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Abstract

Considering the high energy prices and environmental issues, renewable geothermal
energy usage is becoming increasingly popular in many applications. The heating and cooling
requirements of built structures is a major contributing factor to energy consumptions and
greenhouse gas emissions. Reinforced concrete geostructures, coupled with ground source heat
pumps, such as energy piles, are promising technologies that can drastically reduce fossil
energy consumption and carbon emissions to maintain thermal comfort in built structures.
Energy piles incorporate the pile foundation and ground source heat exchanger to generate
environmental and economic benefits. Together with the energy design, these piles'
geotechnical designs are also critical. Depending on the built structure's energy demand, energy
piles can be subjected to various magnitudes of monotonic and cyclic temperature changes.
Different sites may also have different soil properties that could influence these piles' thermal
response. Installation of energy piles can also include group installation or closely spaced piles.
In this case, it could result in thermal interaction between closely spaced energy piles, which
will influence the piles' thermo-mechanical response. Although the thermal response of solitary
energy piles has been widely studied in recent years, there remains a need to evaluate the effect
of thermal interaction between multiple energy piles on the thermal response of energy piles,
for typical temperatures and soil properties encountered in energy piles operations.

This thesis addresses this knowledge gap by investigating the thermal response of an
energy pile that is part of a pair of cast-in-place concrete bored energy piles below a residential
building. The energy piles have a diameter of 0.6 m and length of 10 m and their centre-to-
centre spacing is 3.5 m. Field tests involving monotonic and cyclic temperature changes were
performed to assess the thermal responses of one of the energy piles when operated alone and
when operated simultaneously with the other energy pile in the pair. A numerical model,

validated with the field results, was then used to analyze the effects of balanced and imbalanced



cyclic temperatures, different magnitudes of monotonic temperatures, and the consequences of
varying soil thermal conductivity, thermal expansion coefficient, and elastic modulus on the
thermal response of the considered energy pile. Due to the spacing considered, the operation
of the second energy pile had a negligible effect on the thermal response of the considered
energy pile for all fluid temperatures and soil properties, even though the soil experienced
higher temperature changes than the operation of only the considered energy pile. However,
cyclic temperature variations induced lower ground temperature changes and pile thermal
stresses than monotonic temperatures during single and dual pile operations. Hence, cyclic
temperatures from the ground source heat pump's intermittent operations could be more
beneficial than their continuous long-term operations. Among the considered soil parameters,
the impact of elastic modulus of the soil was more significant on the thermal stresses of the
energy pile than the effects of soil thermal conductivity and thermal expansion coefficient.
Furthermore, temperatures and stresses across the planar cross-section of energy piles vary
between the centre and the pile's edge. Therefore, they should be accounted for in the design

of energy piles.
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1 Introduction

1.1 Motivation and background

Climate change, carbon emissions, global warming, and their consequent adverse effects
on the environment are growing international concerns resulting from rapid growth in world
energy consumption. Building constructions and operations account for a significant amount
(almost 40%) of carbon emissions related to energy consumption globally (GlobalABC, 2018).

According to the Australian Sustainable Built Environment Council (ASBEC, 2018),
building operations consume almost 50% of total electricity and contributes approximately
25% to national greenhouse gas emissions. The main areas of energy consumption in buildings
globally are heating, ventilation and air conditioning (HVAC) (IEA, 2013). A considerable
amount of 40% of all energy consumptions in Australian buildings is due to heating and cooling
(DEWHA, 2008). To transit to an environmentally friendly future, Australia has dedicated
efforts to reduce carbon emissions and reach zero net emissions by 2050 (Climateworks, 2014).
As heating and cooling is necessary for most buildings, it is important to design systems that
enhance their energy efficiency. In this respect, Engineers Australia further emphasised the
importance of using renewable energy technologies to provide the best comfort and energy-
efficient performance of buildings in Australia (Engineers Australia, 2017).

Ground source heat pumps (GSHPs) coupled with structural elements of buildings,
known as energy geostructures (such as energy piles, energy diaphragm and retaining walls),
are promising renewable energy technologies that are becoming increasingly popular due to
their economic and environmental benefits. For new buildings that require foundation piles,
the piles can be converted to underground heat exchangers, known as energy piles, to provide
low-emission and energy-efficient heating/cooling to the building by using a GSHP. Compared

to conventional air conditioning systems, energy piles have shown environmental benefits by



reducing carbon emissions with energy savings up to two-thirds of traditional systems (Brandl,
2006; Pahud and Hubuch, 2007; Amis and Loveridge, 2014; Khan and Wang, 2014).
Considering these benefits, energy piles have experienced rapid growth in several countries
(Amis and Loveridge, 2014; Brandl, 2013).

As the pile foundations are increasingly used as energy piles, investigations into their
temperature-induced geotechnical behaviour are crucial for their safe design. The number of
piles in a building footprint constructed as energy piles depends on the built structure's
heating/cooling requirements. Hence, multiple pile foundations can be constructed as energy
piles to meet the built structure's energy demand. The temperature variations of energy piles
and the surrounding soil also depend on the heating/cooling requirements of the built structure
and are subjected to different magnitudes of monotonic and cyclic temperature variations
(Brandl 2006; Murphy and McCartney 2015; McCartney and Murphy 2017, Faizal et al. 2016,
2018, 2019a, 2019b). The ground temperature variations of multiple energy piles can result in
thermal interaction among closely spaced energy piles and influence their thermo-mechanical
behaviour. There is currently limited knowledge of the thermal interaction among nearby
energy piles experiencing different magnitudes of monotonic and cyclic temperatures.

Moreover, different sites will have different soil properties. Although several studies
have been conducted on energy pile groups using field testing and numerical simulations
(Mimoumi and Laloui 2015; Rotta Loria and Laloui 2016, 2017a, 2018; Wu et al. 2020), the
roles of soil properties (such as soil thermal conductivity, soil thermal expansion coefficient,
and soil elastic modulus) and cyclic temperatures on the thermal interaction between energy
piles are yet to be investigated. Further studies on the influence of varying soil thermal
properties will provide new insight into the thermal response of multiple energy piles.

