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ABSTRACT: Considering the environmental pollution resulting from the consumption of fossil fuels, —Review History:

replacing clean energy with fossil fuels has become one of the most critical issues in the world. In order  Received: Aug. 24, 2022

to exchange the heat between superstructures and the ground, the use of energy piles can be considered  Revised: Nov. 07, 2022

as an approach to take advantage of clean energy. In order to maintain the safety and serviceability of  Accepted: Dec. 10, 2022
structures built on energy piles, it is necessary to properly study the effects of heat exchange between Available Online: Dec. 28, 2022
energy piles and the ground on the mechanical response of energy piles and the influence of various
parameters on the interaction between piles and the soil. In this paper, a 3D finite difference model
was initially created using FLAC software for the thermo - mechanical analysis of energy piles, and
it was validated by comparing the results of the present model with those of field tests and numerical
models performed by other researchers. Using the present numerical model, the effects of changing the
thermal expansion coefficient of the energy pile and clayey soil on axial stress, shaft friction, and axial
displacement along the energy pile under cyclic thermal loading have been investigated. The results
indicate that changing the thermal expansion coefficient of pile materials causes significant changes
in the behavior of energy piles under heating and cooling conditions; however, changing the thermal
expansion coefficient of the soil has little effect on the mechanical behavior of the energy pile during
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1- Introduction

In recent decades, the use of ground source heat pump
systems (GSHPS) for exchanging the heat between the
superstructures and the ground in order to reduce the
consumption of fossil fuels has been significantly expanded
[1]. Energy piles are one of the GSHPS which has been widely
used due to their advantages and good efficiency [2]. In order
to maintain the safety and serviceability of structures built
on energy piles, many researchers, using field tests [3-5],
numerical models [6-8], and laboratory models [9-11], have
studied the effects of thermal and coupled thermo-mechanical
loading on the mechanical behavior of energy piles.

The main objective of this research is to investigate the
effect of different amounts of thermal expansion coefficient
of concrete energy piles and saturated clayey soil on the
mechanical response of energy piles. Due to the fact that the
effects of considered parameters on a single energy pile under
cyclic thermal loading have not been studied so far, in the
present work the effects of changing the thermal expansion
coefficient of the energy pile and clayey soil in a cyclic
thermal loading (including a period of heating, cooling, and
thermal recovery) is investigated. Also, it is noticeable that
in preceding studies, the effects of the considered parameters
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were only investigated on the axial stress and energy pile head
displacement. Therefore, in this paper, in addition to the axial
stress and displacement along the energy pile, the effects of
changing the thermal expansion coefficient of the energy pile
and clayey soil are also studied on the shaft friction of the
energy pile.

2- Methodology

In this study, a numerical model was used to study the
thermo-mechanical behavior of energy piles. The numerical
model used in the analysis was built using FLAC3D software.
The geometry, mechanical and thermal characteristics of
the present numerical model were developed based on a
documented prototype of a full-size energy pile installed in
Lambeth College, London [5, 12, 13]. It should be noted that
in the present model, the soil was considered saturated clay.
For considering the soil-pile interaction, interface elements
were used at the soil-energy pile interface. In this model, the
ground and the energy pile can only exchange heat via the
conduction mechanism. The mechanical constitutive models
of the energy pile and soil were considered elastic and Mohr-
Coulomb, respectively.

In order to verify the accuracy of the present model,
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Fig. 1. Cyclic thermal loading applied to the energy
pile

Table 1. Thermal expansion coefficients in the present

study
Clayey soil thermal Energy pile thermal
expansion coefficient expansion coefficient
(K™ (K™
1,5,10 8.5,12,16

the thermal and mechanical responses of the present finite
difference model were compared with the experimental data
from the field test at Lambeth College [5, 12, 13] and also
with those resulting from a finite element model created by
Han et al. [14].

3- Results and Discussion

In this section, using the verified numerical 3D model,
the effects of varying the thermal expansion coefficient
of concrete energy pile and clayey soil on the axial stress,
displacement, and shaft friction along the energy pile were
studied. The energy pile was only subjected to cyclic thermal
load, as shown in Figure 1. Different amounts of thermal
expansion coefficients considered for the energy pile and
clayey soil are mentioned in Table 1.

