parameters. The calibration range 
includes 3 × 3, 4 × 4, and 5 × 5 pile groups, pile 
lengths of 20–35 m, pile diameters of 0.4–1 m, 
and pile spacings of 2–3 m. The simulations were 
conducted for saturated clay, unrestrained pile 
heads, and two heating–cooling cycles over 720 
days. 
For design use, the coefficients in Eqs. (6) and (7) 
should be calibrated separately for the heating and 
cooling phases because the numerical results 
showed a clear asymmetry between thermal 
expansion and contraction. Heating generally 
produced higher interaction factors than cooling, 
indicating that the heating phase is more critical 
for serviceability assessment. Therefore, when the 
objective is to obtain a conservative preliminary 

estimate, the heating-phase coefficients should be 
applied . In practical application, the coefficient 
can be used as an early-stage screening parameter 
to estimate whether thermal operation of energy 
piles is likely to cause additional settlement 
interaction in adjacent structural piles and to 
compare alternative pile spacing, length, 
diameter, and group-size arrangements before 
more detailed project-specific analysis is 
undertaken. 
The proposed equation provides an interpretable 
preliminary estimation framework because each 
term has a clear physical meaning: S∕D represents 
pile spacing effects, L∕D represents pile 
slenderness effects, (|∆T|)∕20 represents 
normalized thermal loading amplitude, and G_n 
represents group-size influence. This makes the 
equation more suitable for engineering 
interpretation and preliminary comparison 
between alternative pile group configurations. 
However, the equation should not be treated as a 
universal design equation. It is a calibrated 
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numerical expression developed for the specific 
soil condition, boundary condition, and thermal 
loading history considered in this study. Its main 
value is to support early-stage serviceability 

assessment and to identify how changes in pile 
geometry and group size may influence thermally 
induced settlement interaction. 
 

 
6.3. Limitations and future extension 
The proposed model has several limitations that 
should be recognized before practical application. 
First, the equation was calibrated using numerical 
results for homogeneous, isotropic, fully saturated 
clay. Therefore, it should not be directly applied 
to layered soils, unsaturated soils, anisotropic 
deposits, or soils with significant creep, cracking, 
or thermal hardening/softening without further 
validation. 
Second, the pile heads were assumed to be 
unrestrained in the parametric models. This 
condition was intentionally selected to isolate 
pile–soil–pile interaction caused by thermal 
loading. However, many practical foundation 
systems include pile caps, rafts, or superstructure 
restraint, which can significantly alter axial stress 
development and pile-head displacement. 
Additional calibration is therefore required before 
the equation can be used for restrained, capped, or 
piled-raft systems. 
Third, the thermal loading was idealized as 
regular heating–cooling cycles over 720 days. 
Real energy pile systems may experience irregular 
thermal demand, different heating and cooling 
amplitudes, potential long-term thermal 
accumulation, seasonal drift, and groundwater-
induced heat transport. These effects are not 
explicitly captured in the present equation. In 
addition, uncertainty in groundwater conditions, 
seasonal thermal demand, and long-term thermal 
drift may influence the predicted settlement 
response; therefore, future extensions should 

consider uncertainty-based assessment 
approaches, such as recent groundwater-related 
uncertainty quantification methods, to improve 
reliability for practical applications . 
Fourth, the equation is based on a limited range of 
pile group geometries. Although 3 × 3, 4 × 4, and 
5 × 5 arrangements were considered, irregular pile 
layouts, mixed pile diameters, variable pile 
lengths, and non-symmetric locations of energy 
piles were not included. Future studies may 
expand the database to include these conditions 
and refine the group-size modifier . 
Fifth, the proposed framework is intended for 
preliminary serviceability evaluation of thermally 
induced settlement interaction and should not be 
considered a substitute for project-specific 
structural capacity design. Such design should 
account for uncertainty in material strength and 
stiffness, construction details, structural capacity 
requirements, and relevant safety factors . 
Finally, further validation against field 
measurements of adjacent pile settlement would 
strengthen the proposed approach. The present 
model was verified against published numerical 
results and full-scale single-pile responses; 
however, direct field measurements of settlement 
interaction in energy pile groups remain limited. 
Future work may combine numerical modelling, 
field monitoring, and uncertainty analysis to 
improve the reliability and general applicability of 
the proposed interaction-factor model. 

 
7. Discussions 
The results indicate that the response of 
unrestrained energy pile groups is strongly phase-
dependent. Heating produced larger interaction 
factors than cooling, demonstrating that thermal 
expansion of the energy piles is the dominant 
mechanism controlling settlement interaction with 
adjacent structural piles. Although cooling 
generated lower interaction factors, it remained 
important since it produced tensile stress 
development within the energy piles. Therefore, 
serviceability assessment should consider both 
thermal phases: heating for settlement interaction 

