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Abstract

Sequentially coupled thermal-stress finite element analyses were performed to investigate the mechanical behaviors of an energy pile
group subjected to non-uniform thermal loadings. The group effect was highlighted by comparing the thermo-mechanical responses with
those of the single pile case. Due to the thermal interactions between piles, the group piles’ temperatures were higher than that of the
isolated single pile. If only part of the piles served as heat exchangers, i.e., the pile group was thermal loaded unevenly, there were dif-
ferential deformations between the heated and the non-heated piles. Due to the pile-raft-pile interaction, the axial forces of the piles chan-
ged significantly. The location of the heated pile had an important influence on the thermally induced axial force, while the effect of the
soil’s coefficient of thermal expansion was not significant. Inspired by the numerical result, a simplified method was proposed to capture
the main characteristics of energy pile groups and to facilitate the design. The proposed method was developed in the framework of the
traditional load transfer approach, and the pile-raft-pile interaction was included. By applying different temperature increments to dif-
ferent piles, the non-uniform thermal loading was modeled. The proposed method was verified by comparing with the finite element anal-
ysis results and the data collected from the literature.
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1 Introduction

The geothermal heat pump (GHP) is an efficient renew-
able energy technology that can reduce carbon emissions
significantly. To save construction costs, the heat exchange
pipes of GHP systems can be buried in pile foundations.
This kind of pile equipped with heat exchange pipes is usu-
ally called ‘‘energy pile” or ‘‘geothermal pile” (Brandl,
2006). The thermo-mechanical performances of single
energy piles have been well studied through field experi-
ments (Amatya et al., 2012; Bourne-Webb et al., 2009;
Laloui et al., 2006), small-scale model tests (Nguyen
et al., 2017; Yavari et al., 2016), centrifuge tests (Goode
& McCartney, 2015; Ng et al., 2015; Stewart &
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McCartney, 2014), and finite element analyses (Fei &
Dai, 2018; Rotta Loria et al., 2015; Saggu &
Chakraborty, 2015). It is generally believed that the addi-
tional pile stress during the thermal operation is mainly
caused by the constraining effects of the surrounding soil
and the upper structures. The heating of the pile causes
compressive stresses, while cooling causes tensile stresses.
Some simplified analysis methods have been proposed
and successfully applied to the analysis of single energy
piles (Chen & McCartney, 2017; Knellwolf et al., 2011;
Suryatriyastuti et al., 2014).

In practice, energy piles are generally used in groups.
The possible group effects may make the mechanical
behavior of group piles different from that of an isolated
single pile. Based on the full-scale test of a four-pile group,
Mimouni and Laloui (2015) concluded that the thermally-
induced upward displacement of the pile group was larger
behalf of KeAi Communications Co. Ltd.
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than that of the single pile. Rotta Loria and Laloui (2016)
developed an innovative method to predict the vertical dis-
placements of energy groups based on the interaction coef-
ficient concept. In their method, the interaction factor
between two identical energy piles was determined by elas-
tic finite element analyses. Ravera et al. (2020) proposed a
simplified method based on the concept of the load transfer
approach to design energy pile groups. The displacement
ratio between the displacement of the energy pile group
and that of the isolated single pile was used to account
for the group effect approximately. These two methods
are suitable for the case where the energy piles are heated
or cooled simultaneously.

To meet the thermal demand of the building or to bal-
ance the flow in the heat exchange circuit, not all the piles
of the foundation will be operated at the same time (Wood
et al., 2009). As reported by Fang et al. (2022), the non-
uniform thermal load may lead to a significant group effect
if the piles are connected by a rigid raft. Upon heating, the
load component carried by the energy piles increased while
that carried by the non-energy piles decreased. The redistri-
bution of the loads was also observed in the centrifuge
experiments performed by Ng and Ma (2019). They
pointed that the thermal stress at the non-energy pile’s
head may increase or decrease, which is related to the
arrangement of the energy piles. They interpreted it as
the restraining effect of the adjacent piles through the rigid
raft. The group effects induced by the non-uniform thermal
loading should be taken into account in the design of
energy pile groups.

In this paper, a series of three-dimensional finite element
analyses of single energy piles and energy pile-raft founda-
tions in the cooling mode were conducted. The influences
of the non-uniform thermal loading were analyzed by the
results of temperature, stress, and displacement obtained
from different scenarios. Then a simplified method for the
mechanical analysis of energy pile groups was developed.
Opposite thermally induced effects may be expected in
the heating mode since the temperature changes of the piles
and the ground are in the opposite sign.

2 Finite element analyses

2.1 Numerical model

2.1.1 Analysis domain

In this study, the finite element analyses were conducted
by the software ABAQUS. Each analysis included two pro-
cedures. First, a heat transfer analysis was performed to
determine the temperature field during the operation of
the energy pile. Then a mechanical analysis was performed
to investigate the thermally-induced mechanical responses.