The results indicate that increasing the energy pile thermal
expansion coefficient leads to an increase in axial strain as
well as restricted axial strain along the energy pile under
heating and cooling periods. As a result, axial stress also
increases along the energy pile. In addition, the results show
that increasing the energy pile thermal expansion coefficient
causes axial displacement of the energy pile and soil-pile
relative movement to increase during both heating and cooling
conditions; thus, energy pile shaft friction increases as well.
Figure 2 shows that by increasing the energy pile thermal
expansion coefficient, the difference between the amount of
displacement of the energy pile at the end of thermal recovery

62

Displacement (mm)

-1 -0.5 0 0.5 1
: [
[ \ \
Sk \
[ \|
| '.
z10 } \i
= | \
§ [ \u
A 15 i
20 }
)5 ! ap(unit):p- K-

0,=8.5,(R)
===-0,=12,(R)

— =0,=16,(R)

Fig. 2. Energy pile displacement at the end of thermal
recovery

and the initial stages (displacement=0) also increases. This
matter affects axial stress and the energy pile shaft friction at
the end of thermal recovery as well.

Concerning the effects of increasing the soil thermal
expansion coefficient on the mechanical responses of the
energy pile, the results indicate the energy pile shaft friction
is reduced when the energy pile is subjected to heating.
Decreasing energy pile shaft friction as a result of increasing
the clay thermal expansion coefficient at the heating stage
leads to a decrease in axial stress along the energy pile. Also,
the results show that by increasing the clay thermal expansion
coefficient, at the end of the heating period, energy pile head
displacement also increases. In contrast, the energy pile toe
displacement decreases. It should be noted that based on
the results of this paper, the effect of varying the thermal
expansion coefficient of the clayey soil on the mechanical
responses of the energy pile is negligible.

4- Conclusions

In this study, the effects of changing the thermal
expansion coefficient of energy pile and saturated clay on the
mechanical response of a single energy pile, including axial
stress, axial displacement, and energy pile shaft friction under
cyclic thermal loading, were investigated. For this purpose, a
3D finite difference thermo-mechanical model was used.

Based on the results, it was observed that increasing the
thermal expansion coefficient of the pile causes an increase in
axial stress, axial displacement, and pile shaft friction under
heating and cooling conditions.

The results show that increasing the soil thermal expansion
coefficient leads to a reduction in axial stress and pile shaft
friction and an increase in pile head displacement under the
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heating condition.

The results indicate that changing the thermal expansion
coefficient of the pile materials causes significant changes
in the behavior of energy piles under heating and cooling
conditions. However, changing the thermal expansion
coefficient of the clayey soil has little effect on the mechanical
behavior of the energy pile only during thermal heating
loading.
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Fig. 1. Geometry, meshing, thermal and mechanical loading and boundary condi-
tions of the numerical model
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Table 1. Geometric, thermal and mechanical characteristics of the present numerical model
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Fig. 2. Temperature change at the soil-pile interface at the end of heating and cooling periods
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Fig. 3. Axial load and strain profiles along the energy pile under coupled thermo-mechanical loading
at the end of heating and cooling periods: A) Axial load, B) Axial strain

oy polio 4y S35 ol oo 3l ol Cuss 4y (55970 (590
GILY S5 53 iz il ol o Jan o (5)F (59
@ o9 Sy e (piale S (ley ;o a5 5 sanalie g o
aos Jsb 5o g0l Slilegs lhls olmmo Jae 5l edal cows
s (S 5 mod oduzen )l Wlgh oo ol cpl e sl (65,
O M5y mads Sl Joe jlae 08m5 alb L lags peSoshail 4o
Sl el ol o sl o G ol Jie 31 85 a7
Slesl 51 y0 yols soue Jaw g lpre Jow mls S
Lol 00l (65,51 paus
Sk con 655l ged (VL Ho plrale jlade ¥ SE o
S5 ol 5 el o ools Lt _SlSe — 5l sdiaran
o oyl sla bl F S sla siois 45 Cansl Earon] il
S5,k s (Sbiwl Jobss 4 gy (s 5 g ot GV o
@ piY s o L 1) (> ISk se 90 Jsb 4o (Sl
b ol Jow gl GOsT iglidl clde ¥ S 4o o5 cuul 53
plril ooy 5o G el olas (e S (goy90 53 2l e (3505
L G ks 5l e o nSojlail a5 col pilimo (1905
Ll e 45 sl Copat] Bl 4355 ol 53 Lol S e el