Furthermore, the operation of the GSHP induces complex temperature and stress

distribution across the planar cross-section of the energy piles. Recent numerical studies



conducted for given inlet fluid temperatures and set of soil properties have shown that the
temperature measured at a single location in a pile, as is the common current practice in energy
pile research, does not fully represent the temperatures across the cross-section of an energy
pile and can lead to errors in estimating thermal stresses (Abdelaziz and Ozudogru 2016a,
2016b; Caulk et al. 2016, Han and Yu 2020; Liu et al. 2020). Therefore, further investigation
on the cross-sectional thermal response of energy piles for different temperatures and soil
properties, particularly for multiple closely spaced energy piles, is warranted to provide new
insights into the thermal response of energy piles.
1.2 Problem statement

For the safe and efficient thermal and geotechnical design of energy piles, it is essential
to understand the thermal response of energy piles for different magnitudes of inlet fluid
temperatures typically used in energy pile operations and the effect of various soil properties
commonly encountered at various installation sites. The current knowledge base on the
influence of various temperature magnitudes and soil properties on the piles' thermal stresses
and ground temperature variations was developed from research conducted on solitary energy
piles. However, to support the load of the built structure, piles are often used in groups or are
closely spaced, and depending on the energy demands of the structure, all or a certain number
of the piles might be used as energy piles. For cases where energy piles operate in groups or
are closely spaced, thermal interaction could occur between the piles through the soil volume,
which in turn could affect the geotechnical performance of the individual piles. Therefore, the
current research findings from solitary energy piles cannot be directly applied to designing
closely spaced energy piles. Further field and numerical investigations on the influence of inlet
fluid temperature and soil properties on closely spaced energy piles' thermal responses are

required to understand better the thermal interaction mechanisms between these piles. These



investigations will enable engineers to make reliable decisions when designing and installing
energy piles at different sites and ground source heat pumps' operating requirements.
1.3 Thesis objectives
This thesis investigates the role of inlet fluid temperature and soil properties on the thermal
interaction between energy piles. The specific aims of this thesis are:
1. To explore the influence of monotonic and cyclic inlet fluid temperatures and nearby
energy pile on an energy pile's thermal responses.
2. Toexamine the role of soil properties and nearby energy pile on an energy pile's thermal
responses.
3. To evaluate the impact of soil properties, inlet fluid temperature and nearby energy pile
on the cross-sectional thermal response of an energy pile.
1.4 Research hypotheses

The cyclic temperature variations of the ground source heat pump are hypothesised to
induce lower thermal interaction between the energy piles and lower thermal stresses in the
piles, compared to monotonic temperature changes. Studies conducted on solitary energy piles
have shown that cyclic temperatures induce lower pile stress and ground temperature
variations. Furthermore, it is hypothesised that the ground temperature changes between
multiple piles would be more significant than that of solitary piles for higher inlet fluid
temperatures due to thermal interaction between multiple energy piles.

The variations of soil properties such as soil thermal conductivity, soil thermal expansion
coefficient and soil elastic modulus are hypothesised to influence the thermal interaction
between energy piles through the soil volume. The variation of soil thermal conductivity would
affect the heat transfer between the pile, which in turn would affect the soil temperature
variations and thermal interaction between the energy piles. Furthermore, studies on solitary

piles have shown that soil thermal expansion and elastic modulus affect the restriction imposed



by surrounding soil to the energy pile, which affects the thermo-mechanical responses of the
energy pile.

The temperature and thermal stresses in the energy pile's cross-section are hypothesised
to be influenced by variations in inlet fluid temperatures, soil thermal properties, and the
presence of a nearby energy pile. Studies on solitary piles have shown evidence that the
distribution of temperatures and thermal stresses over the cross-section of an energy pile is not
uniform. Since variations in inlet fluid temperatures and soil properties are expected to
influence the thermo-mechanical response of piles and the thermal interaction between the
piles, it is hypothesised that the uniformity of temperatures and thermal stresses over the cross-
section of energy piles would also be influenced by variations in fluid temperatures and soil
properties during the operation of multiple energy piles.

1.5 Scope of the thesis

This thesis's objectives were achieved by conducting experimental and numerical studies
on one of the two field-scale energy piles spaced at a centre-to-centre distance of 3.5 m. The
energy piles were installed at Clayton Campus, Monash University, Melbourne, Australia,
under a six-storey residential building. The soil profile at the test site, consisted mostly of dense
sands, part of the Brighton Group of materials. One of the two energy piles was instrumented
to investigate the temperature, thermal strains/stresses along the length and over the planar
cross-section of the energy pile. The ground temperatures between the two energy piles were
also monitored. A three-dimensional finite element model was developed and validated with
the field test results. A combination of field and numerical tests was used to address the specific
aims of the thesis.

The first objective was investigated by conducting field and numerical simulations on
the influence of monotonic and cyclic inlet fluid temperatures and nearby energy pile on the

instrumented energy pile's thermal responses. The second objective was achieved by



examining the role of soil properties and nearby energy pile on the thermal responses of the
instrumented energy pile, experimentally and numerically. The third objective was addressed
by conducting field and numerical simulations to evaluate the role of soil properties, inlet fluid
temperature and nearby energy pile on the cross-sectional thermal response of the instrumented
energy pile.

1.6 Thesis outline

Chapter 1 presents the motivation and background, introduction, the problem statement,
research aims and hypotheses, the scope and the outline of the thesis.

A comprehensive literature review on energy piles followed by presenting the knowledge
gaps gained from this review is given in Chapter 2.

In Chapter 3, the research methods, including the details of instrumentation of the energy
piles and the governing equations for the numerical modelling used to investigate this thesis's
objectives, are presented.

In Chapter 4, the influence of monotonic and cyclic inlet fluid temperatures and nearby
energy pile on the instrumented energy pile's thermal responses are investigated.

The role of soil properties and nearby energy pile on the thermal responses of the
instrumented energy pile is presented in Chapter 5.

In Chapter 6, the role of soil properties, inlet fluid temperature and nearby energy pile on
the cross-sectional thermal response of the instrumented energy pile is investigated.

Finally, Chapter 7 summarises the thesis's conclusions and provides recommendations

for future work.



2 Literature review

Energy geostructures (such as energy piles, energy tunnels, and energy retaining walls) are
used as underground heat exchangers when coupled with ground source heat pumps (GSHPs)
to extract shallow geothermal energy to supplement heating and cooling of built structures
(Brandl, 2006). Energy geostructures have been successfully operating for over 40 years in
different countries. This thesis focuses on expanding the current knowledge on the thermo-
mechanical response of energy piles by filling critical knowledge gaps.