The finite element mesh used in the mechanical analysis
was the same as that in the heat transfer analysis. The piles
involved in the analysis were concrete bored piles. Each pile
had a length L = 20 m and a diameter of D = 0.8 m. For
the case of the single pile, the analysis region was 40 m
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(50D) in length, 40 m (50D) in width, and 40 m (2L) in
depth.

For the case of pile groups, 6 piles were arranged
squarely with a pile center spacing of 3.2 m (4D). The raft
on the top of the piles was 8 m long, 4.8 m wide, and 1.0 m
thick. The analysis region was 48 m long, 48 m wide, and
40 m deep. The schematic of the energy pile group is shown
in Fig. 1. Both the pile and the soil were discretized by the
three-dimensional eight-node brick element, and a total of
150 752 elements were used.

2.1.2 Initial and boundary conditions

The initial ground temperature was assumed to be 20 ℃.
To model the operation of energy piles, a constant injection
heat rate per meter length q = 50 W/m was adopted for
piles. The duration of heating was a total of 90 days. At
the top of the soil, a surface film condition with a film coef-
ficient of 10 W/(m2�℃) was used to model the boundary
convection between the soil and the air. For other bound-
aries of the analysis domain, the temperature was fixed at
20 �C.

The stress field due to the self-weight was used as the ini-
tial stress condition. The coefficient of earth pressure at
rest, K0, was taken as 0.5. The two horizontal displacement
degrees of freedom at the lateral boundaries of the analysis
domain were constrained. At the bottom boundary, all the
horizontal and vertical displacements were set to zero.

2.1.3 Material parameters

The piles and the raft were modeled by using the linear
elastic model. The stress–strain relationship of the soil was
described by the Mohr–Coulomb perfect elastoplasticity
model. The material parameters were taken as typical val-
ues of the materials, which are summarized in Table 1.

The contacts between the piles and the soil, and between
the raft and the soil were simulated using the contact pair
technique of ABAQUS. Along the normal direction of
the interface, the transfer of tensile stress across the inter-
face was not allowed. Along the tangential direction, the
Coulomb friction model with a friction coefficient of 0.45
was used to define the friction behavior of the interfaces.

2.1.4 Numerical analysis plan

The numerical analysis plan is presented in Table 2. For
the pile groups, the effect of the non-uniform thermal load-
ing was studied by heating different piles. The working load
applied on the pile and the piled raft were 1090 and
8256 kN respectively, which were taken as half of the cor-
responding ultimate loads obtained from the separate finite
element analyses.

2.2 Numerical results

2.2.1 Temperature response

Figure 2 shows the temperature distributions after
90 days operation under different heating cases. For the
single energy pile, the temperature was approximately



Fig. 1. Schematic of the energy pile group.

Table 1
Material parameters of the finite element method analyses.

Material parameters Pile and raft Sand

Density q (kg/m3) 2500 1600
Thermal conductivity k (W/(m∙℃)) 1.7 1.3
Specific heat Cp (J/℃) 900 1200
Linear thermal expansion coefficient a (10�6/℃) 10 0,5,10
Elastic modulus E (MPa) 20 000 20
Poisson’s ratio v 0.2 0.3
Cohesion c (kPa) – 0
Friction angle u (�) – 30
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uniformly distributed along the pile body except for the
locations near the top and end of the pile. The maximum
pile temperature was 35.1 �C, which increased by 15.1 �C
from the initial value. The maximum temperature of the
soil was 32.7 �C, which occurred close to the lateral surface
of the pile. The soil temperature decreased radially out-
ward from the pile surface, and the radius of the influence
range was about 9.1D/2 = 4.55D. This value was larger
than the central spacing of the piles, which implies that
there will be thermal interaction in the pile groups. The pile
temperature increment increased with the number of the
heated piles. If all the piles were heated simultaneously,
the middle piles had the highest temperature increment of
Table 2
Numerical analysis plan.

Heating Case No. Number of piles

Single pile 1 1
Pile group 2 6

3 6
4 6
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21.5 �C. For the case of non-uniform heating, the influence
of the thermal interference phenomenon is relatively small
due to the large distance between the heated piles. The ther-
mal influence ranges of single piles were about 4.9D–5.0D,
and the temperature increments of the heated piles were
about 17 �C, which were closer to those in the case of the
isolated single pile.

2.2.2 Thermally-induced vertical displacement

The distribution of the thermally-induced displacements
in the case of a single pile is given in Fig. 3. The results of
pile groups are shown in Figs. 4–6. In the figures, the dis-
placement due to the static load has been subtracted, and
the downward displacement is taken as positive.

