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Abstract

Various analysis methods have been developed to simulate the performance of energy pile
groups subjected to thermal and mechanical loads. Although they considered the interactions
between piles in the group, the ‘sheltering-reinforcing’ effect was usually ignored during the
analysis, or the methods were not experimentally validated. Therefore, to address this gap, we
propose an experimentally validated load transfer model that considers the °‘sheltering-
reinforcing’ effect for the thermomechanical analysis of energy pile groups. The proposed
method modeled two well-documented full-scale field tests and two finite-element simulation
cases. The comparison results showed that the proposed method could capture several essential
aspects of the energy pile group, including thermally induced strain, stress, displacement, and
group effects. Furthermore, a parametric analysis was performed to evaluate the effects of
relevant parameters on the thermomechanical behavior of the energy pile group.

Keywords: load transfer method; energy pile group; thermomechanical behavior; geothermal

energy.

1. Introduction

Energy piles are environment-friendly technologies that have attracted increasing attention
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because of their effective solicitation of shallow geothermal energy (Rotta Loria and Coulibaly
2021). Unlike conventional pile foundations, the operation of an energy pile involves complex
coupling between thermal, mechanical, and other physical fields (Bourne-Webb and Bodas
Freitas 2020). It is also necessary to consider pile—pile and pile-slab interactions under thermal-
mechanical loading for energy pile groups (Moradshahi et al. 2020, Ravera et al. 2020a, 2020b,
Fang et al. 2022). Recently, understanding this complex mechanism, seeking simple approaches
to describe it, and then applying it to the engineering design of energy piles has become a hot
topic in energy pile research.

Numerous in situ field tests (Bourne-Webb et al. 2009, Murphy et al. 2015, Faizal et al.
2019, Sutman et al. 2019a, Fang et al. 2020, 2022, Wu et al. 2020, 2021), small-scale laboratory
model tests (Kalantidou et al. 2012, Yavari et al. 2016a, Yazdani et al. 2019b, Kong et al. 2020,
Song et al. 2020), and centrifuge model tests (Ng et al. 2015, 2016, 2021, Ng and Ma 2019)
have been conducted to investigate the thermomechanical behavior of energy pile and pile
groups. It is impractical to use experimental methods to comprehensively investigate the effects
of all the factors on the performance of energy piles considering the enormous time-consuming
and financial expense. Thus, the development of experimentally verified numerical methods to
supplement the experimental methods is necessary to thoroughly study the thermomechanical
mechanisms of energy piles. Various numerical approaches with different complexities have
been used in previous years, including finite element models (Yavari et al. 2014, Rammal et al.
2018, Garbellini and Laloui 2019a, Nguyen et al. 2019, Arzanfudi et al. 2020, Georgiadis et al.
2020, Sutman et al. 2020), finite difference models (Suryatriyastuti et al. 2012, 2014, Luo and
Hu 2019, Najma and Sharma 2021, Liu et al. 2022), and other theoretical models (Rotta Loria
and Laloui 2016, 2017a, Rotta Loria et al. 2018, 2020a, Garbellini and Laloui 2019a, Iodice et
al. 2020, 2023, Ravera et al. 2020a, 2020b, Cui et al. 2021, Saeidi Rashk Olia et al. 2022, Liu
et al. 2022, Song et al. 2022, Song and Pei 2022, Pei et al. 2022a). Among these, the load
transfer method is commonly used for energy pile design because it overcomes the drawbacks

of high time consumption, high computational cost, and high requirements of the complete
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numerical simulation method. The load transfer method is very user-friendly and well-suited
for the engineering design of energy piles.

The load transfer method was initially proposed by Seed and Reese (Seed and Reese 1957)
and then gradually applied to investigate the thermomechanical response of an isolated energy
pile. For example, Knellwolf et al. (2011) developed a load transfer method using the three-
polyline load transfer curve proposed by Frank and Zhao (1982). In situ isolated energy piles
were modeled, and their thermomechanical behavior was analyzed. The comparison results
between the simulations and the measured data showed good agreement. Sutman et al. (2019b)
developed a model by incorporating the unloading-reloading response into the load transfer
curve and validated it through field test results. The above studies demonstrate the applicability
of the load transfer method for studying the thermomechanical response of an isolated energy
pile. As an essential part of the energy pile group, the successful application of the single pile
response model lays the foundation for developing a pile group response model.

Recently, several studies (Ravera et al. 2020a, Fei et al. 2022, Liu et al. 2022) extended the
load-transfer method to consider the thermomechanical interaction of energy piles in groups.
Ravera et al. (2020a) modified the load transfer curve of an isolated energy pile in a group using
a displacement factor that considered group effects. The field test results of an energy pile group
consisting of four energy piles were used to validate the proposed method. A comparison
between the simulated and measured results showed the suitability of the proposed method for
analyzing the thermomechanical performance of the energy pile group. Nevertheless, it should
be noted that the determination of the displacement factor is based on an empirical formula,
which is proposed based on the fitting of the finite-difference modeling results of the 5x5 pile
group (Comodromos et al. 2016). A significant difficulty in applying this empirical formula to
the analysis of the energy pile group is that the effect of the temperature on displacement factor
cannot be considered. Thus, additional experiments or numerical simulations are required for
specific analysis cases to comprehensively determine the appropriate displacement factors.

Besides, the load transfer method proposed by Ravera et al. (2020a) has some limitations in
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clarifying the thermomechanical behavior of energy pile groups because it cannot take into
account the ‘sheltering-reinforcing’ effects of the energy pile group into consideration.

The ‘sheltering-reinforcing’ effects characterize the interaction between piles in groups and
are considered in previous studies of conventional pile groups (Mylonakis and Gazetas 1998,
Wang et al. 2016). The results indicated that the calculated pile head displacement was
overestimated without considering this effect, and the error increased significantly with
increasing group size. For the energy pile group, the ‘sheltering-reinforcing’ effects act
throughout thermomechanical loading, which can be observed in the field test results (Rotta
Loria and Laloui 2017b, 2018, Fang et al. 2020). Liu et al.(2022) proposed a load transfer
method to rapidly calculate the response of an energy pile group in which they considered the
reinforcing effect of neighboring piles in the group. The applicability of this method to pile
groups was verified by comparing it with finite element simulations that did not consider the
nonlinear pile-soil interaction (Rotta Loria and Laloui 2016). Nevertheless, the presence of the
slab and the pile-slab-soil interaction had not been considered in their study, which would limit
the scope of application of the method due to the importance of the slab in the energy pile group.
Besides, there is no adequate verification of whether the proposed model can accurately
calculate the critical aspects of the thermomechanical responses of the energy pile group,
including the pile axial strain, stress, and pile head displacement. Therefore, to address this gap,
it is necessary to develop an experimentally validated model.

This study aims to provide an experimentally validated simple load transfer model that
considers the ‘sheltering-reinforcing’ effects for thermomechanical analysis of energy pile
groups. Section 2 details the proposed model and the developed thermomechanical performance
analysis algorithm for energy pile groups based on the proposed model. Section 3 verifies the
results obtained by the proposed method using field tests and finite element simulations. A
comprehensive sensitivity analysis of the parameters involved in the proposed model is

presented in Section 4. Finally, conclusions are presented in Section 5.
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2. Development of the load transfer model for the energy pile group

Some assumptions of the load transfer mechanism for energy piles are employed in this
study: (1) the load-displacement relationship (i.e., t-z model) and pile and soil properties are
assumed to be independent of temperature variations, based on the fact that previous studies
suggested that the effect of temperature within the range of 5 - 40 °C on soil and concrete
properties is insignificant (Yavari et al. 2016b, Yazdani et al. 2019a, Rotta Loria and Coulibaly
2021); (2) the strain and stress analysis of the energy pile in the group is achieved by
considering the pile-to-pile interaction in the pile group; (3) the interaction between the slab,
energy piles in the group, and soil can be considered through assuming an additional spring
connecting with the pile heads; (4) The influence of the axial deformation of the piles on the
thermomechanical behavior of the piles is mainly considered in the study to simplify the
calculation(Ravera et al. 2020a). The last assumption is based on the fact that a numerical study
of energy piles (Olgun et al. 2014) and full-scale field studies (Faizal et al. 2019) reported that
the normal contact stress of the piles did not change significantly owing to their radial thermal
expansion of the energy piles. Other studies on the load transfer analysis (Knellwolf et al. 2011;
Chen and McCartney 2016) have also confirmed that the influence of radial deformation on the
pile-soil axial interaction is negligible. Therefore, the present study did not consider the

influence of the radial deformation of the energy pile.

