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ABSTRACT 
Introduction. As energy piles are increasingly utilized for sustainable energy solutions, understanding how thermal loading 
affects stress distribution within pile groups becomes essential for optimizing their design and functionality. The research 
aims to elucidate the mechanisms of stress transfer and the resultant effects on pile group behaviour.
Materials and methods. A 1g physical modelling approach was used to investigate the thermo-mechanical behaviour of 2 × 2  
pile groups under asymmetrical thermal loading. Three separate tests were conducted, each featuring a group with 1, 2, or 3 
energy piles subjected to cyclic thermal variations. The model employed closed-end aluminum pipes for the piles and dry, fine-
grained silty sand for the ground. During thermal cycling, pile-head displacements, axial forces and bending moments along 
the piles, soil pressure changes beneath the pile tip, and temperature distribution around the group are monitored.
Results. The study demonstrates that thermal cycling has a substantial impact on load distribution among energy piles, with 
load shares rising during heating phases and falling during cooling phases. This results in an irreversible increase in load share 
due to soil compaction beneath the pile tips. Additionally, the contribution of the pile tip to the estimated head load increases 
with each heating-cooling cycle, underscoring the effects of thermal softening at the soil-pile interface.
Conclusions. Experimental observations suggest that the classic Boussinesq method may underestimate soil pressure 
beneath the pile tip during heating phases, potentially due to the soil’s plastic behaviour.
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Геотермальные сооружения: экспериментальная оценка 
перераспределения напряжений в группах свай 2 × 2 

в условиях асимметричной тепловой нагрузки
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АННОТАЦИЯ 
Введение. Энергетические сваи все чаще используются для решения проблем устойчивой энергетики. Понимание 
того, как тепловая нагрузка влияет на распределение напряжений в группах свай, важно для оптимизации их кон-
струкции и функциональности. Цель исследования — выяснить механизмы передачи напряжений и их влияние 
на работу группы свай.
Материалы и методы. Для исследования термомеханического поведения групп свай 2 × 2 под асимметричной 
тепловой нагрузкой использован подход физического моделирования 1g. Проведено три испытания, в каждом из ко-
торых группа с 1, 2 или 3 энергетическими сваями подвергалась циклическим тепловым колебаниям. В качестве свай 
в модели использовались алюминиевые трубы с закрытым оголовком, в качестве грунта — сухой мелкозернистый 
алевритовый песок. Во время периодического воздействия тепловых нагрузок отслеживались смещения оголовка 
сваи, осевые силы и изгибающие моменты вдоль свай, изменения давления грунта под оголовком сваи и распреде-
ление температуры вокруг группы свай.
Результаты. Исследование показало, что периодическое воздействие тепловых нагрузок оказывает существенное 
влияние на распределение нагрузки между энергетическими сваями, при этом нагрузка увеличивается в фазах на-
грева и уменьшается в фазах охлаждения. Это приводит к необратимому увеличению доли нагрузки из-за уплот-
нения грунта под оголовками свай. Кроме того, вклад оголовка сваи в расчетную нагрузку увеличивается с каждым 
циклом нагрева – охлаждения, что подчеркивает влияние термического размягчения на границе грунт – свая.
Выводы. Экспериментальные наблюдения продемонстрировали, что классический метод Буссинеска может недооце-
нивать давление грунта под оголовком сваи во время нагрева, что может быть связано с пластичной работой грунта.
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INTRODUCTION 

Geothermal resources can be broadly grouped 
into shallow and deep geothermal. Shallow geothermal 
energy is the low-grade heat (10 to 25 °C) that is stored 
in the shallow subsurface at depths of up to 500 m. Deep 
geothermal energy is the heat stored at depths greater 
than 500 m. In a world where energy needs are constantly 
increasing and where the research for green, local and 
renewable energy sources is becoming increasingly 
important, energy geostructures are perfectly suited. 
They represent an innovative and promising alternative 
for heating or cooling buildings and infrastructures. 
The principle is that of shallow geothermal energy; thanks 
to the fact that the subsoil temperature remains constant 
throughout the year (except for the first 5 to 10 m), this 
temperature will be higher than that of the external 
air in winter and lower in summer. The term shallow 
geostructures which is subject of this research, includes 
piles for deep foundations, retaining walls, tunnel lining 
segments, etc. The heat exchange between the ground 
and these concrete structures is ensured by a system 
of tubes arranged inside the structure and within which 
a heat transfer fluid circulates.