Figure 3(a) shows that the heated pile expands up and
down around a null point (i.e., the point where the
thermally-induced pile displacement is zero). The linear
expansion coefficient of the soil, as, has little effect on the
pile’s thermal displacement, and the locations of the null
point for three different as are all about 12 m (0.6L) from
the top of the pile. As seen from Fig. 3 (b), the soil displace-
ment is more sensitive to the value of as. When as increased
from 0 to 10�5 �C�1, the upward displacement at the
ground surface increased from 0.9 to 1.1 mm.
Number of
heated piles

The linear thermal expansion
coefficient of the soil (10�6/℃)

1 0, 5, 10
6 0, 5, 10
2 (two corner piles) 0, 5, 10
2(two middle piles) 0, 5, 10



Fig. 2. Temperature distributions in the foundation and the ground (Unit:
�C).

Fig. 3. Thermally-induced displacement (Single pile, Case 1).
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In the cases of pile groups (Fig. 4), as has slightly greater
influences compared with that in the single pile case, but
the differences are still small. The larger the as, the more
obvious the heave of the pile, which may be related to
the thermal expansion deformation of the soil below the
pile base. Since all the piles were connected through the
rigid raft, the upward displacement at the pile head was
restrained by the other piles, and the head uplift movement
of each pile was close to each other. The pile head uplift
displacement was 2.2 mm, about 1.46 times that in the sin-
gle pile case. Compared with the corner pile (CP), the con-
strained effect of the raft on the middle pile (MP) is
stronger. Therefore, the null point of the middle pile is
shallower than that of the corner pile. At the same time,
the temperature increment of the middle pile is higher than
that of the corner pile, so the thermally-induced downward
movement at the middle pile’s base is larger.



Fig. 4. Thermally-induced displacement (Pile group, Case 2).

Fig. 5. Thermally-induced displacement (Pile group, Case 3).
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In the case of non-uniform thermal loading, the dis-
placement pattern of the piles depends on their relative
positions to the heated piles. As seen from Fig. 5, when
only two corner piles were heated, there were some differen-
tial displacements among piles. The heated corner piles
(CP-H) deformed as typical energy piles, i.e., the pile top
and bottom expanded upward and downward respectively.
The maximum uplift displacement was 1.44 mm, which was
67% of that in case 2. It implies that the pile expansive
deformation was partly constrained by those unheated
piles through the raft. According to Fig. 2(c), the tempera-
ture increment of the unheated middle piles (MP-U) and
corner piles (CP-U) were insignificant, so it can be assumed
that the observed displacements of these unheated piles
were not caused by the thermal expansion. The displace
pattern of the middle piles was similar to that of a typical
uplift pile, in which the upward displacement decreases
from the pile head to the pile base. In other words, the mid-
dle piles were subjected to the uplift forces from the raft.
The displacements of the unheated corner piles were negli-
gible due to the relatively long distance from the heated
corner piles. Due to the large stiffness of the raft, the bot-
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tom surface of the raft can be considered to remain as a
plane after deformation. The tilting of the foundation
was about 0.02%.

The pile-raft-pile interaction is also evident in Fig. 6.
Compared with the results of case 2, the constraint effect
of the non-heated corner piles significantly reduced the
upward displacement caused by the thermal expansion of
the middle pile. At the same time, the corner piles were
pulled out a little (about 0.8 mm). There is a slight upward
bending deformation of the raft.

2.2.3 Thermally-induced stress

The change in radial stress at the pile-soil interface due
to thermal expansion of the pile was less than 5 kPa, so
only the results of the thermal axial stress are given in this
section. Figure 7 shows the axial stress distributions along
the pile depths for the heated single pile with different as. In



Fig. 6. Thermally-induced displacement (Pile group, Case 4).

Fig. 7. Thermally-induced axial stress along the pile lengths (Single pile,
Case 1).

Fig. 8. Thermally-induced axial stress along the pile lengths (Pile group,
Case 2).
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the figure, compressive stresses are taken as positive. As
expected, the locations of the maximum thermal axial stres-
ses are consistent with the positions of the null points
observed in Fig. 3. The slight fluctuation near the pile ends
is attributed to the temperature gradient at the correspond-
ing locations. Since the differential deformation between
the pile and the soil decreased with the increase of as, the
thermally induced axial stress was larger at a smaller

as. When as increased from as ¼ 5� 10�6 �C�1 to
1 � 10�5 �C�1, the maximum axial stress decreased by 6%.

In case 2 (Fig. 8), the thermal axial stress was related to
the location of the pile. For corner piles, the restraint at the
top of the pile was relatively small and the distribution pat-
tern of the thermal axial stress was similar to that of the
single energy pile. For the middle piles, the stronger
restraint of the raft resulted in the larger additional com-
press stresses. Another possible reason for the larger ther-
mal axial stress developed in the middle piles was that
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the temperature increments in the middle piles were higher
than those in other piles. The results also show that if the
thermal expansion deformation of the soil is not consid-
ered, the thermal stresses in the piles will be somewhat
overestimated, and the results are on the safe side.