Energy piles are dual-purpose geostructures that can support structural loads of a building
and access the ground’s relatively constant temperature within the building footprint to operate
a GSHP. Depending on the buildings’ heating and cooling demand, the energy can be extracted
from the ground and delivered to the building for heating in winter or stored into the ground
during summer to cool the building (Bouazza et al., 2011). There are two primary circuits of
an energy pile system which are connected via the GSHP: (i) primary circuit below the ground
which contains the foundation system; and (ii) secondary circuit in the overlying building
containing the heat pump and ducting system. A schematic of the primary and secondary
circuits of an energy pile system is shown in Figure 2.1. The process of exchanging heat
between the energy pile and the ground occurs via heat carrier pipes attached to the
reinforcement cage of energy piles during construction, without any further modifications of
the foundation structure (Bouazza et al., 2011; De Moel 2010; Laloui and Di Donna 2011; Lu
et al., 2017; Lu and Narsilio, 2019). These heat carrier pipes are formed mostly from high-
density polyethylene (HDPE) pipes. The temperature changes of energy piles induce thermal
stresses in the piles and ground temperature changes typically not accounted for in traditional
geotechnical designs of energy piles. Therefore, an understanding of these additional thermal

loads is required for safe design practices of these piles.
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Figure 2.1. Schematic of an energy pile system under a built structure (modified from Olgun
2013).

Heavy buildings are typically supported by pile foundations depending on the site
conditions. If an energy pile system is adopted to lower the energy costs, some of the piles can
be constructed as energy piles based on the building’s energy demand. However, many
unknowns remain on how the energy piles might interact with each other under different
heating and cooling cycles with various inlet fluid temperatures. There is also limited
knowledge of soil properties' effect, representing different site conditions, on energy piles’
thermal responses. Furthermore, the influence of varying fluid temperatures and soil properties
on the cross-sectional thermal responses of energy piles have also received limited attention.

This chapter summarises the current literature available on the thermal responses of energy
piles. Based on the literature reviewed, knowledge gaps were identified and used to determine

this thesis’s scope.



2.1 Effect of monotonic and cyclic temperature variations on the thermal

interaction between energy piles

Energy piles and surrounding soils are subjected to different magnitudes of monotonic
and cyclic temperatures depending on the built structure’s heating/cooling requirements
(Brandl 2006; Murphy and McCartney 2015; McCartney and Murphy 2017, Faizal et al. 2016,
2018, 20194, 2019b). Moreover, energy piles may interact thermally with other nearby energy
piles through the soil due to soil temperature changes, which could influence the piles’ thermal
responses.

Current studies have mostly focused on the thermal responses of a single energy pile
subjected to monotonic temperatures (e.g. Laloui et al. 2006; Bourne-Webb et al. 2009;
Akrouch et al. 2014; Mimouni 2014; Murphy and McCartney 2015; Wang et al. 2015; Murphy
et al. 2015; Sutman et al. 2015; Khosravi et al. 2016; Adinolfi et al. 2018; Anongphouthet al.
2018; Rui and Soga 2018; Sung et al. 2018; Faizal et al. 2019a; Liu et al. 2019; Moradshahi et
al. 2020) and cyclic temperatures (Abdelaziz and Ozudogru 2016; Faizal et al. 2016; Ng and
Gunawan 2016; Suryatriyastuti et al. 2016; Faizal et al. 2018, 2019b; Sung et al. 2018; Huang
et al. 2018; Sarma and Saggu 2020; Yang et al. 2020). Compared to monotonic temperatures,
cyclic temperatures tend to induce lower ground temperatures and different thermal stresses in
single energy piles (Faizal et al. 2016) as shown in Figure 2.2. Cyclic temperatures can also
lead to the development of lower axial and radial thermal stresses in solitary energy piles, as
shown in Figure 2.3. Since cyclic temperature variations have been shown to reduce ground
temperature changes and thermal stresses in solitary energy piles (e.g. Faizal et al. 2016, 2018,
2019Db), the same can be expected for the operation of more than one energy pile. However,
these studies (e.g. Faizal et al. 2016, 2018, 2019b) did not evaluate the impact of different
temperature magnitudes on the thermal response of energy piles. Increasing and decreasing

inlet fluid temperatures during heating and cooling operations results in pile temperature



changes which can affect the thermal stresses and axial loads in the piles (Han and Yu 2020)

(Figure 2.4) as well as the pile head displacements (Yang et al., 2020) (Figure 2.5).
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Figure 2.2. The variations of: (a) pile temperatures; (b) ground temperatures; and (c) axial
thermal stress for different types of operation for a depth of 5.4 m (from Faizal et al., 2016).
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Figure 2.3. Effect of monotonic and cyclic temperature variations on: (a) thermal axial stress;
and (b) radial thermal stress of a single energy pile (The cyclic operations: 16h of operation
followed by 8h of forced (16F) and natural (16N) ground recovery. The monotonic operations:
24h of continuous heating (24H) and continuous cooling (24C) of the energy pile) (from Faizal
etal., 2018).

Higher ground temperatures resulting from higher inlet fluid temperatures might
increase the thermal interaction between energy piles via increased heat transfer through the

ground, influencing the thermal stresses and pile displacements of individual energy piles.
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Figure 2.4. Influence of inlet fluid temperature on axial thermal loads in a single energy pile
(from Han and Yu, 2020).
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Figure 2.5. Pile head displacement variation of a single energy pile with inlet temperature
(from Yang et al., 2020).

Moreover, the influence of different magnitudes of monotonic and balanced and
imbalanced cyclic temperatures on/between dual piles or group of piles has received very little
attention. Depending on the daily operating to rest time ratios of the ground source heat pump,
the piles and the ground could experience daily balanced (e.g., 12 hours of operation followed
by 12 hours of rest)or imbalanced (e.g., 16 hours of operation followed by 8 hours of rest)
cyclic thermal loads (Olgun et al. 2015). Figure 2.6 shows the effect of the operation of one

energy pile (Pile #1) on the nearby energy piles connected with a pile cap (Mimouni and Laloui
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2015). A similar observation was reported by Jeong et al. (2014), where different axial thermal

loads were observed for a group of energy piles located beneath a raft foundation (Figure 2.7).
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Figure 2.6. Pile head axial strains evolution in nearby energy piles due to Pile #1 operation
(modified from Mimouni and Laloui 2015).
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Figure 2.7. Load redistribution between energy piles in a group (from Jeong et al. 2014).
These studies showed that solitary energy piles’ behaviour is different from a group of

energy piles due to thermal interaction between the piles, especially if a pile-cap connects the
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piles. Wu et al. (2020) and Fang et al. (2020), also provided evidence of thermal interaction

among nearby energy piles connected with a slab (Figure 2.8 and 2.9, respectively).
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Figure 2.8. Thermally induced axial loads in piles: (a) in the four traditional piles; and (b) at
the top of Piles A and C (From Wu et al., 2020).