2.1 Load transfer function at the shaft of the isolated energy pile

According to a previous study (Lee and Xiao 2001), the nonlinear performance of the pile
load displacement is divided into (i) the nonlinear relationship between the pile shaft shear
stress and pile-soil relative displacement and (ii) the nonlinear stress-strain relationship of the
surrounding soil induced by the pile shaft shear stress. Caputo (1984) and Trochanis et al. (1991)
divided surrounding soil into disturbed and undisturbed zones. The disturbed zone is a thin
layer of soil on the soil/pile interface. The nonlinearity of the pile-soil interaction was
concentrated in this interface. The area outside the interface is the undisturbed zone. Because

this zone is subjected to a relatively low stress change, the stress-strain behavior of the soil is
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mainly elastic. The nonlinear response of pile groups primarily depends on the nonlinear
characteristics of single piles, and the pile-pile interaction is elastic. The total shaft
displacement at a certain depth (i.e., ) can be divided into pile-soil relative displacement (i.e., p)
and the elastic displacement of the surrounding soil (i.e., s).Recently, these concept has been
introduced into the thermomechanical analysis of energy pile group (Fei et al. 2020, Liu et al.
2022). As suggested by Lee and Xiao (2001), the thickness of the interface was assumed to be
zero, which can provide a simplified mathematical processing method for simulating the pile-
soil relative displacement and elastic displacement of the soil around the pile. Thus, the total
pile shaft displacement can be expressed as follows:
u=p+s €))
The elastic soil displacement induced by pile shaft stress can be calculated using the

expression proposed by Randolph and Worth (1978):

s=ﬂlni= T 2
G 4 (2)

h

where G is the shear modulus of the soil, 1y is the pile radius, 73, is the shear influence
radius.

In this study, an exponential model was employed to calculate the pile-soil relative
displacement of the pile-soil interface because it can better simulate the field test results without

adopting complex fitting parameters (Kezdi. 1957). The exponential model is expressed as

=T, l:l—exp[—ﬁpﬂ (3)
Tll

where T is the pile shaft shear stress, 7, is the ultimate shear stress, Gg gy 1s the initial

follows:

stiffness of the pile-soil interface, the unit of which is kPa/m.
It should be noted that the deformation mechanisms of energy piles and conventional piles
differ. For the energy pile, when the pile body is heated up, it expands, the upper part of the pile

side friction decreases, and it is in the unloading stage. In contrast, the shaft shear stress at the
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lower end of the pile side increases and is in a loading state. When the pile body is cooled, it
shrinks, and the situation is the opposite of that during heating. Therefore, Eq. (3) should be
improved for the thermomechanical analysis of the energy pile. We developed a model by
employing the improved Masing rule to simulate the loading-unloading-reloading path of the
pile-soil interaction, and its expression can be written as Eq. (4). Further details can be found

in (Pei et al. 2022b).

Gs,max
r=1,+1(7, -7, )| 1-exp| -n—"~(p—p,) )
Tu _UTO
where 7 denotes the loading and unloading branching judgment factor, n = —1 and n =1

represent unloading and reloading conditions, respectively, p, denotes the relative
displacement of the pile and soil corresponding to the stress reverse point, 7, is the pile shaft
stress corresponding to the stress reversal point. When p, and 7, are equal to zero, Eq.(4)
degenerates to the expression of the initial loading curve.

Substituting Egs. (2) and (4) into Eq. (1), the total pile shaft displacement at a given depth

can be expressed as Eq. (5):

u=p+s=p0+m-°_r"ln - "% +yr 3
77G U(Tu_nz-o)

where py = Uy — So = Ug — Y14, and u, denotes the total shaft displacement of the pile
corresponding to the shaft shear stress reversal point. Thus, Eq. (5) can be expressed using Eq.
(4), which is the load transfer function used to simulate the relationship between the pile shaft

resistance and the relative pile-soil displacement.

T,—T, T-T
u=u,+ 7:7(0;““&: ln(l— 77(Tu _;TO)}-H//(T—TO) (6)

2.2 Group interaction for energy piles considering ‘sheltering-reinforcing’ effect

As discussed in the previous section, the pile-soil-pile interaction in the pile group can be
considered as linearly elastic and suitable for the principle of superposition. According to

previous studies (Randolph and Wroth 1979), for the two energy piles system (i and j)
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subjected to thermomechanical loading, the vertical elastic displacement of the pile i can be
divided into three parts: (i) the displacement (s;q) induced by its own load; (ii) the displacement
(As;p) induced by the ‘sheltering-reinforcing’ effect of pile j; (iii) the additional displacement
(sij) caused by j pile under its own load. If the ‘sheltering-reinforcing’ effect is not considered,
the total elastic displacement of i pile can be written as follows:
;=S S, (7
In the proposed method, we consider the ‘sheltering-reinforcing’ effect. Therefore, the total
elastic displacement of i pile can be written as follows:
S, =8, —Asyy 5, ()

According to the formulation proposed by Randolph and Worth (1978), s;y can be

calculated as follows:

_ Tl g T

N

Sio

©

The shear stress of pile i transferred to the side of pile j can be expressed as follows:

T.s‘ij }"0

Ty = (1, < S < r,) (10)

aij
where s4;; denotes the distance between the axes of two piles. Considering the ‘sheltering-

reinforcing’ effects of pile j on pile i, As;, can be obtained by:

T_.F r Tl T 7
0 0
Asm:Lln—m:L—oln—”’ (11)
Sai Sap O Sa

If the existence of pile j is not considered, then the displacement at the position of pile j

caused by pile i under its own load is:

7.1

_ Tsit0

jo= et I (1 <5, <) (12)

aij

S

In addition, the shear stress transferred from pile i to the side of pile j (i.e., Tg;) reduces

the displacement of pile j as follows:
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_ Lo 1ni__2-5/"r0 r_01ni (13)

rn s, G

ay

As

Jji0

Therefore, the additional displacement of pile j induced by the load of pile i can be

expressed as follows:

T 7 7, v
S5 =S50 —AS 4 ’—O[lni——olnﬂ] (14)
G Sai Sap T
According to the assumption that 7; = 74j; = Tg; (Zhang et al. 2016), the additional

elastic displacement of pile i caused by the load of pile j is equal to the additional elastic

displacement of pile j caused by the load of pile i, that is:

0 I
sl.jzsﬂz—o[ln———oln—] (15)

Thus, for a two-pile system, the total elastic displacement of pile i can be obtained as

follows:
T.T r ¥ r r 7 r
5, =8, = As;y +5, =% In2 - L In2 4 In2-— L In2 (16)
G To Suj S Sii Sap o

For a group of n piles, the total elastic displacement of pile i can be calculated as

follows:

§; =80~ ‘_ZH:A(ASiO_Sij)Z G { a Z (SO ln FL-'_F_OIHQJ} (17)

J=Lj#i\ " aij Sazj Saij Saij N

Therefore, the total shaft displacement of the energy pile i is:
u:p+s=uo+mln L ] N +y' (7, —1,) (18)
s max 77(2-1/_772-0)

where v is the pile-pile interaction parameter, which can be written as follows:

W':%{lnr—m— > [r—‘)lni—ln’iJrr—OlniH (19)

To o j=tj=i\ Say  Say Saj Say 7o
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2.3 Load transfer function at the base of energy pile group

Similar to the definition of the pile-side displacement, the displacement at the pile end is
the sum of the pile-soil relative displacement (i.e., p,,) and the elastic displacement of the soil
at the pile tip (i.e., sp). It can be written as

u,=p,+s, (20)

The pile-soil relative displacement can be simulated using an exponential model (Liu et

al., 2022), which can be calculated as follows:

_ Gpmax
c,=0,,|1—exp —O_—pp (21)
up

where oy, is the pile tip resistance, Gpmqay 1S the initial stiffness of the pile tip-soil interface;
Oyp 18 the ultimate pile tip resistance.