and cooling for possible tensile stress demand. 
Pile geometry had a significant influence on the 
generated interaction-factors. Increasing pile 
spacing reduced pile-to-pile interaction as the 
displacement influence zone around the thermally 
active piles became less significant at greater 
distances. In contrast, larger pile diameters 
increased the interaction factor, while longer piles 
generally reduced it. This indicates that pile 
slenderness is an important design parameter: 
short, large-diameter piles are more likely to 
transfer thermally induced displacement to the 
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surrounding soil, whereas longer, more slender 
piles reduce this interaction effect. The results 
also showed that larger pile groups produced 
greater thermal interaction, especially during 
heating, suggesting that group size should be 
considered in serviceability-based design rather 
than treating energy piles as isolated elements . 
This extends previous interaction-factor 
interpretations by showing that, under 
unrestrained THM conditions, pile-to-pile 
interaction is not controlled by spacing alone, but 
also by pile slenderness, group size, and thermal 
phase. 
The free-head condition adopted in this study 
should be considered when interpreting the 
results. Since no pile cap, raft, or superstructure 
restraint was included, thermally induced pile-
head movement was allowed to develop more 
freely. As a result, the calculated interaction 
factors represent an unrestrained or weakly 
restrained condition. In practice, restrained pile 
groups may experience smaller pile-head 
displacements but larger thermally induced axial 
stresses. Therefore, the proposed interaction-
factor model should not be directly applied to 
fixed-head or capped pile groups without 
additional calibration . 
The simplified dimensionless interaction-factor 
equation proposed in this study provides a 
practical method for preliminary assessment of 
thermally induced settlement interaction. Its main 
advantage is that it relates the interaction factor to 

physically meaningful parameters, including 
spacing ratio, slenderness ratio, group size, and 
thermal phase. Compared with previous 
interaction-factor studies, the present work retains 
the practical advantage of a simplified 
formulation while focusing specifically on 
unrestrained energy pile groups and explicitly 
separating the heating and cooling responses. This 
makes it more suitable for early-stage comparison 
of pile group configurations. However, it should 
be employed as a screening approach rather than 
a final design equation, particularly for projects 
involving complex ground conditions or high 
serviceability sensitivity. The main limitations of 
this study are related to the idealized numerical 
conditions. The analyses were performed for 
homogeneous, isotropic, fully saturated clay and 
regular 3 × 3 to 5 × 5 pile group configurations. 
The thermal loading was represented by two 
regular heating–cooling cycles over 720 days, 
while real energy pile systems may experience 
irregular thermal demand, potential long-term 
thermal accumulation, seasonal drift, and variable 
groundwater conditions. Soil layering, anisotropy, 
creep, cracking, unsaturated behaviour, freezing–
thawing effects, and field-measured adjacent pile 
settlements were not explicitly considered. Future 
work should extend the calibration database to 
different soil types, restraint conditions, pile 
arrangements, and extended or irregular 
operational conditions, supported where possible 
by field monitoring of energy pile groups. 

 
8. Conclusions 
This study investigated the thermo-hydro-
mechanical response of unrestrained energy pile 
groups embedded in saturated clay, with emphasis 
on the interaction factor between thermally active 
piles and adjacent structural piles. Based on the 
numerical results, the following conclusions can 
be drawn: 
1. The interaction factor was substantially 
dependent on the thermal phase. Heating 
produced higher interaction factors than cooling, 
indicating that thermal expansion of energy piles 
governed the maximum settlement interaction . 
2. The computed interaction factor was 
consistently higher during heating than cooling, 
with values generally ranging from 0.03 to 0.05 
during heating and 0.005 to 0.02 during cooling. 
This difference indicates that the heating phase 

should be regarded as the governing condition for 
thermally induced settlement interaction . 
3.  The interaction factor response was affected by 
the combined influence of pile spacing, diameter, 
length and thermal phase. Although greater pile 
spacing predictably reduced pile-to-pile 
interaction, the magnitude of this reduction 
depended on the accompanying pile geometry and 
heating–cooling condition. Under fixed spacing 
and diameter conditions, increasing pile length 
from 20 to 35 m led to reductions of 
approximately 61–68% during cooling and 47–
52% during heating, confirming that longer piles 
can reduce thermally induced settlement 
interaction . 
4.  Larger pile groups produced greater thermal 
interaction, particularly during heating. Among 
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the investigated configurations, the 5 × 5 group 
generally showed the highest interaction factor . 
5.  A simplified dimensionless interaction-factor 
equation was proposed using spacing ratio, 
slenderness ratio, group size, and thermal phase. 
This relationship was derived from the numerical 
database developed in this study and should be 
interpreted as a preliminary estimation approach 
only within the investigated calibration range and 
modelling assumptions, including saturated clay, 
regular pile group configurations, unrestrained 
pile heads, and the applied two-year thermal 
loading history. 
6.  The proposed model is limited to homogeneous 
saturated clay, regular pile group configurations, 
unrestrained pile heads, and the applied two-year 
thermal loading history. Further validation is 
required for layered soils, other soil types, 

restrained pile groups, irregular thermal loading, 
and field-measured adjacent pile settlements. 
Finally, the findings highlight that pile spacing, 
slenderness ratio, group size, and thermal phase 
should be explicitly considered when evaluating 
settlement interaction in unrestrained energy pile 
groups. In particular, the results show that 
thermally induced interaction is not governed 
solely by pile geometry; it also depends on the 
heating–cooling response of the pile–soil system. 
Therefore, serviceability assessment should 
account for both the maximum settlement 
interaction during heating and the stress reversal 
that may occur during cooling. The simplified 
interaction-factor approach proposed in this study 
provides a practical basis for preliminary 
comparison of pile group configurations within 
the investigated calibration range. 
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