UC San Diego
UC San Diego Previously Published Works

Title
Effect of nearby piles and soil properties on thermal behaviour of a field-scale energy pile

Permalink
https://escholarship.org/uc/item/63k0z1n6g

Journal
Canadian Geotechnical Journal, 58(9)

ISSN
0008-3674

Authors

Moradshahi, Aria
Faizal, Mohammed
Bouazza, Abdelmalek

Publication Date
2021-09-01

DOI
10.1139/cgj-2020-0353

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/63k0z1n6
https://escholarship.org/uc/item/63k0z1n6#author
https://escholarship.org
http://www.cdlib.org/

Canadian
Science
Publishing

Canadian Geotechnical Journal

Canadian Geotechnical Journal

Effect of nearby piles and soil properties on the thermal
behaviour of a field-scale energy pile

Journal:

Canadian Geotechnical Journal

Manuscript ID

cgj-2020-0353.R2

Manuscript Type:

Article

Date Submitted by the
Author:

19-Oct-2020

Complete List of Authors:

Moradshahi, Aria; Monash University, Civil Engineering

Faizal, Mohammed; Monash University, Civil Engineering
Bouazza, Abdelmalek; Monash University,

McCartney, John; University of California San Diego, Structural
Engineering

Keyword:

Energy Piles, Thermal Interaction, Field tests

Is the invited manuscript for
consideration in a Special
Issue? :

Not applicable (regular submission)

s

SCHOLARONE™
Manuscripts

© The Author(s) or their Institution(s)




Page 1 of 41

10
11

12

13

14
15

16

17
18
19
20
21

22
23
24
25
26

27

Canadian Geotechnical Journal

Effect of nearby piles and soil properties on the thermal behaviour of a field-scale energy

pile

Aria Moradshahi

PhD student, Monash University, Department of Civil Engineering, 23 College Walk, Clayton,
Vic. 3800, Australia. Telephone: +61 3 990 58901; Email: aria.moradshahi@monash.edu

Mohammed Faizal

Research Fellow, Monash University, Department of Civil Engineering, 23 College Walk,
Clayton, Vic. 3800, Australia. Telephone: +61 3 9902 9988; Email:

mohammed.faizal@monash.edu

* Abdelmalek Bouazza (Corresponding Author)

Professor, Monash University, Department of Civil Engineering, 23 College Walk, Clayton,
Vic. 3800, Australia. Telephone: +61 3 9905 4956; Email: malek.bouazza@monash.edu

John S. McCartney

Professor and Department Chair, University of California San Diego, Department of Structural
Engineering, 9500 Gilman Drive, SME 442J, La Jolla, CA 92093-0085, USA, Telephone:
+1 858 534 9630; Email: mccartney@ucsd.edu

© The Author(s) or their Institution(s)


mailto:aria.moradshahi@monash.edu
mailto:mohammed.faizal@monash.edu

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Canadian Geotechnical Journal

Abstract

The thermal response of an energy field scale pile that is part of a pair of energy piles
spaced at a centre-to-centre distance of 3.5 m (i.e. 6 D, where D is the pile diameter), was
examined experimentally and numerically. Three field tests were conducted to assess the axial
and radial thermal responses of the energy pile: (1) heating of the energy pile alone; (2) heating
of both energy piles simultaneously, and (3) heating of the other energy pile while the
considered energy pile was not heated. Good agreement was obtained between the
experimental and numerical evaluations of the energy pile during the tests. A parametric study
of the validated numerical model was performed for each of the three tests to understand the
effects of varying soil thermal conductivity, thermal expansion coefficient, and elastic modulus
on the thermal response of the considered energy pile. The numerical results confirmed the
field results that radial thermal stresses in the energy piles were insignificant compared to axial
thermal stresses. The impact of elastic modulus of the soil was more significant on the thermal
stresses of the energy pile compared to the effects of soil thermal conductivity and thermal
expansion coefficient. The thermal stresses of the considered energy pile were not significantly
affected when both energy piles were heated simultaneously, even though ground temperature
changes between the energy piles were more significant due to thermal interaction. Only minor
thermal effects on the non-thermal pile were observed during heating of one of the energy piles

for different soil properties.

Keywords: Energy piles, thermal interaction; field tests;,
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Introduction

Energy piles may interact with other energy piles or nearby standard piles through a
coupled heat transfer and volume change in the surrounding soil. Although there have been
several studies on energy pile groups using field testing and numerical simulations, the role of
soil properties on this interaction is not well understood. For example, field studies conducted
by Mimouni and Laloui (2015) showed that thermal interactions between thermal and non-
thermal piles, for spacing ranging from 3 D to 5 D, could lead to the development of differential
thermal loads in the piles. Field studies on a group of 6 energy piles conducted by You et al.
(2014) indicated that ground temperatures overlapped between closely spaced (5 D) energy
piles. However, the effect of this overlap on the thermal response of the piles was not
investigated. Field tests on the axial thermal responses of a group of eight energy piles spaced
between 9 m and 12 m (15 D and 20 D) were conducted by Murphy and McCartney (2014)
and Murphy et al. (2015). The recorded ground temperatures indicated that the energy piles
likely did not interact thermally during the duration of the thermal response tests. Rotta Loria
and Laloui (2018) reported the results from field tests on thermal interaction between a
triangular-spaced energy pile group with the same spacing as Mimouni and Laloui (2015) that
included both operational and non-operational energy piles. They found that higher
displacements and lower stresses occurred when all of the energy piles were heated. These
observations were confirmed in full-scale tests on a row of energy piles, with 5 D spacing,
performed by Wu et al. (2020).