In case 3, the heating of the two corner piles rotated the
raft about a rotation axis. According to Fig. 5(b), this axis
of rotation was close to the unheated corner piles. There-
fore, the load redistribution was induced to maintain the
equilibrium of the vertical load. As seen in Fig. 9, more
loads were transferred to the heated corner piles, while
the axial forces applied on the middle piles were reduced.
The change in stress at the middle piles’ top was about
6% of that under the mechanical load. In addition, the
unheated corner piles were subjected to minor additional
compressive loads.

The load redistribution was also evitable, as shown in
Fig. 10. In this case, the thermally induced mechanical
responses of energy piles and non-energy piles were oppo-
site. Compared to case 3, heating the middle piles caused a
greater amount of load change. The load carried by the
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heated middle piles increased by 16%, while the load car-
ried by the unheated corner piles decreased by 7%.

Although the finite element method has excellent ability
in modeling the behavior of energy pile groups, it is not
suitable for pile groups with a large number of piles
because of the high computational requirements. There-
fore, it is still necessary to develop a simplified yet rational
method.

3 Development of a simplified method for energy pile groups

3.1 Summarization of assumptions

The proposed method was developed based on the tradi-
tional load transfer approach. Based on previous studies
and the finite element analyses in this paper, the following
assumptions were made.

(1) The pile displacement is decomposed into the nonlin-
ear slip displacement at the soil-pile interface and the elas-
tic displacement in the surrounding soil.
Fig. 9. Thermally-induced axial stress along the pile lengths (Pile group,
Case 3).

Fig. 10. Thermally-induced axial stress along the pile lengths (Pile group,
Case 4).
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(2) The raft is rigid, i.e., the bottom surface of the raft
remains as a plane after deformation.

(3) The temperature change in each pile is uniform along
the pile length.

(4) Because the pile length is usually significantly greater
than the pile diameter, the radial expansion of the piles due
to the temperature change is insignificant and can be
ignored.

(5) For most soils, the coefficient of thermal expansion is
one order of magnitude smaller than that of concrete, so
the thermal deformation of the soil can be ignored. This
assumption may overestimate the thermal stress, but the
error is believed to be insignificant and on the safe side.

3.2 Basic model for a single energy pile subjected to thermo-

mechanical loads

3.2.1 Equilibrium equation

Similar to that in the traditional load transfer approach,
the equilibrium equation of a single pile is

@N
@z

þ 2prs ¼ 0; ð1Þ

where N is the axial force, positive in compression; s is the
shear stress around the pile shaft at the depth of z; and r is
the pile radius.

The pile strain due to thermal and mechanical loads can
be expressed as

e ¼ � @u
@z

¼ N
EpA

� apDT ; ð2Þ

where u is the shaft displacement of the pile at the depth of
z; Ep, A, and ap are the elastic modulus, the cross-sectional
area, and the linear thermal expansion coefficient of the
pile, respectively; DT is the variation of the pile tempera-
ture. The compressive strain, download displacement,
and increase of temperature are taken as positive.

Assuming DT is independent of z, the governing equa-
tion can be obtained from Eqs. (1) and (2):

�EpA
@2u
@z2

þ 2prs ¼ 0; ð3Þ

or

s ¼ EpA
2pr

@2u
@z2

: ð4Þ
3.2.2 Load transfer function for the pile shaft

In this study, the load transfer function proposed by Lee
and Xiao (2001) was adopted. They suggested that the
shaft displacement u could be taken as

u ¼ sþ w; ð5Þ
where s is the relative displacement at the soil-pile interface;
and w is the displacement caused by the shear deformation
in the surrounding soil.
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The relative displacement s is related to the shaft shear
stress s by the hyperbolic Eq. (6):

s ¼ s
aþ bs

; ð6Þ

where a and b are parameters. The parameter b is deter-
mined by

b ¼ 1

su
¼ Rsf

sf
; ð7Þ

where su is the limit value of the shear stress at infinite rel-
ative displacement; sf is the real failure shear stress at the
soil-pile interface; and Rsf ¼ sf=su is the failure ratio, rang-
ing from 0.8–0.95 (Clough & Duncan, 1971). The parame-
ter a is determined by

a ¼ 1� Rsf

� �
sf

sf
: ð8Þ

The relative displacement at failure, sf , is usually about
2–6 mm (Alonso et al.,1984; Yin et al., 1995; Fellenius,
2006).

The displacement w can be regarded as elastic and com-
puted by the solution developed by Randolph and Wroth
(1978):

w ¼ r
G

ln
rm
r

� �
s; ð9Þ

where G is the shear modulus of the soil; rm ¼ 2:5lq 1� vð Þ
is the radius of influence of the pile, in which l is the length
of the pile, q is the inhomogeneity factor, and v is the Pois-
son’s ratio of the soil.