According to the improved Masing rule (Pei et al. 2022), the load transfer function for
simulate the loading-unloading-reloading path of the pile-soil interaction at the pile tip can be

written as

G
c,=0, +K‘(O'up —napo)ll—expt—ic&(pp Py )ﬂ (22)
po0

c,, — Ko

Thus, the pile-soil relative displacement of the energy pile tip can be written as

Ko ,—O o,—-0
P, =Py +——In|1-———L= (23)
G K‘(O‘pu - K‘O'po)
where x denotes the loading and unloading branching judgment factor, k = —1 and ¥ =1

represent unloading and reloading conditions, respectively, p,, denotes the relative
displacement of the pile tip and soil corresponding to the stress reversal point, g, is the pile
tip resistance corresponding to the stress reversal point. When p,, and o, equal zero, Eq.
(22) degenerates to the expression for the initial loading curve.

According to Randolph and Wroth (1979), the elastic vertical displacement of the soil
induced by the pile tip resistance can be obtained as

10/ 47
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zr,(1-v
s, =%6p =/10'p (24)

soil
where A is the model parameter. According to the studies in (Lin and Dai 2014), the pile-pile

interaction at the pile tip is insignificant. Therefore, the total displacement of the pile tip can be

expressed as follows:
u,=p,+s, =pp0+mln{l—ﬂ]+lap (25)
nGpmax n (Gpu R )
where ppo = Upg — Spo = Upo — A0pg, and u, denotes the total displacement of the pile tip
corresponding to the pile tip resistance reversal point. Thus, Eq.(25) can be expressed as Eq.(26),
which is the load-transfer function used to simulate the relationship between the pile tip
resistance and the relative pile tip-soil displacement.

O ,— 0O O —O0O
u, =, +%m[1—(”—"°)}rﬂ(a}, " (26)
77 77 O-pu _770-[70

pmax

2.4 Pile-slab-soil interaction for the energy pile group

The pile-slab-soil interaction of the energy pile group is simulated using a spring linked to
the pile head during the load transfer method, as adopted by Knellwolf et al. (2011) and Ravera

et al. (2020a). The spring stiffness is calculated by (Randolph 1994, Selvadurai 2013)

_ Es leubleab

g (I_Usz)po

27)

where E is Young’s modulus of the soil; v is Poisson’s ratio of the ssoil; Lg,;, and Bgap
are the length and width of the slab, respectively; and p, is a coefficient, which can be

evaluated from the dimensions of the slab (Ravera et al. 2020a).
2.5 Parameters determination

As shown in Fig. 1, the proposed model has four parameters that are calculated as follows:
(1) Ultimate shaft resistance
The ultimate shear stress is the stress corresponding to the asymptote of the stress-strain
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curve, which is obtained by laboratory interface shear tests. If the test data are not available,

the ultimate shear stress can be calculated as follows:
7, =(1—sing, )o! tan§, (28)
where o', is the effective overburden pressure, o', = y’z for the homogeneous soil and
!

o', = i1}z for the layered soil, where y’ is the effective weight of the soil. &5 is the

friction angle of the pile-soil interface, which can be expressed by the soil friction angle (¢s)

as 8 = tan~ 12225005 (pej et al. 2022b).
1+sin“@g

(2) Initial stiffness of the pile-soil interface Ggpqx
According to Randolph and Worth (1978), Ggnax can be obtained as follows:

G =2 (29)

" pme
D
where G is the soil shear modulus and 7, is the shear influence radius, which is related to
the pile length and soil layer distribution. The value of the shear influence radius increases with
increasing soil depth. It can be expressed by:

r,=25(1-v,)L (30)

where 0 is the soil shear modulus ratio, vy is the Poisson’s ratio of the soil, L is the pile

GL
length. For homogeneous soils, the soil shear modulus ratio can be calculated as § = 2 G,

where G. and G, are the soil shear modulus at the middle and tip of the pile, respectively.
2

For multilayered nonhomogeneous soils, the soil shear modulus ratio can be calculated as 6 =
[ G;,dz/G, L according to Lee et al. (1993), in which G;, is the shear modulus of the soil
layer and z is the soil depth. According to Wong and Teh (1995), the shear influence radius
should adopt a value in the range of 0.5-2.5L when the length-to-diameter ratio of the pile falls
within the range of 20-100.

(3) Ultimate base resistance gy,

Oyp can be calculated as gy, = ¢’N; + 0, Ny, where ¢’ is the effective cohesion of the
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soil, gy, is the effective vertical stress at the pile tip; N, and N, are the load capacity

coefficients, which can be calculated by N, = e™*¥'tan? (%w), N, = (Nq —1)coty’,
where ¢’ is the effective friction angle of the pile tip soil.
(4) Initial shear stiffness of the pile tip Gpmax

The initial shear stiffness of the pile tip, which can be calculated as Gppmax =

4G,
e (1 —vg)
Geotechnical site characterization based on laboratory tests
Soil parameter: ¢, v, G, @;; Pile parameter: L, D;
Slab parameterS: Eslab' leab' tslab' leab' Vsiab
s N R )
Pile-slab contact stiffness - AE 3o Bty (1 —Y )
(. R
\_ kh Y, 3”EsaﬂL:Iab (1* s]ab)
{ ul haft 1
timate shaft resistance i
— 7, =(1-sing, )o tan g, - & =tan!| ZL00
zZ, : 1+sin” @,
L J
N
iti i 2Gso
Initial shear stiffness = W’d) e 25(1_05 )L
L smax ) D
e A
Ultimate base resistance
— o =cN +c', N I s /
o w e TOwlYy Nq — "™ a2 (”+2¢s )
. Y J 4
e N 0
Initial shear stiffness G = 4G, N, _(N4 71)(:0“/’:
G P (1-v,)
N J

Fig. 1 Steps of calculation for the determination of model parameters

2.6 Implementation for thermomechanical analysis of an energy pile group

Approaches such as the one-dimensional element and finite difference methods can
implement the proposed load transfer model. Song and Pei (2022) improved the finite-
difference method proposed by Chen and McCartney (2016), which was divided into
mechanical and thermomechanical analyses, as shown in Fig.2. During the mechanical analysis,
the temperature change is set to zero and the pile is subjected to the mechanical load only.
Besides, no constraint is applied to the pile head since the pile only moves downwards caused

by the mechanical load. The mechanical response could be obtained through an iterative
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procedure.