Small-scale physical modelling (Peng et al. 2018; Wu et al. 2018) and numerical and
analytical studies (Salciarini et al. 2015; Suryatriyastuti et al. 2016; Saggu and Chakraborty
2016; Di Donna et al. 2016; Rotta Loria and Laloui 2016, 2017a, 2018) highlighted the
presence of thermal interactions between energy piles. These studies also reported that the

thermal stresses of individual energy piles might be affected up to 50% as a result of thermal
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interaction with other piles. Most of these previous studies evaluated the axial thermal
responses of energy piles, and only Mimouni and Laloui (2015) and Rotta Loria and Laloui
(2017b) investigated the radial thermal reactions. A crucial gap in the current literature is that
the previous studies did not assess the impact of varying some of the soil properties on the
thermal responses of the piles. Some of these properties that could affect the thermal stresses
in energy piles are the thermal conductivity, A,;, thermal expansion coefficient, ay,;;, and elastic
modulus, E,,;, of the soil. Studies reported in current literature have investigated the effect of
the soil above parameters for single energy piles; however, there is lack of knowledge on how
these soil parameters can affect the energy pile thermal responses in case that more than one
energy pile is operating.

For instance, the soil thermal conductivity, A; determines the magnitude of
conductive heat transfer between the energy pile and the surrounding soils. Guo et al. (2018)
and Salciarini et al. (2017) showed that soils with higher /,,; tend to affect the temperature of
a larger volume of soil surrounding an energy pile. An increase in A,,; could, therefore, increase
the thermal interaction between closely spaced energy piles. Previous numerical studies have
indicated that soils with lower 4,; tend to reduce the soil temperature changes due to more
moderate heat transfer between the energy pile and the soil, hence leading to an increase in the
energy pile temperature (Sani et al. 2019). Numerical studies also reported variations in axial
thermal stresses of energy piles (Jeong et al. 2014; Salciarini et al. 2017) when A,,; was varied.
These studies indicate that A, is a critical parameter that could affect the thermal responses of
thermally interacting piles.

The soil thermal expansion coefficient, a,,;, determines the magnitude of thermal
deformations of the soil when subjected to temperature changes. The soil temperatures between
thermally interacting energy piles are anticipated to be higher compared to isolated energy piles;

thus, higher soil thermal deformations are also expected (You et al. 2014). The differences in
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the thermal expansion coefficients of the pile concrete and the soil could affect the magnitudes
of thermal stresses developed in the energy pile. This aspect has been highlighted by Rotta
Loria and Laloui (2017b) in an experimental and numerical study on an energy pile surrounded
by non-thermal piles. They indicated that the axial thermal stresses developed in the energy
pile reduced when a,,; was higher than that of the pile concrete. Similar observations were
reported by Salciarini et al. (2017) for a single energy pile in a group of energy piles and by
Bodas Freitas et al. (2013) and Bourne-Webb et al. (2015) on isolated energy piles. Further
investigations on the impact of ay,; will, therefore, provide more insight into the thermal
responses of thermally interacting piles.

The elastic modulus of the soil, E,;, may also affect the thermal responses of energy
piles since the restraints to the pile thermal expansion/contraction is affected. A numerical
study conducted by Khosravi et al. (2016) showed that an increase in E,,; led to the
development of higher magnitudes of axial thermal stresses in an energy pile. Olgun et al.
(2014) observed that increasing E;,; resulted in higher magnitudes of radial contact stresses at
the pile-soil interface. These limited studies indicate that variation of E|,; could affect the axial
and radial thermal responses of energy piles, and is, therefore, a subject of further investigation
for thermally interacting piles.

This paper aims to examine the role of soil properties and nearby piles on the thermal
behaviour of an energy pile. Field testing and numerical simulations were performed to
understand the interaction between a pair of energy piles spaced at a centre-to-centre distance
of 3.5 m (6 D). Three scenarios were investigated: (1) heating of the energy pile alone next to
a non-operating energy pile; (2) heating of both energy piles simultaneously, and (3) heating
of the other energy pile while the considered energy pile was not heated (i.e., a non-operating
energy pile). After comparing the results from the experiments and field simulations for the

three cases, a parametric evaluation was conducted to explore the effects of varying soil

© The Author(s) or their Institution(s)
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128  properties (i.e. thermal conductivity, Ay,;, thermal expansion coefficient, ay,;, and the elastic
129  modulus, E;,;) on the thermo-mechanical responses of one of the two energy piles.

130

131  In-situ testing

132

133 Energy piles description and instrumentation

134 The soil profile at the test site, summarized in Table 1, consisted of mostly dense sands
135  and was part of the Brighton Group of materials described in detail in Barry-Macaulay et al.
136 (2013) and Faizal et al. (2018; 2019a, 2019b). The site consisted of two cast-in-place bored
137  energy piles with 0.6 m diameter and 10 m length located under a six-storey student residential
138  building at a centre-to-centre distance of 3.5 m (Figure 1). The two energy piles were not linked
139  with a pile-cap. Detailed information on the layout, installation and instrumentation of the
140 energy piles is given in Faizal et al. (2019a). One of the two energy piles (EP1) was
141  instrumented with axial and radial vibrating wire strain gauges and thermocouples. Whereas,
142  the second energy pile (EP2) was only instrumented with three thermocouples on the external
143 wall of the pipes. Four U-shaped heat exchanger loops made with high-density polyethylene
144  (HDPE) pipes were attached to the reinforcing cages up to the depth of both piles. The inner
145  and outer diameters of the HDPE pipes were 20 mm and 25 mm, respectively. The compressive
146  strength and elasticity modulus of the unreinforced concrete measured in the laboratory were
147 64 MPa and 34 GPa, respectively.