Combining Eqs. (5), (6), and (9), the relationship
between the incremental shaft displacement du and the
incremental shaft shear stress ds is expressed as

du ¼ a

1� sbð Þ2 þ
r
G

ln
rm
r

� �" #
ds: ð10Þ

According to Pyke (1979), the unloading and the reload-
ing curves at the soil-pile interface can be modified from
Eq. (6):

s� sc
R

¼
s�sc
R

� �
aþ b s�sc

R

�� �� ; ð11Þ

where sc and sc are the shear stress and the relative dis-
placement at the beginning of the unloading or the reload-
ing, respectively; R ¼ 1� sc=suj j in loading or
R ¼ �1� sc=suj j in unloading.

Therefore, Eq. (10) is modified to allow for the possible
unloading and reloading during the operation of energy
piles:

du ¼ Cds; ð12Þ
where

C ¼ aR2

R� b s� scj j½ �2 þ
r
G

ln
rm
r

� �
:
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3.2.3 Load transfer function for the pile base

The load transfer function at the pile base is described
by a hyperbolic curve:

P ¼ wb

f þ gwb

; ð13Þ

where P is the vertical force developed at the pile base; wb is
the pile base displacement; f and g are parameters. f is the
reciprocal of the initial elastic stiffness and can be obtained
by Eq. (14):

f ¼ 1� vb
4Gbr

; ð14Þ

where Gb and vb are the shear modulus and Poisson’s ratio
of the soil at the pile base. g is the reciprocal of the ultimate
end-bearing load and is expressed in terms of the limit end-
bearing load Pbf and the failure ratio Rbf :

g ¼ Rbf=Pbf : ð15Þ
Accounting for the possible unloading and reloading at

the pile base, the increment of the base displacement dwb

can be obtained by the increment of the base load dP :

dwb ¼ CbdP ; ð16Þ
where Cb ¼ fR2

R�g P�Pcj j½ �2 is the flexibility coefficient at the pile

base, in which Pc is the base load at the last turning point.

3.3 Consideration of the pile-soil-pile interaction

For two identical energy piles i and j, the incremental
displacement of the pile i at depth z, duiz, can be decom-
posed into two parts:

duiz ¼ duiiz þ duijz: ð17Þ
The duiiz is the incremental displacement of the pile i

itself. The duijz is the displacement increment caused by
the neighboring pile j on the pile i. The shear stress on
the shaft surface of the pile j induced either by the mechan-
ical load or the thermal load will transfer radially outward
from the pile. As a result, an additional settlement will be
induced at the location of the pile i. This interaction dis-
placement is nearly elastic and can be computed by the
shear displacement method proposed by Randolph and
Wroth (1978):

duijz ¼ r
G
dsjz ln

rm
sij

� �
; ð18Þ

where sij is the center-to-center distance between the pile i
and the pile j. If sij is greater than rm, duijz is assumed to be
zero.

Equation (17) can be extended to a pile group with n
piles by using the principle of superposition for interactive
displacements:

duiz ¼
Xn

j¼1

Cijdsj: ð19Þ
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When i ¼ j, Cii ¼ aR2

R�b siz�scj j½ �2 þ r
G ln rm

r

� �
; when i–j,

Cij ¼ r
G ln rm

sij

� �
.

The interactive effect at the pile base is assumed to be
uncoupled from that at the pile shafts. The increment of
the displacement at the pile base is estimated by the elastic
solution under a concentrated load:

dwbi ¼
Xn

j¼1

CbijdP j; ð20Þ

where dwbi is the pile base displacement increment of the
pile i; dP j is the increment of the vertical force at the base

of the pile j; when i ¼ j, Cbii ¼ fR2

R�g P i�Pcj j½ �2; when i–j,

Cbij ¼ 1�vbð Þ
2pGbsij

.

3.4 Numerical algorithm

The solution is divided into two steps. The first step
determines the mechanical response under the static work-
ing load, and the second step solves the influences of the
temperature change on the pile responses.

3.4.1 Solution for the mechanical load
As seen in Fig. 11, each pile is divided into N elements

and M M ¼ N þ 1ð Þ nodes. The elements and nodes are
numbered from the pile top to the base. At the node l of
the pile i, the Eq. (19) can be rewritten by using Eq. (4)
and the finite-difference of the second-order derivative:

�
Xn

j¼1

Cij;laduj;l�1 þ 2aCii;l þ 1ð Þdui;l

þ
Xn

j¼1;i–j

2aCij;lduj;l �
Xn

j¼1

Cij;laduj;lþ1 ¼ 0;

i ¼ 1 � � � n; l ¼ 2 � � �M ; ð21Þ
where a ¼ EpA

2prDh2
, Dh ¼ L=N , and L is the pile length.
Fig. 11. Schematic of the
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Because the pile tops are connected by a rigid raft, the
displacement increment due to the load increment of each
pile is equal, that is,

du1;1 ¼ du2;1 ¼ � � � ¼ dun;1: ð22Þ
In addition, the sum of the incremental axial force of

each pile is equal to the total external load dP :

dN 1;1 þ dN 2;1 þ � � � þ dNn;1 ¼ dP : ð23Þ
Because dN ¼ EpA � @du

@z þ aTdT
� �

and dT ¼ 0 for the

case of mechanical load, Eq. (23) is rewritten as

Xn

j¼1

b duj;0 � duj;2
� � ¼ dP ; ð24Þ

where,

b ¼ EpA=2Dh:

The virtual node 0 is supplemented to ensure the second-
order discrete accuracy at the pile head.