Depth, 2 (m)

Diepth, z (m)

AT Cy As (par) Ac(kPa)
] 3 [ 9 12 0 20 40 60 -3000 2000 -1000 O
. o o
/4 Mot
" 7 c . ,
l f |II ,'I | -'II |
1/ | |
vt S
| |
| _— plke}
* e Pile It Pile A
! / \_ {Adjacrmt pibe)  (Cperating pili)
[/
[ B .
(a)
AT *C) As () Ag (kPa)
1 0 1 6 -4 0 -200 -100 ] Time
j j —— | d

(b)

T f

—o—4d

—a—d

Pile €
I:llli. al

Pl.en Pile A

|H-n.- iled

|| | (et pilel {Operatimg pile)

Figure 2.9. Distributions of temperature, strain, and stress along the pile depth: (a) operating
pile (Pile A); and (b) diagonal, non-operating pile (Pile C) (modified from Fang et al., 2020).

The work of Jeong et al. (2014); Mimouni and Laloui (2015); Fang et al. (2020); Han

and Yu (2020); Wu et al. (2020); and Yang et al. (2020) indicate that closely spaced energy
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piles could interact thermally with each other. However, there remains limited knowledge of
the influence of various monotonic and cyclic inlet fluid temperatures on the thermal
interaction between energy piles and the influence of a nearby energy pile on the thermal
stresses in an energy pile.
2.2 Effect of nearby piles and soil properties on the thermal responses of an
energy pile

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, soil
properties’ role 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 3D to 5D (where D is the pile’s diameter), 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 (5D) 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 5D spacing,

performed by Wu et al. (2020).
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A crucial gap in the current literature is that the previous studies did not assess the impact
of the variation of some of the soil properties on the piles' thermal responses. Some of these
properties that could affect the thermal stresses in energy piles are the thermal conductivity,
Jsoil, the thermal expansion coefficient, asoil, and the elastic modulus, Esoil, Of the soil. Studies
reported in current literature have investigated the effect of the above soil parameters for single
energy piles; however, there is a lack of knowledge of how these soil parameters can affect the
energy pile thermal responses if more than one energy pile is operating.

The soil thermal conductivity, Asil, 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 Asoi tend to affect the temperature of a larger volume
of soil surrounding an energy pile (Figure 2.10). Therefore, an increase in Asoii could increase
the thermal interaction between closely spaced energy piles. Previous numerical studies (Jeong
et al. 2014; Salciarini et al. 2017; Guoet al.018) have indicated that soils with lower Asoil tend
to reduce the soil temperature changes due to more moderate heat transfer between the energy
pile and the soil, leading to an increase in the energy pile temperature (Sani et al. 2019).
Numerical studies also reported variations in axial thermal stresses (axial thermal loads) of
energy piles (Jeong et al. 2014; Salciarini et al. 2017) when Asil varied, as shown in Figure
2.11. These studies indicate that Asoil is a key parameter that could affect the thermal responses
of thermally interacting piles. The soil thermal expansion coefficient, asoil, provides 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 the pile concrete's thermal expansion coefficients and the soil could

affect the magnitudes of thermal stresses developed in the energy pile.
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Figure 2.10. Contours of the temperature along the vertical plane for different thermal
conductivities: (a) Asoil = 2.5; (b) Asoit = 1.7; and (C) Asoit = 0.9 (from Salciarini et al. 2017).
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Figure 2.11. Effect of soil thermal conductivity on axial load distribution in a single energy
pile, sand with higher Asoit and clay with lower Asii, (from Jeong et al. 2014).

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 strains developed in the pile varied by the variation of the ratio of soil thermal

expansion coefficient, to that of the pile concrete (i.e. asoil/opile) as shown in Figure 2.12.
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Similar observations were reported by Salciarini et al. (2017) for a single energy pile in
a group of energy piles (Figure 2.13) and by Bodas Freitas et al. (2013) and Bourne-Webb et
al. (2016) on isolated energy piles (Figure 2.14). Therefore, further investigations on the impact

of asoil Will provide more insight into the thermal responses of thermally interacting piles.
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Figure 2.13. Effect of soil thermal expansion coefficient on axial thermal load distribution in
an energy pile, r01: asoil =1x10™, r02: asoit =9%107°, and r01: asoit =1.3x10* (from Salciarini et
al. 2017).
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The elastic modulus of the soil, Esoil, may also affect the thermal responses of energy

piles since the restraints to the pile thermal expansion/contraction can be affected. A numerical

study conducted by Khosravi et al. (2016) showed that an increase in Esoii led to the

development of higher magnitudes of axial thermal stresses in an energy pile (Figure 2.15).

Moreover, Olgun et al. (2014) observed that increasing Esoi resulted in higher magnitudes of

radial contact stresses at the pile-soil interface (Figure 2.16).
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Figure 2.16. Effect of soil elastic modulus (1000sy in this study) on radial contact stress of an

energy pile for (a), (c), and (e) plane-stress model; (b), (d), and (f) plane-strain model (from
Olgun et al., 2014).

These limited studies indicate that variation of Esi could affect the axial and radial
thermal responses of energy piles and should be, therefore, a subject of further investigation
for thermally interacting piles. The current literature indicates that further studies are required

on the role of soil properties and nearby energy piles on an energy pile's thermal responses.
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2.3 Cross-sectional thermal responses of an energy pile

Due to the transient changes in the temperature of the heat pump circulating fluid, the
temperature across an energy pile's cross-section will also vary (Abdelaziz and Ozudogru
20164, 2016b; Caulk et al. 2016; Han and Yu 2020; Liu et al. 2020). However, the majority of
field-scale studies on energy piles only measured the thermal response of the energy pile at a
single location in the cross-section of the pile (e.g. Laloui et al. 2006; Bourne-Webb et al. 2009;
Akrouch et al. 2014; Murphy et al. 2015; Murphy and McCartney 2015; Sutman et al. 2015;
Faizal et al. 2016, 2018; Mimouni and Laloui 2015; Rotta Loria and Laloui 2017a, 2017b,
2018; Fang et al. 2020; Moradshahi et al., 2020; Wu et al. 2020). Assuming that the temperature
measured at the single location is representative of the temperature across the cross-section of
an energy pile has been shown to lead to errors in estimating thermal strains and stresses,
mostly when heating and cooling occurs (McCartney et al. 2015; Murphy and McCartney 2015;
Abdelaziz and Ozudogru 2016a, 2016b; Caulk et al. 2016).