148 The considered energy pile (EP1) had vibrating wire strain gauges (VWSG) (Model:
149  Geokon-4200) installed at five depths along the pile. There were five axial VWSGs (V1 to V5)
150 and one radial VWSG (R) at each depth. The axial strain gauge V5 and radial strain gauge R
151  were located near the centre of the pile while axial strain gauges V1 to V4 were located at

152  approximately 160 mm away from the pile edge. Average magnitudes of temperatures, strains,

© The Author(s) or their Institution(s)
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and stresses were considered from the axial VWSGs at a given depth. The water temperatures
and flow rates at the inlet and outlet of the U-loops were recorded by Type T thermocouples
and TM-series digital water flow meters, respectively. The ground temperatures were recorded
using Type T thermocouples at two, 12 m deep, boreholes located between the two piles

(Figure 1).

Experimental procedure

Three tests were conducted to investigate the aim of this study: (i) heating EP1 only,
referred to as EP1,.ve, to establish the axial and radial thermal responses of EP1 (ii) heating
EP1 and EP2 simultaneously, referred to as (EP1 + EP2),.ve, to examine the effect of EP2 on
the thermal response of EP1 (i.e. to investigate the impact of one operating energy pile on the
other operating energy pile), and (iii) heating EP2 only, referred to as EP2,y. to examine the
effect of EP2 as an operating energy pile on the thermal response of EP1 as a nearby non-
operating pile). The axial and radial thermal responses of EP1 were monitored in all the
experiments due to its substantial instrumentation.

The ambient, inlet water and initial pile and ground temperatures for the three experiments
are shown in Figure 2. The atmospheric temperatures used for all the parametric studies were
obtained from a weather station located approximately 13 km from the experimental site
(Figure 2a). The initial ground temperatures were measured by thermocouples located 0.63 m
away from the edge of EP1 (Figure 1). The heating test on EP1 (EP1,y.) lasted for 18 days.
Water at 48°C was circulated at a flow rate of 11 1/min in all the four loops. The experimental
data for this experiment was reported in Faizal et al. (2019). The heating test on the two piles
together, (EP1 + EP2),.ve, lasted for 35 days. The piles were connected in series with a water
flow rate of 11 L/min and temperature of 44°C. The heating test on EP2 (EP2,..) lasted for

40 days with a flow rate of 11 1/min and water temperature of about 46°C. The cases presented

© The Author(s) or their Institution(s)
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herein are for continuous operation of ground source heat pumps that would be applicable to
commercial buildings such as hospitals and any other application that require long term

heating/cooling.

Numerical modelling

A numerical study was conducted to predict the thermal responses of EP1 for varying
soil properties for all the three tests mentioned above. A three-dimensional finite element
model was implemented in COMSOL Multiphysics software and was validated with the
experimental results. A parametric evaluation of different Ay, @y, and Eg,; was then
conducted using the numerical model. The 40x15%30 m? 3D finite element model, shown in
Figure 3, consisted of 344821 tetrahedral, triangular, prismatic, linear and vertex elements from
which EP1 is described by 94273 mesh elements.

There was no groundwater encountered within the depth of the pile, and the soil at the site
was considered to be dry. The energy piles and the soil were considered to be isotropic, porous
media composed of solid particles with voids filled with air, and heat transfer was assumed to
be purely conductive. The solid is considered to be incompressible under isothermal conditions.
The inertial effects of the solid skeleton are negligible, and the simulations represent quasi-
static conditions. The behaviour of all the materials is considered to be linear thermo-elastic,
which is a reasonable assumption for relatively stiff soils like those encountered in the energy
piles reported in the literature. The governing equations of the coupled thermo-mechanical
problem commonly used in energy pile analysis are similar to those adopted by Caulk et al.
(2014), Batini et al. (2015), D1 Donna et al. (2016), and Rotta Loria and Laloui (2017b). The
mechanical equilibrium equation can be written as follows:

F,=—V.o (D

© The Author(s) or their Institution(s)
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where F, is the volume force factor; V indicates divergence; and o is the total stress tensor. The

heat conduction equation can be written as follows:

ar
(PO)effar = — VdesfVT 2
where T is temperature and (pC).sr and A.sr are the effective volumetric heat capacity at

constant pressure and effective thermal conductivity, respectively. The thermal properties of
the fluid and solid materials were assumed to be temperature-dependent and temperature-
independent, respectively. To account for heat transfer in a porous media, the effective

volumetric heat capacity (pC).rrand thermal conductivity A.¢f were considered as follows:
(PO)efr = OpppCpp +(1 —0,)psCpys 3)
Aeff = 0pdp +(1 — 0) A (4)
where (pC).rr and A.ff are the effective volumetric heat capacity at constant pressure and
effective thermal conductivity, respectively, p, and p; are pore fluid (air in this study) and soil
densities, A, and As and C,, , and C, ¢ are representing thermal conductivities and specific heat
capacity of these two materials respectively. 8, is the volume fraction of solid material (the
ratio of the area occupied by the pore fluid to the entire cross-section of the soil).