One of the primary sectors consuming significant 
energy is maintaining comfortable indoor temperatures. 
In contemporary society, a substantial portion of this 
energy is derived from the combustion of fossil fuels, 
which has contributed to numerous environmental 
disasters over recent decades [1, 2]. Geothermal heat 
pump systems (GHPs) present a sustainable and energy-
efficient alternative to this challenge.

GHPs can be integrated with various geostructures, 
leading to the development of innovative energy 
geostructures such as energy piles, energy tunnels, and 
energy diaphragm walls. Research indicates that soil 
temperatures at depths greater than approximately 10 m  
remain relatively stable and unaffected by seasonal 
fluctuations at the surface. This characteristic enhances 
the efficiency of GHPs, allowing them to operate more 
effectively.

All thermoactive geostructures share a fundamental 
design principle: they utilize a heat transfer fluid to 
facilitate the exchange of thermal energy between 
the ground and indoor environments. This fluid circulates 
through pipes that are embedded in the ground on one 
end and integrated into the walls and floors of buildings 
on the other. By leveraging the stable temperatures found 
underground, GHPs can significantly reduce reliance 
on traditional heating methods, thus minimizing energy 
consumption and lowering greenhouse gas emissions.

The integration of GHPs into building designs not 
only promotes energy efficiency but also aligns with 
global efforts to combat climate change by reducing 
the carbon footprint associated with indoor heating. As 
awareness of sustainable practices grows, the adoption 
of GHP technology is expected to become increasingly 
prevalent, paving the way for a more environmentally 
friendly approach to energy consumption in the built 
environment.

Energy geostructures are increasingly being reco-
gnized for their potential to provide sustainable heating 
and cooling solutions while serving structural purposes. 
Several real-world projects have successfully implemented 
energy geostructures, particularly energy piles, to provide 
sustainable heating and cooling solutions. The Cleunay 
station in Rennes [3], France, utilizes energy walls as part 
of its geothermal heating system (Fig. 1). The Uniqa tower 
in Vienna, Austria utilize energy diaphragm walls to extract 
geothermal energy for heating and cooling [4]. In Oxford, 
UK, energy piles were first used in a new building for 
Keble college serving as geothermal heat exchangers [5].  
Other notable examples include the Laizer tunnel in 
Vienna (Fig. 2), the Sapporo city university in Japan 
(Fig. 3), the Dock Midfield terminal at Zurich airport 
in Switzerland, the Wuxi Guolian Tower in China, and 
the Jenbach tunnel in Austria [4, 6, 7].

Conventional piles have been extensively analyzed 
through physical modelling techniques in a variety 
of research studies [8–12]. Recently, there has been 
a growing interest among scholars in understanding 

Fig. 1. Photo of the pipe cages used in the slurry walls at 
Cleunay station in Renne, France [3]
Рис. 1. Фотография трубных обойм для стен в грунте 
на станции Клёне в Ренне, Франция [3]
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the behaviour and performance of energy piles [13–30]. 
For example, Ng et al. [25] investigated the impact 
of elevated temperatures on a floating aluminum pile 
situated in saturated sand by conducting centrifuge tests. 
Their findings revealed a pile head uplift of 0.4 and 1 % D,  
along with enhancements in overall pile capacity by 13 
and 30 % due to temperature increases of 15 and 30 °C, 
respectively. Further research by Ng et al. [26] involved 
centrifuge modelling to explore the effects of pile spacing 
on thermo-mechanical interactions among energy pile 
groups. Their results indicated that a spacing of 5D 
was preferable to 3D for meeting serviceability limits. 
Ng et al. [27] compared the performance of a non-
symmetrical, thermally loaded 2 × 2 elevated pile group 
in lightly over consolidated clay against a piled raft. 
They concluded that piled rafts experienced less tilting 
under uneven thermal loads. Senejani et al. [28] focused 
on the thermo-mechanical behaviour of a single energy 
pile using a small-scale physical sand model. Their 
research indicated a decline in the elastic response 
of the surrounding soil during extended thermal cycles. 