When the energy pile is subjected to heating/cooling, the pile expands or contracts, a null
point (NP) is defined as the position below and above which the pile has opposite displacements.
In the thermomechanical analysis stage, the position of the NP should be assumed first, and
then the element number above and below the NP should be determined. The displacement
calculation of the element below the NP starts from the NP+1 element. Since the displacement
of NP caused by the thermal load is zero, the initial displacement of this element is the
displacement under the mechanical load. Taking this as the initial element, one iteratively
calculates the displacement of all pile elements below the NP and calculates the stress of each
element from the pile bottom element upward based on the displacement. The displacement
and stress calculation methods for elements above the NP are similar to those below the NP.
The difference is that the stress is calculated sequentially from the downward pile head element.
The stress at the top of the pile head element is determined by the mechanical load, restraint
conditions, and element displacement. The convergence condition of each element under the
thermal-mechanical coupling is that the thermal deformation tends to converge (i.e., |44 ., —
4%|<1079). At the same time, the position of the assumed NP is adjusted by observing the stress
balance of the upper and lower elements on the NP until the positions of the new and old NP
reach the convergence condition and the thermomechanical response of all elements of the pile
body can be obtained. It should be noted that the load transfer functions of the pile shaft
resistance and tip reaction presented in Section 2 are employed during the thermomechanical

analysis of the energy pile group in the present study.
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Assume the position of the neutral plane (NP)
{
Determine the element number above and below the neutral plane
1
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base displacement of other element, s, yr = sfj}r

[ Obtain thermomechanical responses }

Note: AT=temperature change; Kj=contact stiffness; P=mechanical load; n=thermal cycles; N=number
of pile elements; NP=neutral plane of the pile subjected to thermal loading; Ak=free thermal deformation
of element; a;=thermal expansion coefficient of the pile; AT=temperature change of the pile; Qy, yr= pile
tip reaction; Q;MT=side friction of the element subjected to thermal and mechanical loading;
Qi_MT=thermomechanica| top axial stress of the element; Q{a,m= thermomechanical base axial stress of
the element; o;=axial stress of the element; A"T,,,ew=calculated thermal elongation or contraction of the
element; ¥ @¥P=unbalanced force between the pile above and below the neutral plane.

Fig. 2 Flow chart for computational thermo-mechanical analysis of energy piles (after Song

and Pei 2022)
3. Validation of the present model
3.1 Tests of an isolated energy pile

Guo et al. (2018) reported an energy pile field test conducted at Southeast University,
Nanjing City, China. The groundwater of the site is located at a depth of 1m. The test pile with
a length of 24 m and a diameter of 0.5 m was made of high-strength concrete. The pile was
placed in five soil layers, as shown in Fig.3. The top layer of the soil deposit is clay, reaching a

depth of 4.3 m. The following layers were silty clay with a thickness of 7.2 m. Below the silty
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clay, two clay layers were found and reached depths of 16 and 17.4 m, respectively. The last
layer is silty clay with a thickness of 6.6 m, which provides pile tip resistance. Relevant
parameters for the present study were extracted from Guo et al. (2018) and are shown in Table
1. The pile was continuously heated for 168 h at an average power of 3.44 kW. In this study,
the heating durations of 24, 72, 96, and 168 h are selected to be modeled, corresponding to the
pile temperature variations of 11.1, 13.2, 16.6, and 19.3 °C. No mechanical load was imposed
on the pile head during testing, thus the change in pile stress was caused by the thermal load
only. In addition, the contact stiffness between the pile head and superstructure was not

considered in this case study because there were no structural constraints on the top of the pile.

Om
BV AT R =
= Water level
[ @43 m Clay 0 0@3.6m
e
B Silty clay if jg@7.0m
10m|—
- attem 1 {i@tt1m
D Clay 1 | j@140m
15 m —@16.0 m
[ @i7am_Cay ____ " fi ffj@iesm
20 m — i H@200m
— Silty clay
— @24.0m 1 p@230m
25 m — 0 Str;s;n;oritoring point 05m |
(a) Soll (b) Pile

Fig. 3 Schematic of the soil and pile referring to the study of Guo et al. (2018)

Table 1 Soil parameters considered for modelling the field tests of Guo et al. (2018)

Soil layer, 2 [m] | €'Y f;;tyy Clay Clay | Silty | Pile .

Variable [0- [4.3- [11.5- [13.5- clay tip Pile
4.3] 115] 13.5] 16] [16-24] | [24,-]

Unit weight, y¢q: [kN/m3] 18.9 17.4 19.7 19.5 19.9 - 24.9
Ultimate skin friction, 7, [kPa] 2.6 6.5 10.3 22.9 319
Young’s modulus, E [MPa] 4.6 3.6 7.5 6.6 7.3 - 45700
Shear modulus, Ggoi[MPal 17.1 13.9 28.5 25.2 15.1 - -
Friction angle, ¢ [] 10 6.6 6.8 18.4 17.3 - -
Initial stiffness of skin friction,
Goax[MPa/m] 13.1 11.1 22.9 20.3 11.8
Ultimate tip resistance, q, [MPa] - - - - - 50 -
Initial stiffness of tip reaction, | - - - - - 1200 | -
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Fig. 4 shows the thermally induced pile axial stresses obtained from the experiments and

- - - - - - 11.6

the model used in this study. A close agreement between the measured and computed values for
all the heating steps is observed. The computed thermal stress meaningfully yields a value of
zero at the pile head, which reflects the absence of restraint provided by any structural elements.
The thermal stress increases with the pile depth and decreases again towards the pile tip.
Differences between the simulations and measurements along the pile in the first two soil layers
can be found. The reason may be attributed to the significant variations of the ultimate skin
friction of the first three soil layers, i.e., 37.82, 12.4 and 106.4 kPa for the first, second and third
soil layers, respectively. As the temperature change increases, the second layer of soil needs to
mobilize more friction than under lower temperature changes to resist the significantly
increased relative pile-soil displacement. Even the third soil layer may mobilize more friction
when the second soil layer is incapable of providing enough friction to reach the limit
equilibrium, which would induce the stress redistribution along the pile depth and thus explains
the variation of the thermal stress of the pile body in the second layer of soil. A similar
phenomenon can also be found in previous studies (Rotta Loria and Laloui 2018, Fang et al.

2020).
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2;2 Fig. 4 Experimental and modeled thermally induced pile axial stresses referring to the tests of
375 Guo et al. (2018). (a) AT=11.1 °G (b) AT=13.2 °C, (c) AT=16.6 °C, (d) AT=19.3 °C

376 Fig. 5 shows the measured and modeled thermal stress at different pile depths versus the
377  average temperature variations of the pile. The computed results capture the overall evolution
378  of the measurements. It can be seen that the computed thermal stress at each depth along the
379  pile has an approximately linear relationship with the temperature change. The maximum
380  thermal stress is at a depth of about 16.3m. The relationship with the average temperature
381 change is o = 236AT kPa.
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loading referring to Guo et al.(2018)

3.2 Tests of an energy pile group

The analysis case was a full-scale field test of a pile group consisting of four energy piles,
as reported by Mimouni and Laloui (2015) and Rotta Loria and Laloui (2017, 2018). The energy
piles (EP) have a diameter of 0.9 m and a length of 28 m; their arrangement is shown in Fig.
6a. The pile group joint has a slab of 26 m long, 0.9 m thick, and 10 m wide. The piles were
placed in five soil layers as shown in Fig 6b. The top layer of the soil deposit was alluvial,
reaching a depth of 8.6 m. The subsequent layer is a sandy—gravelly moraine with a thickness
of 8 m. Below it, a thin bottom moraine layer is found and reaches a depth of 20.1 m. The last
layer is molasses, reaching a depth of 28.9 m. The soil deposit was considered to be fully
saturated with water since the groundwater table was located at the surface. The relevant
parameters used in this study were extracted from existing studies or calculated according to
the determination methods described in Section 2, as shown in Table 2. It is noted that Young’s
modulus of the Molasse layer provided by Ravera et al. (2020a) was in the range of 3000-7000
MPa, based on which the calculated shear modulus fell in the range of 1153.8 - 2692.3 MPa.
The initial stiffness of skin friction and tip reaction of the load transfer in the Molasse layer

were calculated according to the equations mentioned in section 2.5 and fell in the range of