Taking into account the thermal effects, Equation 1 can be rewritten as:
F, = — V.(Cijui(eij — aAT)) (5)
where Cjjy is the stiffness tensor, which is determined by material properties such as elastic
modulus and Poisson’s ratio. g;is the strain tensor, a is the coefficient of thermal expansion,

AT 1is the change in temperature.

The energy conservation equation for water can be written as follows:
aTs
prACs 5 + prACurNT = V. (AAVTF) + Quau (6)
where pf, Cr, ur, Arand Ty are density, specific heat, velocity vector, thermal conductivity,

and temperature of the circulating fluid, respectively. A represents the cross-section of the pipe

© The Author(s) or their Institution(s)
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in which fluid is flowing and Q,,4;; indicates the heat flux per unit length of the pipe and is
written as follows:

Qwatt = heff(Texte — Ty) (7)
where h,y is an effective pipe heat transfer coefficient considering the wetted perimeter of the
pipe cross-section; and T ,,; is the external temperature surrounding the pipe. The effective heat

transfer coefficient for circular pipe shapes used in this study can be determined as follows:

2T it

1 4 Tint] (rext (8)
mn
hint Ap Tint

hefr =

where 1, and 7.y, are internal and external pipe radius, respectively; A, is pipe thermal

conductivity; and h;,; is convective heat transfer coefficient inside the pipe which can be

obtained by:
Nuk f
hine = a4 9)
where dj, is the hydraulic diameter (dj, = 2;:1- t) and Nu is the Nusselt number for round pipes

and can be defined as a function of Reynolds, Re, and Prandtl, Pr, numbers, as follows:

Nu = max (3.66;Nugyrp) (10.a)

fo
(E) (Re —1000)Pr

Nugyrp = > (IOb)
fo =
1+12.7 g(137«3 —1)
69 !
fo=[—18log ()] (10.c)

© The Author(s) or their Institution(s)
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where fp is the friction factor; Re = pfVD/u, Pr = uCr/As, pr is the fluid density, V is the
velocity of the fluid, u is the dynamic viscosity of the fluid, D is pipe diameter, Cr and Ay are
the specific heat, and the thermal conductivity of the fluid, respectively.

The vertical boundaries at the sides of the model were assigned roller boundary
conditions to allow vertical movement of the soil layers. A pinned boundary was applied at the
base of the model, which prevents horizontal and vertical movements (Figure 3). The two
energy piles and the soil were assumed to be bonded to each other at the pile-soil interface.
Each energy pile is connected to a separate slab (with a dimension of 5.0x5.0x0.5 m) with
perfect contact (full moment connection). The initial temperatures of the soil, pile, and the
pipes were assumed to be the same as the initial ground temperatures recorded at the beginning
of each experiment. A design downward concentrated axial load of 1400 kN similar to that of
Faizal et al. (2019a,b) was applied at the surface of the slabs above the two pile heads to
simulate the building loads. A diffusive surface was applied at the top boundary of the model
to account for atmospheric temperature fluctuations which might affect the pile and soil
temperatures for depths near the surface.

The soil, energy piles, slab and HDPE pipe properties used in the numerical model
were selected based on previous studies conducted on the field site (Barry-Macaulay et al. 2013;
Singh et al. 2015; Faizal et al. 2018, 2019a, 2019b) and from common properties reported in
the literature (Bowles 1968; Mitchell and Soga 2005; Bourne-Webb et al. 2009; Amatya et al.

2012). These properties are summarized in Table 1.

Field results and numerical validation
The field and numerical results are shown for average temperature changes of EP1,
AT, of 10°C and 20°C for both EP1 .y and (EP1 + EP2),. tests (Figure 4). For EP1,¢ve,

these temperature intervals correspond to 0.67, and 6 days of operation, respectively, and for

© The Author(s) or their Institution(s)
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(EP1 + EP2),.ve, these intervals correspond to 6.2, and 13.9 days of operation, respectively.
For EP2,., the results are shown for the maximum temperature change of 2.2°C of EP1 as a
result of EP2 operation, corresponding to 40 days of operation.

The thermal strains, 1, were calculated as follows:

(Error! No
text of

er = (e, —g9)B + (T; — To)as specified
style in

document.1)

where ¢; is strain at the time i, g, is the initial reference strain, B is the batch calibration
factor of the strain gauges with a value of 0.975, T; is the temperature of the strain gauges at
time i, T, is the reference temperature of the strain gauges, o, is the coefficient of linear thermal
expansion of steel wire in the strain gauges (12.2 pe/°C).

The numerical axial and radial contact thermal stresses of EP1 were extracted from the
finite element analysis at the pile centre and the pile-soil interface, respectively. The
experimental axial thermal stresses in EP1 were estimated by the following equation:
o1 = Ep(€obs — AfrecAT) (12)
where Epis the elastic modulus of the concrete (taken as 34 GPa), g,,,1s experimentally
observed thermal strains, @y, is the free thermal expansion coefficient of the concrete, taken
as 13 pe/°C (Faizal et al., 2019a,b), and AT is the change in temperature of the pile. The thermal
expansion coefficient of concrete selected in the current study is within the range of 9 pe/°C to
14.5 pe/°C reported by Stewart and McCartney (2014) and Bourne-Webb et al. (2016).