Numerical studies showed that non-uniform temperature and stress variations
occurred between the centre and edge of the energy pile (Abdelaziz and Ozudogru 2016a,
2016b; Caulk et al. 2016; Han and Yu 2020; Liu et al. 2020), as shown in 2.17, 2.18, 2.19, and
2.20, but very few field studies have been performed to validate these numerical observations

(e.g. Faizal et al. 2019a; 2019b).
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Figure 2.17. Cross-sectional distribution of axial thermal stresses (kPa) for: (a) mid-heating;
and (b) mid-cooling (from Abdelaziz and Ozudogru 2016a).
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Figure 2.18. Distribution of temperature and thermal axial stress across the pile cross section
at 7.6m depth (from Caulk et al. 2016).
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Figure 2.19. Distribution of (a) temperature and (b) thermal axial stress (kPa) across the pile
cross section at 17m depth (from Liu et al. 2020).
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Figure 2.20. Contours of thermal strain inside the energy pile at 11.5 m depth at the (a) end
of cooling; (b) end of heating (from Han and Yu 2020).

Although Faizal et al. (2019a, 2019b) found that temperature and stress calculated using
vibrating wire strain gauges (VWSGSs) at similar radial distances, they did not measure the

temperature or thermal axial stresses near the pile-soil interface (Figure 2.21). The pile
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temperature at the edge of the pile would be expected to be similar to the soil temperature,

hence leading potentially to temperature and stress gradients across the pile’s diameter.
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Figure 2.21. Axial thermal stress distribution over the planar cross-section of the pile at
different depths, d: () d=1m; (b) d=3.05m; (c)d=5m; (d) d =7.28 m; (¢) d = 9.5 m (from
Faizal et al. 2019a).

The numerical studies reported by Abdelaziz and Ozudogru (2016a, 2016b); Caulk et
al. (2016); Han and Yu (2020); Liu et al. (2020) were conducted for single energy piles with
given inlet fluid temperatures and one set of soil properties, so the factors governing the
distribution in temperature and stress across the cross-section of an energy pile are not fully

understood. Accordingly, there is currently a knowledge gap on the effects of inlet fluid

temperatures, soil properties, and the presence of a nearby energy pile on the distribution of
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temperatures and stresses in the cross-section of energy piles. The magnitudes of thermal
stresses in energy piles depend on the magnitudes of inlet fluid temperatures (e.g. You et al.
2014; Mimouni and Laloui 2015; Murphy and McCartney 2015; Faizal et al. 2016; Han and
Yu 2020). Variations of Asoil affect the heat transfer between the pile and the soil (Jeong et al.
2014; Salciarini et al. 2015, 2017; Guo et al. 2018; Sani et al. 2019; Moradshahi et al. 2020)
which can affect the pile-soil interface temperatures and hence the temperature and stress
distribution in the cross-section.

Variations in asoil and Esoi affect the restrictions imposed by the soil on the thermal
expansion and contraction of energy piles (Bodas Freitas et al. 2013; Bourne-Webb et al. 2015;
Salciarini et al. 2015; Khosravi et al. 2016; Rotta Loria and Laloui 2017b; Salciarini et al. 2017,
Moradshahi et al. 2020), which in turn could influence the magnitudes of stresses developed in
the cross-section of the energy pile. Moreover, the presence of a nearby energy pile can also
influence the cross-sectional temperature and stress distributions of an energy pile due to
possible thermal interaction between the piles through the soil and is also a subject for further
study. Further studies are required to investigate the influence of inlet fluid temperatures, soil
properties (soil thermal conductivity, Aseil, thermal expansion coefficient, asoii, and elastic
modulus, Esi) and the presence of a nearby energy pile on the temperature and stress

distribution in the cross-section of an energy pile.

2.4 Conclusions from the literature review

Studies conducted on single field-scale energy piles showed that the ground temperature
changes and the piles' thermal response during continuous operation of GSHP are different
from intermittent operations. A single energy pile's thermal response can be significantly
affected by different magnitudes of inlet fluid temperature. However, in practice, multiple pile
foundations are constructed as energy piles to meet the built structure's energy demands and

hence could interact thermally with each other. Studies on closely spaced energy piles showed
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evidence of higher ground temperature changes due to thermal interaction among the energy
piles. Since intermittent operations of single energy piles have shown to induce lower ground
temperature changes, it is expected that intermittent operations of energy piles would reduce
the thermal interaction among closely spaced energy piles due to lower ground temperature
changes.

Past studies also showed that the variations in soil properties such as soil thermal
expansion coefficient, soil thermal conductivity, and soil elastic modulus, affect the thermal
response of single energy piles. It is expected that the operation of multiple energy piles for
various soil properties would affect the thermal interaction between the energy piles through
the soil volume, hence influencing the thermal stresses developed in the energy piles.
Furthermore, studies on single energy piles have also shown that the temperature and stresses
in the planar cross-section of the pile vary between the centre and edge of the pile. The cross-
sectional thermal responses of an energy pile could also be influenced by nearby energy piles
and varying inlet fluid temperatures and soil properties.

2.5 Knowledge gaps

Most of the studies reported in the current literature have focused on a single energy
pile’'s thermal response. Limited field and numerical studies have focused on the thermal
interaction between closely spaced energy piles. There is a lack of knowledge on the effect of
fluid temperature on the thermal interaction between closely-spaced energy piles. Hence, the
thermal stresses developed in the piles due to thermal interaction, for varying magnitudes of
monotonic and cyclic inlet fluid temperatures. There is also a lack of knowledge of soil
properties, such as soil thermal conductivity, soil thermal expansion coefficient, and soil elastic
modulus, on the thermal interaction among energy piles when more than one energy pile is
operating. There is also a lack of knowledge on the distribution of temperature and thermal

stresses in the cross-section of energy piles for closely spaced energy piles, for varying inlet
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fluid temperatures and soil properties. This thesis aims to address these knowledge gaps to
improve the geotechnical design of energy piles for a wide range of parameters encountered in

practice.
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3 Research methods: field-scale energy
piles and numerical simulation

3.1 Introduction

This thesis's research objectives were investigated using field-scale energy piles and
finite element (FEM) analysis. Two instrumented energy piles were installed beneath a student
residential building in 2015 as part of an extensive research program on energy piles. The
energy piles site was located at Monash University, Clayton Campus, Melbourne, Australia.
The building was erected on sedimentary deposits which are part of the Brighton Group of
Sediments (BGS) and consisted of dense to very dense sands. A detailed description of the
installation and instrumentation of the energy piles are given in Faizal (2018) and Faizal et al.
(2018). A three-dimensional numerical model was developed based on the field data to conduct
a parametric evaluation. This chapter summarises the field scale energy piles and provides a

detailed description of the numerical model adopted to investigate this thesis's specific aims.