19/ 47



401

402

403

404

405

406

407

408

409

410
411

412

413
414

318.2-742.5 MPa/m and 2176.5-5078.5 MPa/m, respectively. Therefore, this study conducted
two kinds of simulations using the maximum and minimum values of the initial stiffness of skin
friction and tip reaction estimated from the shear modulus. The four energy piles were subjected
to a heating-passive cooling cycle during the test. In this study, the monitoring results of EP1
pile (see Fig.6a) during the heating phase were used to validate the proposed model. The
temperature changes were 5, 10, 15, and 20 °C respectively. Additionally, an initial vertical
mechanical load of 495 kN was calculated for the single pile tested by Rotta Loria and Laloui
(2017). A contact stiffness calculated as 4450 MPa/m was considered. Besides, thermal stress

means pile vertical stress induced by temperature changes only.
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Fig.6 Schematic of (a) the energy pile foundation; (b) the soil stratigraphy (modified from

Rotta Loria and Laloui 2017a, 2018a)

Table 2 Soil and pile parameters considered for modelling the field tests referring to (Rotta
Loria and Laloui 2017b, Ravera et al. 2020a)

. Sandy-
il layer, z [m] Al.l uvial gravelly Bottqm Molasse Pile tip .
. soil . moraine Pile
Variable [0.0, 8.6] moraine [16.6, 20.1] [20.1, 28.9] [24, -]
T [8.6, 16.6] o
Unit weight, v, [kN/m?] 19.8 19 19.8 25.5 - 25
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Fig. 7 shows the comparison between experimentally observed and computed thermal
vertical stress variations along the pile depth. It is noted that only the measured thermal stress
along the pile depth of 4-28 m is presented for comparison because the heat exchange pipes
were thermally insulated to a depth of 4 m below the pile heads to eliminate the effects of the
climatic conditions on the test results and the temperature changes imposed to the piles in the
present simulations were the mean values of the piles at a depth of 4-28 m recorded during the
thermal operation (Rotta Loria and Laloui 2017b). It can be seen that the simulated results

match well with the experimental results, especially in the lower temperature change operation

(AT =5 and 10 °C). An increasing difference between the experimental and simulated values of

the pile in the molasse layer is found under the higher thermal loads of AT =15 and 20 °C. The

reason may be attributed to the fact that in the molasse layer, the present method is incapable
of capturing the stress redistributions of the pile well under the condition that thermally induced
deformation of the soil is more pronounced than that of the piles because the load transfer
method used in this study is suitable for the case where the thermally induced deformations of
piles govern the performance of energy piles. Similar phenomena and explanations can also be
found in studies of Ravera et al.(2020a) and Rotta Loria et al.(2020b). Besides, the simulated
results of the model proposed by Ravera et al.(2020a) are also shown for comparison purposes.
It can be found that the present model does not need to use experiments or numerical
simulations to determine the calculation parameters such as displacement factors and can

achieve the same good calculation results as the model of Ravera et al.(2020a). The excellent
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agreement between the simulated and experimental values of the current model and the
calculated values of other models shows the accuracy of the current model and its promising

potential for simulating thermomechanical responses of an energy pile group.
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Fig. 7 Comparison between experimentally observed and computed thermal vertical stresses
variations. (a) AT=5°C, (b) AT=10°C, (c) AT=15°C; (d) AT=20°C

3.3 FE simulations of energy pile groups

Saggu and Chakraborty (2016) conducted numerical studies of energy pile groups with
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spacings of 2.5 and 4 m using the finite element software Abaqus. In these studies, the pile
group size was 3x2, and the slab was considered to be composed of the same concrete as the
pile. The slabs were 15.5 m long, 1.2 m thick, and 12.9 m wide. All piles, 20 m long and 1m in
diameter, were wished into a single layer of dry Ottawa sand. During the simulations, an axial
load of 6000 kN was continuously applied to the slab, and all the piles were first heated and
then recovered. The temperature changes were 21 and 2.8 °Cat the heating and recovery ends,
respectively. The parameters used in this study are listed in Table 3. A contact stiffness
calculated as 401.7 MPa/m was considered in the study.

Table 3 Soil and pile parameters considered in the present study referring to Saggu &

Chakraborty (2016)

Soil layer, z [m] Ottawa sand Pile tip Pile
Variable [0, 20] [24, -]
Unit weight, y [kN/m3] 18 - 25
Ultimate skin friction, t, [kPa] 31.6 - -
Shear modulus, G, [MPa] 32.6 - -
Friction angle, ¢ [°] 32 - -
Initial stiffness of skin friction, G, [MPa/m] 16.2 - -
Ultimate tip resistance, q, [MPa] - 8.3 -
Initial stiffness of tip reaction, Gpmax[MPa/m] - 118.6 -
Young’s modulus, Ep (GPa) - - 33.7
Thermal dilation coefficient, ag (ue/°C) - - 10

Fig.8 shows the FE simulated and modeled pile axial stresses, referring to Saggu and
Chakraborty (2016). Fig.9(a), (b), and (c) show the axial stress in piles with 2.5 m center-to-
center spacing. Close agreement was observed between the FE simulations and the results of
the present model. Under mechanical loading, the pile stress decreases with depth. The axial
stress of the pile significantly increased when the pile temperature change reached 21 °C. The
vertical stress at the end of the recovery phase was slightly higher than that under mechanical
loading, because the pile did not return to the initial temperature. An interesting phenomenon
is that the corner piles show a more significant thermal stress than the central piles because of
the interaction effects, which is in agreement with previous studies (Jeong et al. 2014,
Suryatriyastuti et al. 2016). A similar phenomenon can be observed in Fig.9(d), (e), and (f) for

the piles with 4.0 m center-to-center spacing.

23 /47



464
465
466
467

468

469

470

471

472

473

474

475

0 - —A T 0@ A, 0 —0——k T
(a) (b) (c)
5t . 5t . 5F g
A
E J E E
N A N N
=10k 4 =10 {4 =10} g
o a a
[ [ (]
o [a} a
15 | - 15 | - 15 | 4
Mech. End of heating End of recovery
S,=25m AT=21°C AT=2.8C
S,=25m S,=2.5m
20 L 1 20 L 20 1 L
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Pile stress, o [MPa] Pile stress, o [MPa] Pile stress, o [MPa]
0 PN 0 —e - 0 @A,
() ' © o M & '
A
[ ]
5| i 5 - 5 -
A
E A E E
~N \ N N
=10F 4 =10 F 1 10 T
S o a
3 a 8
15 | 4 15F g 15 | J
Mech. End of heating End of recovery
S,=4m AT=21°C AT=2.8°C
S,=4m
20 L . 1 20 L . 20
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Pile stress, o [MPa] Pile stress, o [MPa] Pile stress, o [MPa]
. . Mechanical loading only End of heating End of recovering
. . ---@--- Middle pile (Saggu et al. 2016) ---@--- Middle pile (Saggu et al. 2016) ---(@--- Middle pile (Saggu et al. 2016)
) ) Middle pile (This study) Middle pile (This study) Middle pile (This study)
Middle P"'e ---A\--- Comer pile (Saggu et al. 2016) ---Ah-~- Comer pile (Saggu et al. 2016) - - - A~ -~ Comer pile (Saggu et al. 2016)
. Corner pile Corner pile (This study)

Corner pile (This study) Corner pile (This study)

Fig. 8 FE simulated and modeled pile axial stresses referring to Saggu & Chakraborty(2016).
(a), (b), and (c) are the axial stresses in pile with 2.5 m center-to-center spacing; (d), (e), and

(f) are the axial stresses in pile with 4.0 m center-to-center spacing

Furthermore, finite element simulations of Rotta Loria and Laloui (2016) were employed
for comparison with the simulations of the proposed model in this study to investigate the
‘sheltering-reinforcing’ effect in an energy pile group. The piles in the group had a length of 10
m and a diameter of 1 m. Young’s modulus and Poisson’s ratio of the piles were 30 GPa and
0.25, respectively. The thermal dilation coefficient of the piles was 10 ue/°C. The piles were
sited into homogeneous sand with a shear modulus of 30 MPa and a Poisson’s ratio of 0.3. The
temperature change is 10 °C during the simulations. The contact stiffness was considered to be

zero since the pile head could move freely.
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Rotta Loria and Laloui (2016) defined the displacement ratio to analyze the displacement
characterizing energy pile group. The displacement ratio is expressed as:

R = Average displacement of group 31)

- Displacement of single pile under the same average load

1.40 — T T T T T
- & FEM (Loria et al., 2016) L/D=25
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Fig. 9 Displacement ratio under the different pile spacings

Fig.9 shows the displacement ratio for various pile groups under different pile spacings. It
can be seen that there is good agreement between the results of the finite element simulation
and the results obtained by the present method with and without the ‘sheltering-reinforcing’
effect in the group. The difference between the results without and with consideration of the
‘sheltering-reinforcing’ effect tend to disappear when s/D is larger and the convergence is
delayed if the number of piles increases. The displacement ratio obtained by the finite element
simulation is the largest, and the results without and with consideration of the ‘sheltering-
reinforcing’ effect are smaller and smallest, respectively. The possible reasons, similar to those

discussed by Liu et al. (2022), are as follows:

@) The nonlinear interaction of the pile-soil interface is not considered in the finite
element simulations of Rotta Loria and Laloui (2016). Thus, when the pile is

subjected to the thermal load, the pile and soil will deform together, and there is
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no relative slip between them. However, the nonlinear pile-soil interaction is
considered in the proposed model, which means there will be a relative slip
between the pile and soil. The shaft resistance induced by surrounding soil will
hinder the upward expansion of the pile. Therefore, the displacement ratio
obtained by the finite element simulation is greater than that obtained by the model

proposed in this study.

(i1) Even though the nonlinear mechanical properties of the interface have been
considered, the calculation without considering the ‘sheltering-reinforcing’ effect

would overestimate the displacement ratio of the pile.

Besides, the displacement ratio obtained in the free displacement field increases significantly
when s/D=3. The reason may be that the shear displacement of the surrounding soil in the free
displacement field varies according to a non-linear decreasing function with pile spacing and
increases rapidly at smaller pile spacings (Wang et al., 2016). The comparison results show the
importance of considering the ‘sheltering-reinforcing’ effect in estimating the energy pile group

response and the relevance of the model proposed in the present study.
4. Parametric study

This section aims to study the influence of the pile-slab-soil interaction, pile spacing, pile
position and number in a group using the present load transfer model. To this end, a series of

simulations was conducted using the parameters listed in Table 4.

Table 4 Soil and pile parameters considered in the present study

Variable Value
Length, L[m] 25
Pile diameter, D[m] 1
Young’s modulus of piles, Ep (GPa) 30
Unit weight, y [kN/m3] 19.8
Friction angle, ¢ [°] 33
Thermal dilation coefficient of piles, a, (ue/ C) 10
Mechanical load, P [kN] 3000
Ultimate skin friction, 7, [kPa] 40.1
Initial stiffness of skin friction, G g [MPa/m] 30
Ultimate tip resistance, o, [MPa] 10
Initial stiffness of tip reaction, Gpmax[MPa/m] 1500
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4.1 Effect of the pile-slab-soil interaction

To study the effect of the pile-slab-soil interaction on the thermomechanical behavior of
an energy pile group, a 2x2 pile group and an isolated pile were modeled. The pile-to-pile
spacing of the group was three times the pile diameter. The parameters used in simulations are
shown in Table 4. The piles were subjected to temperature changes of 10 and 30 °C. Contact
stiffness values of 0, 1, 3, 5, and 7 GPa/m were used in simulations. Fig.10 shows the effect of
the contact stiffness on the thermal vertical stress of the pile. It can be observed that more
thermal stress was induced as the contact stiffness increased. The thermal stress generated at
the pile head of the pile group was slightly larger owing to the pile-slab-soil interaction. Fig.11
shows the effect of the contact stiffness on the maximum thermal vertical stress in the pile. It
can be found that the maximum thermal stress in the pile in the group under the same contact
stiffness was smaller than that of the isolated pile. This phenomenon has also been observed in

previous studies (Suryatriyastuti et al. 2016, Ravera et al. 2020a).
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Fig. 10 Effect of contact stiffness on the thermal vertical stress of the pile. (a) and (b) are the
thermal vertical stress under a temperature change of 10 °C of an isolated pile and a pile in a

2x2 group, respectively; (c) and (d) are the thermal vertical stress under a temperature change

of 30 °C of an isolated pile and a pile in a 2x2 group

27147



531
532

533

534

535

536

537

538

539

540

541

542

543

6000

5000

5 4000

Isolated pile
—— 10°C
—@— 30°C
2x2 pile group
—A—10°C
—¥—30°C

N
o
o
o

Thermal vertical stress, o [kPa]
S8
o
o

-
o
o
o

0 1 2 3 4 5 6 7
Contact stiffness, k, [GPa/m]

Fig. 11 Effect of contact stiffness on maximum thermal vertical stress of the pile

The thermally induced downward displacement of the pile under different levels of pile-
slab-soil interaction is compared in Fig.12. According to the study of Najma and Sharma (2021),
the location of the NP (i.e., thermally induced displacement equal to zero) approaches the pile
head with greater pile head constraint, which explains why the position of NP gradually moves
upward as the contact stiffness increases. It is also observed that the absolute values of the pile
head and end displacements decreased and increased, respectively, as the contact stiffness
increased. Additionally, the NP of the pile group was lower than that of the isolated pile under
the same constraint conditions. Fig.13 presents the effect of the contact stiffness on the absolute
value of the maximum thermal vertical displacement of the pile. Compared with the isolated
piles, the pile group had larger thermally induced displacements under the same constraints;

however, this difference became insignificant as the temperature change increased.
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Fig. 13 Effect of the contact stiffness on the absolute value of maximum thermal vertical

displacement of the pile

4.2 Effect of the pile spacing

Section 3.3 investigated the effect of pile spacing on a group with 2, 3 and 4 piles. In this

section, the study was extended to a 5x5 pile group. The parameters used in the simulation are

shown in Table 4. The pile-to-pile spacing of the group was three times the pile diameter. During

the simulation, all the group piles were energy piles and subjected to a temperature change of

30 °C. Besides, contact stiffness equal to zero was considered. Fig.14 shows the vertical thermal
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displacement of the pile head subjected to different spacings. It can be observed that the thermal
displacements decreased with increasing pile spacing, which is consistent with the results of
Jeong et al. (2014) and Rotta Loria et al. (2016). This may be because an increase in pile spacing
weakens the pile interactions within the group. The mechanism was discussed in detail in a
study by Rotta Loria et al.(2016) on the interaction factor of energy-pile groups. In addition,
the comparison results with and without considering the ‘sheltering-reinforcing’ effect, shown

in Fig.14, further indicate the advantage of the present method in the analysis of the response

of the energy pile group.
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Fig. 14 Thermal displacement of the pile head under different pile spacing

4.3 Effect of pile position in a group

This section aims to study the effect of the pile position in a 3x3 group on the
thermomechanical response. The pile-to-pile spacing of the group was three times the pile
diameter. During the simulation, all the group piles were energy piles and subjected to a
temperature change of 10 and 30 °C Besides, contact stiffness equal to zero was considered.
Fig.15 shows a comparison of the profiles of the vertical thermal stress and displacement for
the corner, edge, and center energy piles. For the sake of clarity, the effect of pile position in

the group on the maximum thermal vertical stress and displacement of the pile under
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576  temperature changes of 10 and 30 °C is summarized in Fig.16. It can be observed that the
577  maximum and minimum thermal stresses occur at the corner and center piles, respectively,
578  whereas the minimum and maximum thermal displacements occur at the corner and center piles,
579  respectively. The position of the NP for the corner and center piles are the highest and lowest,
580  respectively, which means that the corner piles are more constrained than the center piles in the
581  group. The results of the energy pile group subjected to thermomechanical loads were in
582  accordance with those of the energy pile group conducted by Ravera et al. (2020a) and the