The experimental radial contact stresses of EP1 were estimated using cavity expansion

analysis as follows:

© The Author(s) or their Institution(s)
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EAr

(1 +vyr ()

On

where E; and v, are the elastic modulus and Poisson’s ratio of the surrounding dense sand,
respectively, assumed to be 60 MPa and 0.3, respectively, based on typical values for dense
sand (Faizal et al., 2019a,b; Elzeiny et al., 2020), r is the radius of EP1, and Ar is the thermally
induced radial displacement of EP1.

The field and numerical results of temperatures, and axial and radial thermal
strains/stresses of EP1 plotted against depth, for all experiments, are shown in Figure 4.
Positive thermal strains indicate expansion and negative thermal stresses indicate compression.
The numerical simulation results matched well with the in-situ results.

The temperatures of EP1 for EP1,y. and (EP1 + EP2),.e tests (shown in Figures 4a
and 4b, respectively) were uniform with depth and reached a magnitude of approximately 38°C
for both cases. There were negligible differences in the temperatures for EP1 for all tests,
indicating that the operation of EP2 has insignificant effects on temperature of EP1 for the
given spacing of 3.5 m. The temperature change of EP1 is not significant in the EP2,;. test
compared to the EP1,.vc and (EP1 + EP2),.y. tests and is also slightly non-uniform with depth,
possibly due to some atmospheric effects near the surface. The radial and axial thermal strains
(Figures 4c and 4d, respectively) and thermal stresses (Figures 4e and 4f) of EP1 increased
when AT, increased from 10°C to 20°C for both EP1,.y. and (EP1 + EP2),.y. tests. Due to
the slight increase in temperature of EP1 in the EP2,; test, small variations in axial and radial
thermal strains/stresses were also observed in EP1. The lowest magnitude of axial thermal
strains (Figure 4d), and thus the highest axial thermal stresses (Figure 4f), were observed at a
depth of around 3 m in EP1 for all three experiments. This depth can be considered as the
location of the null point, indicating dominant stiffness of the overlying structure relative to
the stiffness imposed by the soil beneath the pile toe. The radial thermal strains of EP1 (Figure

4c) were significantly higher than the axial thermal strains of EP1 (Figure 4d) during the

© The Author(s) or their Institution(s)
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EP1,cive and (EP1 + EP2),.ve tests, indicating the energy pile had less restrain to thermal
expansion in the radial direction than in the axial direction. As a result, the radial thermal
stresses (Figure 4e) were significantly lower than axial thermal stresses (Figure 4f) in EP1 for
both EP1,.ve and (EP1 + EP2),.ve tests.

Figure 5a shows the experimental and numerical change in ground temperatures with
depth for EP1,4ve and (EP1 + EP2),.v tests at the two boreholes located at 0.63 m and 1.95 m
from the edge of EP1 (Figure 1). The ground temperatures at depths of 7.28, 9.5, and 12 m were
not recorded from day 7 of the EP2,.;,. €xperiment due to technical issues so the temperature data
of this experiment was not shown in Figure 5a. The transient ground temperature changes with
increasing radial distance from the sides of EP1 and EP2 for a depth of 5 m is shown in Figure
5b. These ground temperatures are for AT,,.= 20°C of EP1 for EP1 .. and (EP1 + EP2).¢4ive
tests and AT,,.= 32°C of EP2 in the EP2,.. test. The ground temperatures at a radial distance
of 0 m and 2.9 m from the edge of EP1 are the soil-pile interface temperatures of EP1 and EP2,
respectively (Figure 5b). The soil temperature changes between the piles are more significant
for the (EP1 + EP2)..4ve test, indicating that heating both piles simultaneously increased the
thermal interaction between the piles due to overlapping of ground temperatures. The ground
temperature change at the edge of EP2 is lower than at the edge of EP1 in the (EP1+EP2),ive
test. This is because the heat exchangers of the two piles were connected in series. Since EP1
was heated first, the rate of heating of EP1 was higher than EP2, and the temperature of the
fluid entering EP2 was lower than that entering EP1. As a result, EP1 had higher temperature
changes than EP2, which resulted in lower temperatures at the edge of EP2. The ground

temperatures predicted by numerical simulations matched well with the field results.

Numerical investigation

© The Author(s) or their Institution(s)
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A parametric evaluation using the validated numerical model was conducted to
investigate the effect of soil elastic modulus, Eyy;, thermal expansion coefficient, ay,;, and
thermal conductivity, 4., on the thermal responses of EP1 for the three field tests described
above. Three different values of each soil parameter were considered for all soil layers typical
of sandy soil profiles after Bowles (1968) and Mitchel and Soga (2005) (i.e. 0.5E .1, Esoit, 2Eoit;
0.5s0i1> Asoit> 24s0iy and 0. 1001, Oi, 100,i7). The parameters of E,;;, Ao, and ay,; have the same
magnitudes used for the numerical validation of experimental results (Table 1).