For the pile base, we have dui;M ¼ dwbi, Eq. (20) can be
written in the discrete form as

Xn

j¼1

Cbijbduj;M�1 � dui;M �
Xn

j¼1

Cbijbduj;Mþ1 ¼ 0; i ¼ 1 � � � n:

ð25Þ
The virtual node M þ 1 is included.
For a pile group subjected to a known mechanical load,

the load is divided into some sub-load increments at first.
For each load increment, the displacement increments at
every node of every pile can be obtained by solving Eqs.
(21), (22), (24), and (25). Then the increments of the shaft
shear stresses and the axial forces can be determined.

3.4.2 Solution for the thermal load

For the pile group under thermal loads, the rigid raft
may move vertically or rotate about a point. If the origin
of the coordinates is taken at the center of pile 1
pile node numbering.



Fig. 12. Comparison between the finite element method and the proposed
simplified method (Example 1).
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(Fig. 11), the displacements at the pile heads can be
expressed as follows:

dui;1 ¼ du1;1 þ dhyxi þ dhxyi; i ¼ 1 � � � n; ð26Þ
where dhx, dhy are the increments of the rotation angles of
the raft along the y- and x-axis, respectively. xi and yi are
the coordinates of the pile i. To facilitate the derivation,
the pile adjacent to pile 1 along the x-direction is labeled
as pile 2, and the one along the y-direction is labeled as pile
3. Then dhx and dhy can be expressed in terms of the dis-
placement increments at the pile heads, and Eq. (26) is rear-
ranged as.

� 1� xi
x2

� yi
y3

� �
du1;1 � xi

x2
du2;1 � yi

y3
du3;1 þ dui;1 ¼ 0;

i ¼ 1 � � � n: ð27Þ
Considering that the external mechanical loads remain

constant during the operation of the energy piles, the sums
of the increments of the reaction axial forces and the
moments at the pile heads are both zero:

Pn
i¼1

b dui;0 � dui;2ð Þ þ cdT ið Þ ¼ 0

Pn
i¼1

b dui;0 � dui;2ð Þ þ cdT ið Þxi ¼ 0

Pn
i¼1

b dui;0 � dui;2ð Þ þ cdT ið Þyi ¼ 0

8>>>>>>><
>>>>>>>:

; ð28Þ

where c ¼ EpAaT; xi and yi are the coordinates of the pile
centers.

In addition, the boundary condition at the pile bases is
modified as below to account for the effect of the tempera-
ture change:

dui;M ¼
Xn

j¼1

Cbij b duj;M�1 � duj;Mþ1

� �þ dDT i

	 

;

i ¼ 1 � � � n: ð29Þ
For an energy pile group subjected to thermal loads, the

temperature changes of all the piles are used as input
parameters. Once the increments of the pile temperature
are known, the increments of the pile displacements can
be obtained by solving Eqs. (21), (27), (28), and (29).

4 Validation examples

4.1 Comparison between simplified predictions and finite
element results-Example 1

The simplified method was first used to analyze the
energy pile groups adopted in the finite element analyses
of this paper. The thermally induced axial stresses of the
middle piles obtained by the finite element method and
the proposed simplified method are compared in Fig. 12.
The parameters used in the simplified method were deter-
mined according to those used in the finite element analyses
and are listed in Table 3. The average temperature incre-
100
ment of the pile body was used as the input value. The
parameters a and b were determined from Eqs. (7) and
(8). The parameters f and g were determined from Eqs.
(14) and (15). Both the failure ratios Rsf and Rbf were taken
as 0.90, and sf was taken as 4 mm.

In general, the calculation results of the two methods
are quite consistent. Due to the pile-raft-pile interaction
effect, the magnitude and nature of the thermally-induced
axial stresses in the pile groups are related to the location
of the heated piles. For example, when the two middle piles
were heated alone, the constraint effect of the adjacent
piles transferred through the rigid raft was the largest.
Therefore, the additional compressive stress of this case
was the largest, about 525 kPa, which is significantly larger
than those in other cases. This observation found in the
finite element analyses can be captured by the simplified
method.
4.2 Comparison between simplified predictions and centrifuge

test results-Example 2

Ng and Ma (2019) conducted a 60g level centrifuge test
on a 2 � 2 pile group in saturated Toyoura sand. The test
pile was a steel pile with a length of 550 mm. The pile was a
square section of 20 mm � 20 mm with a wall thickness of
1.6 mm. The pile tops were connected by a 25-mm-thick
aluminum plate.