3.2 Field-scale energy piles
3.2.1 Site description

The test site's soil formation comprises tertiary age sedimentary deposits forming part
of the Brighton Group (Barry-Macaulay et al., 2013; Singh et al., 2015). The lithology at the
site consists of fill material, up to a depth of 0.4 m, moist with medium density, and comprised
of crushed rock and/or silty sands. Moist natural silty and sandy clay with stiff to a very stiff
consistency with interbedded thin sandy lenses is present up to a depth of approximately 3.5
m. This is underlain to 12.5 m depth by moist dense sand with interbedded layers of clayey
sand and silty sand and cemented lenses. No groundwater was encountered within the depth of
the pile during drilling, and the soil was inferred to be unsaturated. The ground conditions are

summarised in Table 3.1.
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Table 3.1. Summary of ground conditions under the student residential building (modified
from Faizal et al. 2019a).

Soil type Depth (m) Soil description
Fill material 0-0.4 Moist medium dense sand, silt, crushed rocks
Sandy clay 0.4-3.5 Stiff to very stiff, consists of silt, sand traces
Sand 3.5-12.5 Moist dense sand, traces of clay and cemented lenses

3.2.2 Energy piles

Two foundation piles below a new 6-storey student residential building at Monash
University, Clayton Campus, Melbourne, Australia, were constructed as energy piles. The
building construction began in September 2014 and was completed in December 2015 (Figure

3.1).

-~

Figure 3.1. The student residential building beneath which the new energy Hpiles were

installed (Logan Hall, Monash University, 2021).
The piles had a diameter of 0.6 m and were installed to a depth of 10 m. The pile

reinforcement cages had a mass of approximately 150 kg each, a length of roughly 10 m and

contained ten vertical reinforcement bars of 30 mm diameter. The cage's outer rings had a

27



diameter of 445 mm and were made of 16 mm diameter rods spread spirally across the length
of the pile cage at a spacing of 150 mm. A schematic of the field setup with the instruments'
locations is shown in Figure 3.2. The energy piles were not linked with a slab and were located
at a centre-to-centre distance of 3.5 m. To monitor ground temperature between the two energy
piles, two boreholes, BH1 and BH2, of 0.1 m diameter were installed at radial distances of 0.63
m and 1.95 m from the edge of EP1. Each borehole was instrumented with six thermocouples
at 2 m depth intervals; a cementitious grout was used in each borehole. A schematic of two
energy piles and boreholes are described in Figure 3.2. The instrumentation and the two
boreholes' location are shown in Figure 3.3a and 3.3b, respectively.

The energy piles had four U-shaped heat exchangers formed from high-density
polyethylene (HDPE) pipes attached to the inside of the reinforcement cage prior to lowering
it into the ground (Figure 3.4). These pipes carried the heat transfer fluid. They were connected
to U-connectors at the base of piles. The inner and outer diameters of the HDPE pipes are 20
mm and 25 mm respectively with a horizontal spacing of 200 mm between the pipes in a U-
loop. All the U-loops were pressure tested to check for potential leakages once they were
connected with U-connections. Removable tremies were used to prevent damage to the sensors
due to pouring wet concrete.

One of the energy piles (referred to as EP1) was instrumented with vibrating wire strain
gauges (VWSGs) and thermocouples while another one (referred to as EP2) was only
instrumented with thermocouples. As shown in Figure 3.2, the VWSGs in EP1 were oriented
vertically and radially at 5 depths to capture axial and radial thermal responses. This pile
contained 30 VWSGs (model Geokon 4200) installed in the concrete (which measured
temperatures as well), 14 type T thermocouples installed on the external pipe wall of the U-
loops, and three thermocouples at the pile-soil interface at depths of 1.1 m, 3.6 m, and 6.6 m.

The second pile (EP2) was only instrumented with two thermocouples installed on the external
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wall of the first U-loop at depths of 1 m and 9.8 m, respectively. The concrete cover to the edge

of the HDPE pipes was approximately 95 mm.
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Figure 3.2. Schematic of the instrumented energy pile and location of the sensors over the
cross section at each depth (after Faizal 2018).
The axial VWSGs were installed at depths of 1 m (Level E), 3.05 m (Level D), 5 m

(Level C), 7.28 m (Level B), and 9.5 m (Level A) with reference to the ground surface. The
radial VWSGs were positioned at depths of 1.36 m (Level E), 3.3 m (Level D), 5.3 m (Level
C), 7.46 m (Level B), and 9.25 m (Level A). The axial strain gauges at each level are labelled

as V1, V2, V3, V4, and V5, while the radial gauges are labelled as R. For instance, AV1 and
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AR mean vertical strain gauge and radial strain gauge at depth of 9.5 m and 9.25 m respectively.
At each of these five levels, four axial VWSGs (V1, V2, V3, and VV4) at average concrete cover
of about 160 mm together with an axial and radial VWSG (V5 and R respectively) near the
centre of energy pile were installed. The presence of the axial VWSGs at different locations

over the cross-section of EP1 at different depths was used to study the thermal responses across

the planar cross-section of the pile (Chapter 6).

Figure 3.3. Boreholes installation details: (a) PVC pipes and attached thermocouples; and (b)
energy piles and borehole locations.
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Figure 3.4. HDPE heat exchanger pipes and details of the instrumentation of pile cage: (a)
heat-exchangers attached to the reinforcement cage; and (b) axial strain gauges (modified from
Faizal et al., 2019b).
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3.2.3 Heating and cooling systems

Seven field tests were conducted to investigate single and dual-energy piles' thermal

responses under monotonic heating, monotonic cooling, and cyclic temperatures, as shown in

Table 3.2. The monotonic heating and cooling of the considered energy pile (EP1) and dual-

energy piles (EP1+EP2) included 24 hours of continuous heating (24H) and continuous cooling

(24C) operations. The cyclic experiments were conducted as daily intermittent operation with

16 hours of cooling followed by 8 hours of heating (16C8H) for both single (EP1) and dual

pile (EP1+EP2) operations. Additionally, a 24-hour continuous heating experiment in which

only EP2 was operating (i.e. single pile heating (EP2)) was conducted to investigate the effect

of the operation of EP2 on the thermal response of the non-operating EP1.