The experimental data for all three field tests had different inlet fluid temperatures,
different atmospheric temperatures and different initial pile and ground temperatures (Figure
2). In the parametric study, however, the same test and boundary conditions were applied to all
three simulations to assess better the effects of individual soil properties under the same
boundary conditions, i.e. same inlet fluid temperatures, fluid velocity (11 L/min), initial pile
and ground temperatures, and ambient temperatures. The ambient, inlet fluid and initial pile
and ground temperatures used in the parametric study are obtained from EP1 . test (Figure
2) and are shown in Figure 6. The inlet fluid temperatures represent typical fluid temperatures
for energy piles during heating mode of a GSHP.

The parametric simulations were conducted for 14 days for all three field tests. The
results in the following sections are presented at Day 14 of the tests. In the parametric
evaluation, it was assumed that the two energy piles were working separately (not connected
in series) with the same inlet fluid temperatures, as shown in Figure 6b. This was done so that
both energy piles had the same inlet fluid temperatures when heated simultaneously. Heating
the two piles together in series would reduce the inlet fluid temperatures to EP2 compared to

that of EP1 since EP1 will have a faster rate of heating, as was observed in the field test.

Pile and ground temperatures
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The effect of varying soil properties on the change in pile temperatures of EP1 and
change in ground temperatures between the two piles is shown in Figure 7a and Figure 7b,
respectively. The pile temperatures and ground temperatures were not affected by variations in
Ei and ay,; for all three tests (not shown here). The temperatures of EP1 reduced by
approximately 2.5°C when A,; increased from 0.5, to 24, (Figure 7a) for both EP1 .. and
(EP1+EP2),ve tests. Higher values of A,,; caused faster heat propagation in the soil, which
resulted in lower thermal confinement around EP1, hence lower pile temperatures of EP1 are
observed. For a given Ay, the temperatures of EP1 were same for both EP1,.y. and
(EP1+EP2),.ve tests since the operation of EP2 did not affect the soil temperature at the edge
of EP1, even though higher ground temperature changes occurred between the piles when both
piles were heated simultaneously, as shown in Figure 7b. No significant changes were observed
in temperatures of EP1 for the EP2,.. test. Negative temperature changes of EP1 near the
surface during the EP2,.. test is due to the very low atmospheric temperatures at Day 14
(Figure 6a).

The ground temperatures during the EP1,y test reduced with increasing radial
distance from the edge of EP1. The ground temperatures during the (EP1+EP2),.v. test also

initially reduced with increasing radial distance from the edges of EP1 and EP2, but eventually

overlapped and developed higher temperatures near the mid-point between the two energy piles.

This overlapping of ground temperatures indicates the presence of thermal interaction between
the two energy piles when heated simultaneously in the (EP1+EP2),v. test.

Increasing Ay,; reduced the ground temperatures near the energy piles, confirming the
findings of Salciarini et al. (2017). This occurred due to higher heat propagation away from the
energy piles when A,; was increased. As a result of faster heat propagation near the piles, the
ground temperatures increased farther away from the piles for both EP1,y. and

(EP1+EP2),.ive tests.
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Pile axial thermal strains and stresses

The effect of varying soil properties on the axial thermal strains and stresses of EP1 for
all three test conditions are shown in Figure 8. The location of the maximum thermal stresses
in EP1 remained approximately at the same depth of 3 m for all studied cases. Varying E;,;;had
more effects on the axial thermal strains and stresses of EP1 compared to the impacts of A,
and a,,; for all three field tests.

The effects of E,; on the axial thermal strains and stresses of EP1 are shown in Figure
8a and Figure 8b, respectively. An increase in Eg significantly increased the axial thermal
stresses in EP1 for both EP1,.ve and (EP1+EP2),.y. tests. Similar observations were noted by
Khosravi et al. (2016). The axial thermal stresses in EP1 almost doubled in EP1,.. and
(EP1+EP2),.4ve tests at 3 m depth when Ej,; increased from 0.5E;,; to 2E,,;. Higher E; results
in higher rigidity of the soil; hence, a higher restriction is imposed on the axial thermal
expansion of the energy pile (Figure 8a). For a given E;,;, the thermal stresses developed in
EP1 were similar for the EP1,.y. and (EP1+EP2),v. tests, with slight differences in the upper
section of the pile. This indicates that the operation of one energy pile did not affect the thermal
stresses developed in the nearby operating energy pile when both piles were heated
simultaneously. Operation of EP2 in the EP2,;,. test induced insignificant thermal axial strains
and stresses in EP1, indicating that the heating of an energy pile had negligible effects on the
nearby non-operating pile. This can be due to the fact that EP1 and EP2 are not connected by
a pile-cap. The slightly positive (tensile) axial thermal stresses developed in the upper parts of
EP1 in the EP2,.y. test (Figure 8b) can be attributed to negative temperature changes in EP1
due to atmospheric effect (see Figure 7a).

Figure 8c and 8d show the effects of A,,; on the axial thermal strains and stresses of

EP1, respectively. The thermal stresses developed in EP1 were lower than those developed for
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different E,;. There was a slight increase in axial thermal stresses of EP1 when A,; was
increased from 0.54,; to 24,,; in EP1,¢ve and (EP1+EP2),.ive tests (by approximately 0.3 MPa
at 3 m depth), even though the pile temperatures had reduced by 2.5°C (Figure 7a). This could
be attributed to the lower expansion of the soil near the pile-soil interface as a result of lower
ground temperatures for larger thermal conductivity (Figure 7) which possibly increased
restraint of the axial thermal expansion of the pile. The thermal strains and stresses in EP1 were
similar for both EP1,.,. and (EP1+EP2),.. for any given A,; with slight differences in the
upper pile section, indicating negligible thermal effects of one energy pile on the other when
heated simultaneously. The magnitudes of axial thermal stresses and strains in EP1 in the
EP2,.ive test were negligible indicating negligible thermal effects on a nearby non-thermal pile
due to the operation of an energy pile.