The sand had a relative density Dr of 65%, the corre-
sponding effective unit weight c0 of 9.5 kN/m3, and the
Poisson’s ratio v of 0.25, and the modulus of elasticity
was estimated by the empirical relationship, allowing for
the dependence on the stress level:

E ¼ 60 000Dr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0
3=100

q
; ð30Þ



Table 3
Parameters of the validation examples.

Parameters Example 1 Example 2 Example 3

Ep (GPa) 20 47.6 40.0

ap (le=�C) 10 15 10

G (MPa) 7:69 7:60
ffiffi
z

p
15:0; 0 < z 6 6:2

37:8; 6:2 < z 6 10:3
54:0; 10:3 < z 6 19:1

76:7; 19:1 < z
m 0.30 0.25 0.50

sf (mm) 4

Rsf 0.9

Rbf 0.9

a (10�4=kPa) 1:11=z 2:24=z

0:25; 0 < z 6 6:2
0:10; 6:2 < z 6 10:3
0:07; 10:3 < z 6 19:1

0:05; 19:1 < z

b (1=kPa) 0:25=z 0:50=z

0:057; 0 < z 6 6:2
0:023; 6:2 < z 6 10:3
0:016; 10:3 < z 6 19:1

0:011; 19:1 < z

f (10�6m=kN) 56.9 14.0 3.26

g (10�3m=kN) 0.311 0.613 0.465

Fig. 13. Computed variations of the displacement with thermal cycles
(Example 2).

Fig. 14. Measured and computed variations of the titling with thermal
cycles (Example 2).
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where r0
3 is the effective minor principal stress. The effective

friction angle of the sand was 31�, and the friction angle at
the soil-pile surface was 29�. The shear modulus of the soil
was determined by E= 2 1þ vð Þð Þ. All the required parame-
ters for the numerical analysis are summarized in Table 3.

During testing, a mechanical load of 2.64 kN was
applied to the pile group at first, and then the temperature
of only one pile was changed cyclically. The amplitude of
the temperature change was �7 �C, and a total of 10 cycles
was applied.

The numerical analysis was performed in the prototype
scale. Figure 13 shows the variations of the computed pile
displacements during thermal cycles. Though only one pile
(Pile 1) experienced temperature change, the displacements
of all piles varied cyclically. During the heating phase of
the first thermal cycle, Pile 1 expanded and the uplift at
the pile head is 1.5 mm. With the relatively rigid pile cap,
the uplift of Pile 1 caused the adjacent pile (Pile 2) and Pile
3 to move upward. But the pile at the diagonal position
(Pile 4) moved downward. In the subsequent thermal
cycles, the displacement directions of Piles 1 and 4 were
always opposite, which means that the raft rotated during
the thermal cycles.

To qualify the rotation of the raft, titling is introduced
and defined as the ratio of the settlement difference between
the tops of pile 1 and pile 4 to the distance of the two piles.
Figure 14 plots the measured and computed variations of
titling with thermal cycles. A negative tilt means clockwise
rotation around the axis linked by piles 2 and 3. The calcu-
lated results of the group tilt are in good agreement with
the measured results, and both increase gradually with
the progress of the temperature cycle. Both the maximum
calculated and measured tilts are far less than the limiting
value of 1/500 for the foundation of high-rise building
101
structures. It seems that the operation of the energy piles
has a trivial impact on the serviceability of the energy pile
group in this example.

With the rigid raft, the difference displacements between
the energy piles and the conventional piles result in the
redistribution of the loads among the piles in the group.
Figure 15 shows the distribution of the axial force in each
pile at the end of mechanical loading (before the tempera-
ture was changed) as well as after the first heating. The
increments of the axial force caused by the first heating
are also plotted in the figure. With the configuration of
the four-pile foundation with a square layout, the distribu-
tion of the axial force of each pile is the same after mechan-
ical loading and shows the characteristics of typical friction
piles. After heating, pile 1 (energy pile) expanded, and the
top and bottom of the pile displaced upward and down-
ward, respectively. Under the action of the raft and the
other three non-heated piles, the upward displacement of
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the top of pile 1 was restrained to some extent, and the
axial force on the top of the pile increased by 505 kN
(21% of the mechanical load).

Corresponding to the changing pattern of the pile top
displacement in Fig. 13, the pile top raft tilted after the first
heating, therefore pile 4 was loaded downward, and the
load carried by the pile increased. For the pile position
arrangement in this example, if the external mechanical
load applied to the foundation remains unchanged, the
axial force increment at the top of pile 4 will be the same
as that of pile 1 to satisfy the moment equilibrium. But
the distributions of the axial force in these two piles were
different. The change in the axial force of pile 4 was mainly
governed by the compression at the pile head. Thus,
thermally-induced axial force in pile 4 decreased gradually
along the length of the pile, which is different from the con-
vex shape of the heated pile 1. To satisfy the force equilib-
rium, the changes of the loads applied on the heads of piles
2 and 3 were the same and opposite to that of pile 1. After
the first heating, some certain thermally induced pulling
forces were observed for these two piles, but the overall
axial force in the piles was still compressive.