583  conventional pile group performed by Comodromos et al.(2016).
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Fig. 16 Effect of pile position in the group on the maximum thermal vertical stress and the
absolute value of the displacement of the pile under temperature changes of 10 and 30 °C

4.4 Effect of the number of piles in the group

This section aims to study the effect of the number of piles in the group on the
thermomechanical response. The pile-to-pile spacing of the group was three times the pile
diameter. During the simulation, all the group piles were energy piles and subjected to a
temperature change of 10 and 30 °C. Besides, contact stiffness equal to zero was considered in
the present case. Fig.17 presents the effect of the number of piles in the group, in which the
thermally induced stress and displacement of an isolated pile (1x1) and 2x2, 3x3, 4x4, and 5x5
pile groups were modeled and compared. For the sake of clarity, the effect of the number of
piles in the group on the maximum thermal vertical stress and the absolute values of the
displacement of the pile under temperature change of 10 and 30 °C is summarized in Fig.18.
The difference between thermal stresses in the pile group and the isolated pile decreased as the
temperature increased. However, the pile head displacement increased with the number of piles.
These results are consistent with those found by experimental and numerical studies(Rotta
Loria and Laloui 2017b, Ravera et al. 2020a, Fang et al. 2022) and validate the applicability of

the present method to simulate the interactions and group effects of energy piles.
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Fig. 18 Effect of the number of the pile in the group on the maximum thermal vertical stress
and the absolute value of the displacement of the pile under temperature changes of 10 and

5. Discussion

In this study, we proposed an experimentally validated load transfer model that considers

Depth,L[m]

20

25

0

Depth,L[m]

20

=)
T

o
T

T
AT=10TC

Depth,L[m]

20

=
T

o
T

T
AT=30C

s s
0 1000 2000
Thermal vertical stress, o[kPa]

(a)

25

3000

0

S

.000

s
0 1000 2000 3000
Thermal vertical stress, o[kPa]

(b)

T
AT=10C

Depth,L[m]

20

=
T

o
T

—

e

,00
0

‘ C

OO0

Isolated pile

2x2 pile group
3x3 pile group
4x4 pile group
5x5 pile group

w

|

Py »
Y
00
.

w

X

w

00005000
0000y,
5000

1]
,
r
2]

25

3 2 Rl 8 6 -4 -
Thermal vertical displacement, [mm] Thermal vertical disp

1 25 L L
0 1

(c)

(d)

2
|

acemoem, [;m] 'mQ O O O ll‘:j:)

O000:,
0000
0000

O000.,
0000"

AT=30 °C

T T T T T T
N w L (&)] [e)] ~ (o]
Maximum thermal vertical displacement, [mm]

T
-

o

2500 T g T g T g T T
T -A- Stress, 10 °C - A- Displacement, 10 °C
o -@- Stress, 30 °C - @- Displacement, 30 °C P
- | e @ e __- . —————
© 2000 .\ . ®
@ P
8 P 8-
» T \.
© 1500 1
o
9]
> \
© i ([
2 1000 A\
o
£ Y y A----- A
§ 500 A - NA\A
E A- TT——aA
3
=
0 T T T T T
1x1 2%2 3x3 4x4 5x5

30°C

33/47



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

the ‘sheltering-reinforcing’ effect for the thermomechanical analysis of energy pile groups. The
proposed method modeled two well-documented full-scale field tests and two finite-element
simulation cases. The comparison results showed that the proposed method could capture
several essential aspects of the energy pile group, including thermally induced strain, stress,
displacement, and group effects. Also, we conducted a parametric analysis to evaluate the

effects of relevant parameters on the thermomechanical behavior of the energy pile group.

Recently, several methods considering pile-pile interactions have been developed for the

thermomechanical analysis of energy pile groups. For example, Rotta Loria and Laloui (2018)

proposed an analytical model to analyze the vertical displacement and the increased

deformation of energy pile groups subjected to thermal loads more comprehensively by

defining a pile-soil-pile interaction factor. lodice et al. (2021) provided a unified methodology

involving a novel explicit formula for evaluating the maximum thermally induced axial load by

establishing the effect of the actual restraint condition at the pile head as a function of the

stiffness ratio between the inactive and the active pile subgroups. Nevertheless, the present

study is different from the above studies. First, the present study aims to provide an

experimentally validated simple load transfer model that considers the ‘sheltering-reinforcing’

effects for thermomechanical analysis of energy pile groups. The model can estimate all the

thermomechanical behavior of energy pile groups involving vertical displacement, strain, stress,

side friction, and group effects. This aim is very different from Rotta Loria and Laloui (2018)

study, which mainly focuses on estimating the vertical displacement of the energy pile group.

Furthermore, this study developed the load transfer method for the single energy pile under

thermomechanical loading by considering the pile-pile interaction in the group to make it

suitable for the thermomechanical behavior of energy pile groups. This is different from the
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study of lodice et al. (2021) because they fulfilled their aim by analyzing numerical simulation

results and proposed the design procedure by using analytical solutions, which can be worked

out to obtain explicit formulae for the direct computation of axial force in a multilayer soil.

Their practical method is more geared toward calculating the thermomechanical responses of

single energy piles. Second, The present study considers both nonlinear pile-soil interaction

and elastic deformation of the surrounding soil. The surrounding soil is divided into disturbed

and undisturbed zones. The soil in the disturbed zone is a skinny layer of soil on the soil/pile

interface. The nonlinearity of the pile-soil interaction was concentrated in this interface. The

area outside the interface is the undisturbed zone. Because this zone is subjected to a relatively

low stress change, the stress-strain behavior of the soil is mainly elastic. The pile-soil-pile

interaction in the pile group is considered linearly elastic and suitable for the principle of

superposition. The advantage of this approach is that it can consider the relative slip between

piles and soil for the single pile and the interaction between piles-soil-pile in pile groups. Thus,

the consideration of pile-soil-pile interaction in the present study is very different from the two

studies(Rotta Loria & Laloui, 2018; lodice et al., 2021).

One of basic assumptions of the simple load transfer method is that the mechanical behavior
of the energy pile is governed by thermally induced pile axial deformation. Thus, the radial
deformation induced by thermal loading is not considered in the present study. There is
controversy about whether the influence of radial deformation of energy piles on the response
of piles can be ignored in the study of simplified analysis methods. Wang et al. (2015) and
Faizal et al.(2018) showed that axial thermal strains were more restricted to thermal expansion
than radial thermal strains, which indicated that the radial thermal strains are closer to that of
the pile in free thermal expansion. On the contrary, the study by Mimouni and Laloui (2015)

showed that the radial thermal strains of the pile were much lower than the free thermal strains,
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indicating that stiffer soils provided higher restriction to radial thermal strains than the case
reported by Wang et al. (2015) and Faizal et al. (2018). It suggests that building loads could
affect the development of radial thermal strains along the pile length. Saggu et al. (2015)
observed that the radial strains induced in a pile due to thermo-mechanical loading are higher
than that induced due to only mechanical loading. Elzeiny & Suleimam (2021) pointed out that
the horizontal pressure decreased by 2~5 kPa when colling the pile, which corresponds quite
well with the average stress associated with the measured reduction in pull-out capacity.
Bourne-Webb et al. (2022) conducted numerical simulations and comprehensively investigated
the problem. They reported that the horizontal stress changes induced by thermal loading have
significant potential effects on the thermomechanical behavior of energy piles. The effects
depend on the margin concerning the initial mobilization of the shaft resistance by the
mechanical load. In summary, the studies mentioned above suggested that the horizontal
thermally induced contact stresses would significantly influence the thermomechanical
behavior of energy piles because of the radial expansion and contraction of the pile under
heating and cooling.