The effects of a,,;; on the axial thermal strains and stresses of EP1, are shown in Figures
8e and 8f, respectively. The range of thermal stresses was lower than that for E,,;. Similar to
what was observed for E,,; and /,,;, the thermal stresses in EP1 were similar for both EP1 v
and (EP1+EP2),.v. test with slight differences in the upper pile section, for a given ay,;.
Increasing o, to 100, (corresponding to o,/0. of 0.7 and 7 respectively) resulted in a
small reduction in axial thermal stresses in EP1 for both EP1,. . and (EP1+EP2),.ve tests,
mostly for the upper pile section for 10a; (¢ts0i/0pite 0 7). This can be related to the increased
soil expansion for higher values of ay,; which resulted in a lower restriction on EP1. This
behaviour is consistent with the observations reported by Bourne-Webb et al. (2016) and
Salciarini (2017). Similar to the effects of E,; and /., there were negligible effects of EP2
operation on EP1 in the EP2,,. test. The values of a0, used in this study are consistent
with those of other studies which have been reported to vary between 0 and 2 (Bodas Freitas

etal., 2013), 0.033 and 3.3 (Rotta Loria and Laloui 2017), and 1 to10 (Salciarini et al. 2017).
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Pile radial thermal strains and stresses

The effects of varying soil properties on the radial thermal strains and stresses of EP1
for the three test scenarios are shown in Figure 9. The magnitudes of the radial thermal stresses
in EP1 for all investigated soil parameters were significantly lower than the axial thermal
stresses shown in Figure 8. The radial thermal strains were more significant and closer to the
free thermal expansion of the pile compared to the axial thermal strains reported in Figure 8.
These confirm the findings of previous studies that radial thermal stresses are insignificant
compared to the magnitudes of axial thermal stresses in energy piles (Ozudogru et al. 2015;
Gawecka et al. 2017; Faizal et al. 2018, 2019). The highest magnitudes of radial thermal
stresses in EP1 for all cases are at a depth of 3 m due to the higher soil rigidity at this depth.
Also, E,,;; had higher impacts on the radial thermal stresses in EP1 compared to A,; and o,

The effect of E; on the radial thermal strains and stresses of EP1 are shown in Figures
9a and 9b, respectively. An increase in Ey resulted in an increase in the magnitudes of radial
thermal stresses in EP1 in EP1,. . and (EP1+EP2),.y. tests due to increased soil rigidity.
These observations are consistent with the results reported by Olgun et al. (2014), where the
normal stresses increased from 3.5 to 14 kPa when E,,; increased from 25 MPa to 100 MPa.
For a given Ej,;;, the radial thermal stresses in EP1 were similar for EP1,y. and (EP1+EP2),tive
tests, with minor differences of approximately 5 kPa for 2E;,;. This confirms the negligible
effects of the operation of one energy pile on the other nearby energy pile for the setting
investigated in this study. Insignificant stress changes of up to 2.2 kPa were observed in EP1
during the EP2,. test.

The effect of A,; on radial thermal strains and stresses of EP1 are shown in Figures 9¢
and 9d, respectively. The radial thermal stresses of EP1 slightly reduced when 4,,; increased,
with a maximum reduction of 4.5 kPa at 3 m depth when 4,,; increased from 0.54,; to 2.

No significant differences were observed in radial thermal stresses of EP1 between the EP1 .y
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and (EP1+EP2),.. tests indicating insignificant thermal effects of the operation of one energy
pile on the other energy pile. Similar to E;,;;, negligible stress changes of up to 2.2 kPa were
observed in EP1 in the EP2,.c test.

The effects of ay,; on the radial thermal strains and stresses in EP1, are shown in Figures
9¢ and 9f, respectively. The radial thermal stresses in EP1 increased for both EP1,... and
(EP1+EP2),ve tests with increasing ay,;. The radial thermal stresses in EP1 in the EP1, yice
test were higher than in the (EP1+EP2),ive test for 0.1ay,; and ay,; (corresponding to o,i/cyize
of 0.07 and 0.7 respectively). However, for 100, (0i/0pie 0f 7) the opposite behaviour is
observed due likely to increased thermal expansion of the soil. A higher volume of soil is
subjected to temperature change when both piles are heated together (Rotta Loria and Laloui
2017b). The radial thermal stresses in EP1 during the EP2,.y. test was very low compared to

the EP1,.ive and (EP1+EP2),.4ve tests.

Thermal displacements

The effects of varying soil properties on the axial and radial thermal displacements of
EP1, for all three test scenarios, is shown in Figure 10. The radial thermal displacements were
very low with a range of -0.03 mm to 0.01 mm, for all soil properties. The axial thermal
displacements at the pile head of EP1 were much higher than radial thermal displacements and
ranged between 0.3 mm to 0.5 mm for all soil properties. The radial and axial thermal
displacements of EP1 were, however, up to 0.005% and 0.1% of the pile diameter, respectively,
much lower than the generally allowable 10% of the pile diameter failure criteria.