Figure 16 shows the variation of the computed and mea-
sured head forces of pile 2 with the number of thermal
cycles. The heating of Pile 1 reduced the load applied on
pile 2, while the cooling increased the load. The maximum
increase of the pile head force was about 35% of the
mechanical load at the 8th cooling. On the other hand,
the reduction of the pile head force due to heating attenu-
ated with the increasing number of the thermal cycles, with
the maximum decrease of 18% at the first heating. After 10
thermal cycles, a permanent increase in the head force was
about 7% of the mechanical load.
4.3 Comparison between simplified predictions and field test

results-Example 3

Wu et al. (2020) conducted a series of full-scale tests to
investigate the interactions between an energy pile and four
traditional piles in a row. The piles were reinforced cast-in-
Fig. 15. Computed profiles of the axial force along with the depth
(Example 2).

102
place concrete piles with a length of 20 m and a diameter of
1 m. As shown in Fig. 17, the piles were placed in a row
with a net spacing of 4.4 m, and the pile heads were con-
nected by a reinforced concrete slab. In the test, only pile
B served as an energy pile, and the average temperature
increment was about 20 �C. Before the temperature
increased, a uniform line pressure of 70 kN/m was applied
to the slab. The ground included four layers of clay, namely
silt clay, gravel clay, silt clay, and stiff sandy clay. The shaft
friction resistance of each soil was taken as 0:35cu, where cu
was the average undrained shear strength. The elastic mod-
ulus was estimated as1 000cu. All the parameters are pre-
sented in Table 3.

Figure 18 shows the computed and measured additional
axial forces due to temperature change. Because the
responses of Piles D and E were very small, they are not
shown in the figure. For the energy pile (Pile B), the mea-
sured thermally induced axial force at the pile head was
3 455 kN, which is about twice the calculated value of
1777 kN. One major reason for the significant difference
may be due to the non-uniformity of temperature across
the pile cross-section. As pointed by Abdelaziz and
Ozudogru (2016), the maximum temperature changes and
the maximum thermally induced stresses occur near the
location of the heat exchange loops. The stresses measured
at these places cannot exactly predict the average thermally
induced stress.

For Piles A and C, the thermally induced axial forces in
the piles were predicted well. The increase in the tempera-
ture of Pile B caused tensile forces at the heads of Piles A
and C. The difference between the measured and computed
values was about 18%. In addition to the uncertainty of the
Fig. 16. Measured and computed changes of the head load applied on Pile
2 (Example 2).



Fig. 17. Schematic diagram of the pile row (Example 3).

Fig. 18. Comparison of calculated and measured values (Example 3).

Fig. 19. Effect of the location of the energy pile (Example 3).
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soil parameters, the assumption that the slab is rigid may
have some influence on the results.

The effect of the location of the energy pile on the pile
response was further investigated using the proposed
method. The results are presented in Fig. 19. If all the piles
are served as energy piles, the additional forces at the pile
heads are very small. While if only one pile is heated, a sig-
nificant axial compressive force is induced at the head of
the heated pile. The direction and the magnitude of the
thermally induced axial force in the unheated piles are
determined by the relative locations to the energy pile. If
the middle pile (Pile C) is heated, the additional axial force
is the largest among all the cases.
5 Conclusions

A series of sequentially coupled thermal-stress finite ele-
ment analyses were performed to investigate the behavior
of an energy pile group subjected to non-uniform thermal
loadings. Then a simplified method for the mechanical
analysis of energy pile groups was developed. The main
conclusions are as follows:

(1) Due to thermal interaction, the temperature change
and the influence zone increased with the number of the
heated piles. If all the piles were heated simultaneously,
the temperature increments of the middle piles were the
highest. For the energy pile group considered in this study,
the temperature increment of the middle piles was 4.5 �C
higher than that of the isolated single.

(2) In the energy pile groups, the non-uniform thermal
load may lead to a significant group effect because of the
pile-raft-pile interaction. The differential displacement
among piles will be induced accompanied by the load redis-
tribution among energy and non-energy piles. The magni-
tude and nature of the thermally-induced mechanical
behaviors of piles were related to the location of the heated
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piles. For the case where only the two middle piles were
heated, the load carried by the heated middle piles
increased by 16%.

(3) A simplified method was proposed to investigate the
group effects in energy pile groups subjected to non-
uniform thermal loads. The comparisons with the finite ele-
ment results and the examples collected from the literature
show that the proposed simplified method can capture the
characteristics of energy pile groups well. The proposed
method is easy to use and can help the design of energy pile
groups.
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