Foglia et al. [29] conducted large-scale tests on a single 
pile and two-pile groups for an offshore platform in 
sandy conditions. Their study highlighted the significant 
influence of pile spacing and group configuration 
on the bearing capacity and settlement of the energy pile 
group. Lastly, Yang et al. [30] carried out physical model 
tests and numerical simulations to assess various factors 
affecting the thermo-mechanical behaviour of energy 
pile groups. They identified that parameters such as pile 
spacing, diameter, and soil thermal conductivity played 
crucial roles in the thermal response of these groups.

The present study investigates the thermo-mec- 
hanical behaviour of energy piles, specifically focusing 
on the stress distribution within pile groups subjected to 
asymmetrical thermal loading. Utilizing a 1g physical 
modelling approach, the research conducts three separate 
tests featuring groups with 1, 2 and 3 energy piles, each 
subjected to 10 thermal cycles. The findings reveal 
important insights, such as the downward movement 
of the null-point with increasing pile temperature 
and a positive correlation between soil pressure and 
pile temperature. While some studies have examined 
asymmetrical thermal loading, such investigations remain 
relatively rare, particularly in the context of energy pile 
groups. This research addresses this gap by elucidating 
the mechanisms of stress transfer and their implications 
for the thermo-mechanical behaviour of pile groups under 
non-uniform heating conditions.

MATERIALS AND METHODS

The experimental physical models consist of a pile 
group measuring 2 × 2 (each pile with an outer diameter 
of D = 2 cm), positioned at a center-to-centre distance 
of 6 cm (equivalent to 3 times the pile diameter). The soil 
container, a rigid steel box measuring 100 × 100 × 80 cm3  
(width × length × height), holds the model ground. 
This ground comprises dry silty sand with a relative 
density of about 70 %, compacted using the dry tamping 
technique. Fig. 4 illustrates the model configuration, 
while Fig. 5 showcases the constructed model.

To control pile temperature, water circulates thro- 
ugh steel U-tubes placed inside each pile. Initially, 
the piles are filled with water to ensure effective thermal 
interaction with the U-tubes. The pile group undergoes 
mechanical loading in 8 steps, reaching a maximum 
load of 400 N, with 5-minute resting intervals between 
steps (the loading shaft itself weighs 1.5 kg). Under 
constant mechanical load, the energy pile experiences 10 
consecutive heating-cooling cycles, with a temperature 
amplitude of ±6 °C. Three test scenarios are conducted: 
“Group 1” features Pile1 as the energy pile, while 
the other piles remain non-energy piles. In “Group 2”, 
both Pile 1 and Pile 2 are energy piles, and in “Group 3”, 
Pile 1, Pile 2, and Pile 3 are energy piles. After each test, 
the entire model is reconstructed. Refer to Table 1 for 
the detailed test plan.

The particle size distribution of the model ground, 
depicted in Fig. 6, reveals fine sand with 40 % passing 

Fig. 3.  Layout of installed 51 steel foundation piles and insert-
ing of two sets of U-tubes, Sapporo city university, Japan [7] 
Рис. 3. Схема установки 51 стальной фундаментной сваи 
и вставки двух комплектов U-образных труб, Университет 
г. Саппоро, Япония [7]

Fig. 2. Absorber loops at Laizer tunnel in Vienna, Austria [4] 
Рис. 2. Поглощающие устройства в туннеле Лайзера 
в Вене, Австрия [4]
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Table 1. Test plan
Табл. 1. План проведения испытаний

Test name Number of energy piles Soil type Mechanical 
surcharge, kg

Energy pile 
temperature, °C

Group 1 1 Air-dried silty sand (Dr = ~70 %) 41.5 21.5 ± 6 (10 cycles)
Group 2 2 Air-dried silty sand (Dr = ~70  %) 41.5 21.5 ± 6 (10 cycles)
Group 3 3 Air-dried silty sand (Dr = ~70 %) 41.5 21.5 ± 6 (10 cycles)

Fig. 4. Schematic views of the model configuration: a — plan view; b — section 1–1 
Рис. 4. Схематические изображения конфигурации модели: a — вид в плане; b — разрез 1–1

a b

Fig. 5. Pile Cap and loading mechanism 
Рис. 5. Оголовок сваи и механизм нагружения
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through the #200 sieve. Atterberg tests confirm that 
the portion finer than the #200 sieve consists of non-
plastic silt. Consequently, the soil classification based 
on the Unified Soil Classification System is SM.