Increasing Ej,; resulted in a slight decrease in axial thermal displacements of EP1 for
both EP1,.ve and (EP1+EP2),.ve tests due to the higher restriction of the surrounding soil
(Figure 11b). The axial thermal displacements of EP1 also reduced with increasing 4,,,; for both

EP1,ive and (EP1+EP2),.ve tests, likely due to increased soil strength near the pile due to
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temperature changes. Increasing ay,;; did not significantly affect the axial thermal displacement
of EP1 for both EP1,. and (EP1+EP2),.y. tests. There were no significant differences in
axial and radial thermal displacements of EP1 between the EP1,y. and (EP1+EP2),.ve tests
for all soil properties, confirming the negligible effects of the operation of one energy pile on
the other. The axial and radial thermal displacements of EP1 for the EP2,y. test were
insignificant for all soil properties confirming negligible effects of an operating energy pile on
a nearby non-thermal pile
Concluding remarks

This paper examined the thermal responses of one of a pair of field-scale energy piles
spaced at a centre-to-centre distance of 3.5 m. A parametric study was conducted with a
numerical model validated with field tests to explore the effects of varying soil thermal
conductivity, thermal expansion coefficient, and elastic modulus on the thermal response of
the considered energy pile. Heating the two piles together increased thermal interaction
between the piles due to higher ground temperature changes between the piles due to thermal
overlapping. This thermal interaction, however, did not affect the magnitude of thermal stresses
developed in the considered energy pile for all soil properties, indicating negligible thermal
effects from the operation of one energy pile on the other energy pile during simultaneous
heating. Heating only one pile also induced insignificant thermal effects on the other non-
thermal pile for all soil properties. This outcome indicates that the operation of energy piles
will not induce thermal stresses in nearby non-operating piles in the setting investigated in this
paper. The effect of elastic modulus of the soil was more significant on the thermal stresses
and displacements developed in the considered energy pile compared to the impact of thermal
conductivity and thermal expansion coefficient of the soil. Increasing thermal conductivity of
the soil, however, induced higher ground temperature changes around both energy piles. The

numerical simulations confirmed the field results that the magnitudes of radial thermal stresses
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developed energy piles were insignificant compared to the axial thermal stresses for all soil
properties. The thermal displacements of the considered energy pile were negligible and
significantly lower than 10% of the pile diameter for all studied cases and are not expected to
affect the structural integrity of the energy piles. The results of this paper will be useful in
assessing the thermal interaction among closely spaced energy piles that are not linked by a
pile-cap when designing energy piles at different sites with soil properties similar to those
reported in this paper. It should be noted that for energy piles spaced closer to each other (i.e.,
in secant or tangent walls), thermal interaction between the energy piles might be more

significant.
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741
742
743
744
745  Table 1. Material properties for numerical simulations calibrated against field test
746  measurements
Depth  Elastic  Poisson’s  Porosity Total  Specific Thermal Coef.
. z modulus ratio n density heat  Conductivity — Therm.
Material
E 1% p G A Exp. a
[m]  [MPa] [—] [—]  [kg/m’] [VkgK]  [WAmK)]  [pe/°C]
Fill %(;_ 15 0.3 0.35 1750 800 1.1 10
0.5-
Sand 35 500 0.25 0.33 1800 840 1.7 10
3.5-
Sandy clay 6.0 75 0.30 0.33 1950 810 2.0 10
6.0-
Sand 125 120 0.25 0.30 2200 850 23 10
Pile — 35000 0.22 — 2500 810 1.5 13
Slab — 35000 0.20 — 2500 850 1.5 13
HDPE pipes — — — — — — 0.4 —
747
748
749
750
751
752
753
754
755
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Figure 1. Field scale energy piles instrumentation and WVSGs locations (after Faizal et al.

2019).
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Figure 2. Ambient, inlet fluid temperature, and initial pile and ground during three
experiments: (a) ambient atmospheric temperature; (b) inlet fluid temperature; (c) initial pile
temperatures; and (d) initial ground temperatures.
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Figure 3. Finite element mesh of the numerical model (a) 3D view; (b) plan view; (c) side view
of energy pile and heat exchanger loops; (d) plan view of energy pile and heat exchanger loops.
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Figure 4. Experimental and numerical profiles of EP1 (a) temperatures from radial VWSGs;
(b) temperatures from axial VWSGs; (c) radial thermal strains; (d) axial thermal strains; (e)

radial thermal stresses; (f) axial thermal stresses.
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Figure 6. Ambient, inlet fluid temperature, and initial pile and ground temperature used in the
parametric analyses: (a) ambient atmospheric temperature; (b) inlet fluid temperature; and (c)

initial pile and ground temperatures.
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Figure 8. Axial thermal responses of EP1 from the parametric evaluation: (a) strains when
varying Esoii; (b) stresses when varying Esoil; (C) strains when varying Zsoii; (d) stresses when
varying Asoit; (€) strains when varying asos; () stresses when varying asoir.
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Figure 9. Radial thermal responses of EP1 from the parametric evaluation: (a) strains when
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Figure 10. Radial (Jrr) and axial (&ra) thermal displacements of EP1 from the parametric
evaluation: (a) &tr When varying Esoir; (b) &ta When varying Eseir; (C) dtr When varying Aseir; (d)
Sta when varying Asoil; (€) dtr When varying asoii; (f) &ta when varying dsoi.
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