However, these require a confirmation from field tests under building loads representing
actual boundary conditions. It is noted that the existing studies have different opinions. Olgun
et al. (2014) reported that radial contact pressures typically increase less than 15 kPa, which
cannot fully explain the shaft resistance observed in heating tests. They thought that the increase
of heat exchanger pile capacity in response to heating, observed in several small-scale
laboratory studies, cannot be directly attributed to the increase of contact pressure at the soil/pile
interface. Faizal et al. (2019) conducted a field test of the energy pile and found that the
magnitudes of the axial thermal strains were more constrained than the radial thermal strains at
all depths, leading to the development of axial and radial thermal stresses of up to —4.5 and —
0.015 MPa, respectively, for a change in average pile temperature of 24.1 °C. The magnitudes
of the radial thermal stresses with changes in pile temperature were significantly lower than the

axial thermal stresses at all depths of the pile, indicating that the radial thermal expansion had
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negligible effects on the development of axial thermal strains and stresses.

In some studies (Garbellini and Laloui 2019b, lodice et al. 2020, 2023, Liu et al. 2022),
radial thermal effects are commonly considered relatively small compared to axial thermal
effects when predicting the axial thermal response of energy piles due to the low diameter-to-
length ratio of the pile. Some load transfer analysis methods have consistently validated and
predicted the axial thermal response of field- and centrifuge-scale energy piles by neglecting
the radial thermal effects (Knellwolf et al. 2011, Suryatriyastuti et al. 2014, Chen and
McCartney 2016, Luo and Hu 2019, Ravera et al. 2020a, Rotta Loria et al. 2020a, Hu and Luo
2020, Najma and Sharma 2021, Fei et al. 2022). Some numerical studies have also noted that
radial thermal stresses in the energy pile are significantly low compared to the axial thermal
stresses along the length of the pile (Ozudogru et al. 2015, Gawecka et al. 2017). Besides,
preliminary numerical and analytical studies on energy piles (Olgun et al. 2014, Zhou et al.
2016), along with a field study on an energy pile without end restraints (Faizal et al. 2018) have
used cavity expansion analyses to confirm that no significant changes in pile—soil contact
stresses are expected from the radial thermal expansion of the pile. However, these also need
validation at various depths of a field-scale energy pile under building loads.

In the present study, a simple load transfer method was proposed for analyzing the
thermomechanical behavior of energy pile groups. Therefore, the same assumption adopted by
some studies, including the load transfer method for the thermomechanical analysis of energy
pile and energy pile groups (Knellwolf et al. 2011, Suryatriyastuti et al. 2014, Chen and
McCartney 2016, Luo and Hu 2019, Ravera et al. 2020a, Rotta Loria et al. 2020a, Hu and Luo
2020, Najma and Sharma 2021, Fei et al. 2022) is employed to reduce the complexity of coupled
thermomechanical analysis.

During the development of the simple load transfer model, the shear radius proposed by
Randolph and Wroth (1978) is employed to calculate the initial stiffness of the pile-soil
interface, as shown in Eq.(30). The shear radius is affected by pile length, shear modulus and

Poisson’s ratio of the soil. For the pile under pure mechanical loads, the shear radius has been
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found to be almost constant with pile depth and more significant than the pile length. However,
when the pile was subjected to thermal loads, Rotta Loria and Laloui (2018) conducted finite
element simulations and found that the shear radius was not constant with the pile depth and
smaller than the pile length. In this study, the calculation of the shear radius is considered in a
simplified method. For the multi-layered soil, the shear modulus and Poisson’s ratio of each
soil layer are different, which means there will be different values of shear radius for each soil
layer. Thus, the calculated shear radius varies with pile depth but remains unchanged within the
same soil layer through this simplified method. The simplified method mentioned above for the
homogeneous soil will fail to obtain a shear radius varying with depth. The calculated shear
radius remains unchanged within all the pile depths because the shear modulus and Poisson’s
ratio of the soil keep constant, which may adversely affect the application of the proposed
simple load transfer method for energy pile groups in the homogeneous soil. Furthermore, the
shear radius is greater than the pile length under mechanical loads and generally smaller than
the pile length under thermal loads (Randolph & Wroth, 1978; Rotta Loria & Laloui, 2018).
The proposed simple load transfer method for energy pile groups in the presented study can
consider the combined thermal and mechanical loads. During the thermomechanical analysis,
it is necessary to consider the shear radius induced by both mechanical and thermal loads.
Therefore, the shear radius induced by mechanical loads is employed for the thermomechanical
analysis because the radius induced by mechanical loads is much greater than that induced by

thermal loads.

6. Conclusions

We proposed a simple load transfer method for the thermomechanical analysis of an energy
pile group subjected to thermomechanical loads. The proposed method was validated using
full-scale field tests and finite element numerical simulations. In addition, a numerical analysis
was performed to evaluate the effects of relevant parameters on the thermomechanical behavior

of energy pile groups. The main conclusions are as follows:
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(1) The results obtained with the proposed method were compared with those from full-
scale field tests and FE simulations. The comparison indicated that the proposed model could
capture the thermal strain, stress, and displacement of the energy piles in the group under
thermal and mechanical loads.

(2) Under the same constraints and thermal loads, the energy piles in the group exhibited
less thermal stress and larger thermal displacement than the isolated piles. The difference in the
thermal stress and displacement between the single energy pile and the energy pile in groups
increases with the temperature change increases.

(3) The maximum and minimum thermal stresses occurred at the corner and center piles,
whereas the minimum and maximum thermal displacements occurred at the corner and center
piles, respectively. In addition, the thermal displacement decreased with increasing pile spacing.

(4) The thermal stress decreased as the number of energy piles in the group increased under
the same thermal load. The difference between thermal stresses in the pile group and the isolated

pile decreased as the temperature change increased.
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List of notations

Bglap  width of the slab

c effective cohesion of the soil
D diameter of the pile

Ep Young’s modulus of the pile
Esoil Young’s modulus of the soil
G shear modulus of the soil

Gsmax  1nitial stiffness of the pile-soil interface
Gpmax  initial stiffness of the pile tip-soil interface
G soil shear modulus
GL /o soil shear modulus at the middle of the pile
G soil shear modulus at the tip of the pile
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796
797
798
799
800
801
802
803
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807
808

809

810
811
812
813
814
815
816
817
818
819

Ky contact stiffness between the pile head and slab

L length of the pile

Lglab length of the slab

Ny load capacity coefficients

N, load capacity coefficients

P mechanical load applied to the pile head

p pile-soil relative displacement

Do relative pile-soil displacement corresponding to the stress reversal point
Pp pile-soil relative displacement of the pile tip

Ppo relative displacement of the pile tip and soil corresponding to the stress reverse point
n pile radius

T shear influence radius

s elastic displacement of the surrounding soil

Sio displacement of pile i induced by its own load

Sij additional displacement caused by j pile under its own load

Saij distance between the axes of two piles

Sp elastic displacement of the soil at the pile tip

u total shaft displacement at a certain pile depth

Ug total pile shaft displacement corresponding to the shaft shear stress reversal point
o thermal dilation coefficient of the pile

As;o displacement induced by the ‘sheltering-reinforcing’ effects of pile j
6 soil shear modulus ratio

O friction angle of the pile-soil interface

] loading and unloading branching judgment factor

K loading and unloading branching judgment factor

Vsoil Poisson’s ratio of the soil

Op pile tip resistance

Oup ultimate pile tip resistance

Tpo pile tip resistance corresponding to the stress reversal point

O effective vertical stress at the pile tip

o'y effective overburden pressure

T pile shaft shear stress

Ty ultimate shear stress

T pile shaft stress corresponding to the stress reverse point

Qs friction angle of the soil

@ effective friction angle of the pile tip soil
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