RESULTS OF THE RESEARCH

Pile cap rotation
Fig. 7 displays the cap rotation and tilt time histories 

for tests labeled as “Group 1”, “Group 2” and “Group 
3”. The tilt is determined by comparing the vertical 
displacements of two points on the cap, divided by 
the horizontal distance between them in the tilting direction. 
Notably, heating consistently reduces the tilt, while cooling 
increases it. There are two exceptions: in both “Group 1” 
and “Group 2”, the first heating phase induces a tilt, and in 

“Group 1”, the second heating phase also causes a slight 
increase. The amplitude of tilt oscillations is largest in 
“Group 2” and smallest in “Group 1”. These oscillations 
decrease asymptotically in “Group 1” and “Group 2” 
but remain constant in “Group 3”. Importantly, the tilt 
in “Group 1” and “Group 2” exceeds the allowable limit 
of 1/500 (0.2 %) during the second and first cooling phases, 
respectively, as suggested by Eurocode 7, EN 1997-1 [31]. 
In “Group 3”, the cap tilt touches the limit line during 
the fourth cooling phase and marginally exceeds the limit in 
subsequent cooling phases. 

Load distribution among piles
The distribution of the group’s total mechanical head 

load between the piles of each group and the share of each 
pile’s tip from its head load are shown in Fig. 8. The load 
share of the energy piles increased during heating phases and 
decreased during cooling phases due to thermal expansion 
and contraction of the pile material. The first stages of thermal 
cycling did not significantly affect the load share, but after 
a few cycles, the share of the energy piles started to increase 
more noticeably with each heating phase. As thermal 
cycling continued, an irreversible increase in the load share 
of the energy piles was observed, which was attributed to soil 
compaction under the pile tip due to excessive settlement 
and the consequent increase in soil elastic modulus. 
The share of Pile 1 increased from 25 to 29.3 %, 31.62 % 
and 28.4 % in tests “Group 1”, “Group 2” and “Group 3”,  
respectively. The share of diagonal energy piles (Pile 2 and 
Pile 3) in test “Group 3” reached 31.4 % for each pile at 
the end of the test.

In Fig. 8, d, e, f it is evident that the contribution 
of the pile tip to the estimated head load of energy piles 
increases with each heating-cooling cycle. Notably, in most  
instances, heating the energy pile leads to a rise in the pro- 
portion of the pile tip’s contribution to its head load, while 
cooling tends to reduce this share. This phenomenon can 
be explained by the thermal softening occurring at the soil-
pile interface during the heating phases, affecting both 
the pile tip and the pile sleeve. However, in most cases, 
the softening at the pile sleeve interface appears to have 
a more significant impact than that at the pile tip interface. 
It is worth noting that during the initial heating phase in 
tests labeled “Group 1” and “Group 2”, the opposite effect 
was observed, resulting in a decrease in the pile tip’s share 
of the estimated head load, as illustrated in Fig. 8, d, e, 
respectively. At the outset of all tests, approximately 45 % 
of the head load for each pile was transmitted to its tip. By 
the conclusion of tests “Group 1”, “Group 2”, and “Group 3”,  
this percentage increased to 64, 60 and 56 % for Pile 1, 
respectively. For the diagonal energy piles, Pile 2 and Pile 3,  
in test “Group 3”, the contribution of the pile tip rose to 
58 % by the end of the test.

Soil pressure
The time histories of vertical soil pressure at a depth 

of 4 cm below the pile tip for various piles in each test were 
recorded using four Kyowa total pressure cells (refer to Fig. 4  
for sensor locations) and are presented in Fig. 9. It was 

Fig. 6. Particle size distribution analysis of the model ground 
Рис. 6. Анализ распределения частиц по размерам образца 
грунта

Fig. 7. Tilt and rotation angle of pile group caps in each test 
Рис. 7. Угол наклона и поворота оголовков групп свай 
для каждого испытания
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observed that in all tests, the soil pressure under the energy 
pile increased during heating phases and decreased during 
cooling phases. The amplitude of these soil pressure 
oscillations gradually increased over the first few cycles 
until it remained relatively constant after the fifth cycle. 
Additionally, in Fig. 9, the back-calculated vertical soil 
pressure at the locations of the total soil pressure sensors is 
plotted based on estimations derived from the Boussinesq 
equation [32], which is expressed as follows:

0 0
3

2 2

0

11 σ ,σ

1

Z Z
inib q

R
Z

� �
� �
� �
� �� � � �
� �� �� �� ��� �� �� �� �� �� �� �

(1)

where 0σ
Z
b  is the estimated vertical soil pressure at depth 

of Z0  below the pile tip based on J. Boussinesq [32], kPa; 
q is the uniform distributed load on a circular foundation 
(here, the pressure at the pile tip), kPa; R is the radius 
of the pile tip, cm; Z0 is depth of total pressure cell (TPC) 

measured from the pile tip, cm; 0σ
Z
ini is the initial vertical 

soil pressure recorded by the total pressure cell, kPa.
In the equation mentioned above, Boussinesq 

[32] assumed that the soil behaves as a linear-elastic, 
homogeneous, isotropic, semi-infinite medium. In this 
study, we aimed to correlate any discrepancies between 
the total pressure cell (TPC) readings and those predicted 
by the Boussinesq equation to variations in the soil’s 
state relative to Boussinesq’s assumptions. M. Sadek, 
I. Shahrour [33] noted that the Boussinesq equation 
tends to underestimate stresses when the soil is in 
a plastic state. As shown in Fig. 9, a, the vertical stresses 
measured by the TPC beneath Pile 4 in test “Group 1” 
closely match the values estimated by Eq. 1, suggesting 
that the soil in that area remained in an elastic state 
throughout the thermal cycling. It is important to note 
that during the heating phases of test “Group 1”, the TPC 
readings under the energy pile exceeded the estimates 
from Eq. 1, indicating that the soil was deviating from 
its elastic state. Conversely, during the cooling phases, 
the TPC readings were relatively consistent with 
the values predicted by Eq. 1.

Fig. 8. Distribution of each pile’s share of the total mechanical head load (415 N) across: a — Group 1; b — Group 2 and c — 
Group 3, along with the contribution of each pile’s tip to its respective head load for d — Group 1; e — Group 2 and f — Group 3 
Рис. 8. Распределение доли каждой сваи в общей механической нагрузке (415 Н) для: а — группы 1; b  — группы 2  
и c  — группы 3, а также доли оголовка каждой сваи в соответствующей нагрузке для d  — группы 1; e  — группы 2  
и f — группы 3

a

c

e

b

d

f
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CONCLUSION 

In this study, thermos-mechanical behaviour of pile 
groups as one of the main types of geothermal structures, 
is considered. For this purpose, three 1g physical model 
tests were performed on 2 × 2 pile groups to inve-
stigate the impact of asymmetrical thermal loading 
on the behaviour of the pile group in dry sandy soil. 
Initially, the pile groups were loaded incrementally to 
a total of 400 N (415 N when accounting for the weight 
of the loading shaft) at a constant temperature of 21.5 °C.  
In tests labeled “Group  1”, “Group 2” and “Group 3”, 
one, two, and three energy piles were utilized, respectively, 
to apply an asymmetrical thermal load to the group. 
The results showed that in tests “Group 1” and “Group 2”,  
the cap tilt exceeded the 1/500 (0.2 %) allowable limit 
specified by EN 1997-1 [31] during the second and first 

cooling phases, respectively. However, in test “Group 3”,  
the cap tilt diagram touched the limit line for the first 
time in the fourth cooling phase and marginally surpassed 
the allowable limit in subsequent cooling phases.

The study reveals that thermal cycling significantly 
affects load distribution among energy piles, with load 
shares increasing during heating phases and decreasing 
during cooling phases. An irreversible increase in load 
share occurs due to soil compaction beneath the pile tips. 
Overall, the contribution of the pile tip to the estimated 
head load rises with each heating-cooling cycle, 
highlighting the impact of thermal softening at the soil-
pile interface.

Experimental observations indicate that the famous 
and traditional Boussinesq [32] method might underestimate 
the soil pressure beneath the pile tip during heating phases, 
likely due to the plastic behaviour of the soil.

a b

c

Fig. 9. Time histories of total soil pressure measured beneath various piles in each test 
Рис. 9. Временная зависимость общего давления на грунт, измеренного под различными сваями в каждом испытании
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