Table 3.2. Description of the field experiments.

Inlet
Experiment Operation Description Inlet water water Experir_nent
4 mode temperature flow duration Chapter
(°C) rates (Days)
(L/min)
24 hours of
Single heating of 4,5and
! heating | EP1(Faizal et 48 1 18 6
al. 2019a)
Single 24 hc_)urs of
2 heating heating of 46 40 11 5
EP2
24 hours of
3 hg‘:ﬁ:g heating of 42 10 42 4 56a”d
EP1 and EP2
Single 24 hqurs of
4 cooling cooling of 1 12 21 4and 6
EP1
Dual 24 hqurs of
5 cooling cooling of 5 10 14 4 and 6
EP1 and EP2
Daily
Single interm_ittent
6 cyclic operation of 8-26 16 16 4
EP1 (Faizal et
al. 2019b)
Daily
. intermittent
7 Dual cyclic 4-25 14 15 4

operation of
EP1 and EP2
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A commercial 2-5 kW Envision geothermal/water source heat pump and a 0.37 kW
Grundfos CRI 1-3 vertical centrifugal water pump were used for cooling and cyclic operations
as shown in Figure 3.5a. The water temperature entering the energy pile was manually adjusted
by the thermostat control valve used to control the air temperature exiting the heat pump. To
avoid the possibility of freezing water that could block the pipes and damage the pump during
the cooling cycles, a Fernox Alphi-11 antifreeze protector was added to the buffer tank's water

at approximately 25% of the total volume of water in the system.

Figure 3.5. The heating and cooling system setup in the plant room 15 m away from the energy
piles: (a) heat pump for cooling and cyclic operations; (b) TRT unit for heating operations; and

(c) the plumbing manifold.
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The heat pump was specifically used for cooling and cyclic heating/cooling. A
GeoCube TRT unit with approximately 4 litres of tank volume (Figure 3.5b) was used as a
heating unit to circulate the hot water in the energy piles for single and dual pile heating
operations. Figure 3.5¢ shows the HDPE pipe connections running through both energy piles
into the plumbing manifold mounted on the wall. The inlet and outlet of the U-loops installed
in both energy piles were connected to the heating and cooling units' inlet and outlet. T-type
thermocouples were used to record the fluid temperature for each loop.

3.2.4 Data derivation and analysis

Pico Technology’s USB-TCO08 data loggers were used to record data from all the
thermocouples in the piles and the ground. For recording data from VWSGs, Campbell
scientific CR1000 data loggers were used (Figure 3.6). GPI TMO75 flowmeters installed at the
inlet and outlet pipelines of the plumbing manifold were used to record the flow rate of fluid

circulating in the energy pile system.

VWSG data loggers E.

|

|
Thermocouple data
loggers

e #

j HE ?I-
/' PR
FEERE

EREEE

Figure 3.6. Data logging systems for VWGSs and thermocouples.
The thermal strains, &1, were obtained by correcting for the temperature effects using

the following equation:
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er = (& — &)B + (T; — To)as (3.1)
where & is strain at time i, & 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, To
is the reference temperature of the strain gauges, as is the coefficient of linear thermal
expansion of steel wire in the strain gauges (12.2 ue/°C). As the value of &, was selected at the
beginning of each experiment, the mechanical strains imposed by the superstructure and the
pile weight were neglected in thermal strain calculations. As a result, all of calculated axial and
radial thermal strains and stresses were only due to temperature changes. The strains in
Equation 3.1 was calculated with the following equation:

e=G(f?x1073) (3.2)
where f is the resonant frequency of the strain gauges at the reference or at time i, and G is the
gauge factor with a magnitude of 3.304.
3.3 Numerical simulation
3.3.1 Numerical model description

A three-dimensional finite element model was developed using COMSOL

Multiphysics software and validated with field data. The 40x15x30 m?® 3D finite element
model, shown in Figure 3.7, consisted of 344821 tetrahedral, triangular, prismatic, linear and
vertex elements. The model geometry was developed based on the dimensions of the field piles.
A preliminary numerical analysis was conducted to determine the ground domain range to
avoid boundary effects. The roller boundary conditions were applied to the numerical model's
sides to allow vertical movements. The bottom boundary was fully mechanically restricted,
whereas the top boundary was considered a free boundary. No interface element was assumed
for the soil-pile interface. The energy piles and the soil were assumed to be perfectly bonded

to each other at the pile-soil interface; hence, the possibility of yielding at the interface was not

considered. Similar assumptions were made in recent numerical studies reported in the
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literature (e.g. Batini et al. 2015; Gawecka et al. 2017; Rotta Loria and Laloui 2017b, 2018;

Salciarini 2017; Adinolfi et al. 2018; Liu et al. 2020).

Fill

Very dense sand
30m

Dense sandy clay

Very dense sand

30m B oy | N T

7 ¥
e et T s L. | 06m

’
® Inlet
: Outlet

Point loads

(e)

Figure 3.7. Finite element mesh of the numerical model (a) 3D view; (b) pile mesh and heat
exchanger; (c) plan view; (d) side view of energy pile and heat exchanger loops; (e) plan view
of energy pile, heat exchanger loops, and cross-sectional axes

Each energy pile was connected to a separate slab with a dimension of 5.0x5.0x0.5 m
(length x width x height). There was no groundwater encountered within the depth of the pile,
and the soil at the site was considered to be dry.

In the first step of the calculation, the geostatic stress was analysed, then the working
load of 1400 kN (Faizal et al. 2019) was applied at the surface of the slabs above the two piles
heads to simulate the building loads. The soil, energy piles, slab and HDPE pipe thermal and
mechanical properties used in the numerical model were selected based on previous studies

conducted on the same field test site (Barry-Macaulay et al. 2013; Singh et al. 2015; Faizal et
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al. 2018, 2019) and from common properties reported in the literature (Bowles 1968; Peck et
al. 1974; Mitchell and Soga 2005; Bourne-Webb et al. 2009; Amatya et al. 2012, Singh and
Bouazza 2013) and are presented in Table 3.1.