YAY

Joe 5l eas bl wla 55 wlal p) aslb ole Jow 5o ol
Joe jo Lol cencd ol adgl e B o (65,50 pads Hhad (ol
Sl ol b plos 55 651 ot SR8 ol goue Joo 5 0>
30 aS 09 oo oanlie Y S o ioren (Gl 0al 58
g 5 s S la8) adsl 2o F 2 4 (C) ialeyw 50,9
5loas] Cuvs zbs douds oolaiul glioro Jow o e Hhd L
6o Jow 4 Comd oo Joo i b 60 ol pol> Jos
G970 (S9ym S Jlade pSlas a5 cuwl 3 p3Y 05l oo
7.00 (oiale yw Loy Ho oo Jaw b ol Jos ol Cews 4
S ppilan el ooy 3 Y IS8 50 e S gl
Joe 5 pol> Jow jleaal cuws a5 gulis (ylee S| el asuie
ol S pley po e el S8 a oY b e SRl (2o
L yols Jow ool Cavd a1 (5 90 (S BB oo jiSTos
Y S o Y USE o aSl 4 am g b cal 20T (oo Jow
GRS Slt g ged Slod Dl oS 4 a5 ad eols i
ol S ole yo pole Jae g plmme Jae o 0ad sl (597



Yool YVA dbo NF-Y JL...' &y O)LM PAIN 0y9d ;)....s)fol u‘)a..c L;.u,\...@(c :b).uu

—e—Han ct.al

Pile head displacement (mm)

—&—Present Study

—e—Field Result

TR Power cut

0 5 10 15

20 25 30 35 40 45

Days

S — ()l den ()b o (5551 gowd SV 3 o bl glaale (Soda F UK

Fig. 4. Energy pile head displacement under coupled thermo-mechanical loading
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Fig. 5. Energy pile shaft friction under coupled thermo-mechanical loading: A) At the end of cooling period, B)
At the end of heating period
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Heating: 0 — 30" day
Cooling: 30" — 60" day
Thermal Recovering: 60" — 90"

day

40E
5 3
gso
2 2
2 ¢
g 15
o
2 10
& s
<
0
_5 A A A a |
0 30

60 90

Days

G55 o a0 Jlosl glie (415 (5,135, .5 JSUS

Fig. 6. Cyclic thermal loading applied to the energy pile
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Table 2. Thermal expansion coefficients used in the present study
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Axial stress (kPa)
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Fig. 7. The effect of changing the thermal expansion coefficient of the energy pile on the axial stress
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Fig. 8. The relationship between the axial stress and the thermal expansion coefficient of the energy pile
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Fig. 9. The effect of changing the thermal expansion coefficient of the energy pile on the energy pile shaft fric-
tion: A) Under heating and cooling loading, B) At the end of thermal recovering
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Fig. 10. The effect of changing the thermal expansion coefficient of the energy pile on the displacement along
the energy pile: A) Under heating and cooling loading, B) At the end of thermal recovering
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Fig. 11. The effect of changing the thermal expansion coefficient of the soil on the energy pile shaft friction: A)
Under heating and cooling loading, B) At the end of thermal recovering
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Fig. 12. The effect of changing the thermal expansion coefficient of the soil on the axial stress along the energy
pile: A) Under heating and cooling loading, B) At the end of thermal recovering
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Fig. 13. The effect of changing the thermal expansion coefficient of the soil on the displacement along the enrgy
pile: A) Under heating and cooling loading, B) At the end of thermal recovering
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