Table 3.3. Material properties for numerical simulations calibrated against field test

measurements.
Soil properties Fill Dense | - Sandy Sand Pile Slab H.DPE
sand clay pipes
0.0- 0.5- 6.0-
Depth, z (m) 05 35 3.5-6.0 125 1750 800 —
Elastic modulus, E 1,5 | g 75 120 | 35000 | 35000 —
(MPa)
Poisson’s ratio, v(—) | 0.30 0.28 0.30 0.30 0.22 0.22 —
Total density, p 1 175 | 1800 | 1050 | 2200 | 2200 | 850 —
(kg/m°)
Specific heat capacity,
C, (I/kg°C) 800 840 810 850 810 850 —
Thermal conductivity,
A 1.1 1.7 2.0 2.3 1.5 15 0.4
(WI(m°C))
Linear coefficient of
thermal expansion, o 10 10 10 10 13 13 —
(ue/°C)
Friction angle 30 38 39 35 - - B
(degrees)*
Apparent cohesion
(kPa)* 1 0.1 0.2 0.1 — — —

*  These two parameters are for the Mohr-Coulomb model and were used in Chapter 4 and 6 only.

The numerical analysis of the thermo-mechanical response of the energy piles is based
on the following assumptions: (a) the energy piles and slabs were considered to be isotropic,
elastic materials; (b) the solid (piles and slabs) is considered to be incompressible under
isothermal conditions; (c) the inertial effects of the solid skeleton are negligible, and the
simulations represent quasi-static conditions; (d) a linear elastic behaviour (in Chapter 4 due to
monotonic heating) and a Mohr-Coulomb model governed by non-associated flow rules (in
Chapters 5 and 6 due to cyclic heating/cooling) assuming a dry condition was used for the
ground surrounding the energy pile; and (e) heat transfer was considered to be purely

conductive. The linear elastic behaviour of the soil material, which was used in Chapter 4, can
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be considered acceptable for the cohesionless soil profiles studied in this thesis according to
most of the numerical studies (Salciarini et al. 2015; Batini et al., 2015; Di Donna et al. 2016;
Rotta Loria and Laloui 2017; Salciarini et al. 2017; Han and Yu 2020). However, to consider
the possible plastic deformations, resulting from cyclic operations (Chapter 4), a Mohr-
Coulomb model was used to represent the soil behaviour and also was used in Chapter 6.
3.3.2 Numerical model formulation

The piles and the soil were considered isotropic and porous materials filled with air and
assumed to be purely conductive. The solid and liquid phases are considered to be
incompressible under isothermal conditions. Thus, the governing equations of the coupled
thermo-mechanical problem commonly used in energy pile analysis (Caulk et al. 2014; Batini
et al. 2015; Di Donna et al. 2016; Rotta Loria 2017b) are presented below.

The mechanical equilibrium equation can be written as follows:

F,=-V.o (3.3)

where Fy is the volume force factor; V. Indicates divergence, and o is stress tensor. The heat

conduction equation can be written as follows:

aT
where T is temperature and (pC).sr and Az, are the effective volumetric heat capacity at

constant pressure and effective thermal conductivity, respectively, defined as follows:

(pc)eff = epppcp.p +(1- Hp)pscp,s (35)

Aefr = O0pdy + (1 —0,) A (3.6)
where p, and p are pore fluid (air in this study) and soil densities, 4, and A5 and C,, and
C,,s 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).
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The fluid and solid materials' thermal properties were assumed to be temperature-
dependent and temperature-independent, respectively. The effect of a temperature gradient,
which leads to thermal expansion and contraction of the energy pile and soil is considered in

the stress tensor equation, written as follows:

o — 0y =E(£—£0—§(T—To)l) (3.7)
Where | is the unit matrix; € is strain tensor, and £ is the linear thermal expansion coefficient
of the material.

The heat transfer between the circulating fluid and HDPE pipe can be described by non-
isothermal pipe flow model which includes convection heat transfer between circulating fluid
and pipe wall (Eg. 3.8a), momentum equation (Eqg. 3.8b), and energy conservation equation

(Eq. 1.8c) as follows:

9Apy _

ac = —V-(Aprus) (3.82)
our _ 1. pr
pf? = —Vp —EfDd—h|uf|uf (38b)
ACZL 4 p ACHup VT; = V. (AAVT,) + 2 i 222 uuy? + Q (3.8¢)
pf f ot ,Df fuf f . f f > D a uf uf wall i

where pr, Cr, ur, Ar and Ty are density, specific heat, velocity vector, thermal conductivity,
and temperature of the circulating fluid, respectively. f,, is Darcy fraction factor, d;, is the
hydraulic pipe diameter. A represents a cross-section of the pipe in which fluid is flowing and
Q. au indicates the heat flux per unit length of the pipe and is written as follows:

Qwait = hepr(Text — Tf) (3.9)
where h, ¢ is an effective pipe heat transfer coefficient considering the wetted perimeter of the
pipe cross-section; and T,,; is external temperature surrounding the pipe. The effective heat

transfer coefficient for circular pipe shapes used in this study can be determined as follows:
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where 7, and 7, are internal and external pipe radius, respectively; k,, is pipe thermal

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

obtained by:
hint = dh (311)
4A (3.12)
dh =
2T int

where d,, is the hydraulic diameter, and Nu is Nusselt number which for round pipes can be
defined as a function of Reynolds, R, and Prandtl, Pr numbers as follows:

Nu = max (3.66; Nuy,p)

(3.13)
N ~ (%) (Re — 1000)Pr
Uturp = A 2 (3.14)
1+12.7 g(PTG -1)
6.9 .
o= 18100 () @19

where f}, is the Darcy fraction factor; Re = pVD /u, Pr = uCr /A, p 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 A,
are the specific heat, and the thermal conductivity of the fluid, respectively.

The numerical model was validated against field data, followed by a parametric
evaluation of varying soil properties and fluid temperatures on the thermal responses of the
instrumented energy pile (EP1). The validation results, together with the parametric evaluation

results, are presented in Chapters 4, 5, and 6.
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3.4 Chapter summary

This chapter presented the research methods adopted to study this thesis's specific aims. A
description of the field setup, experimental equipment and procedure, and the different heating,
cooling, and cyclic/heating cooling experiments were provided. A description of the numerical
model geometry, boundary conditions, and the methodology adopted to analyse the energy
piles' thermal responses were also presented. The experimental results from the two energy
piles were used to validate the three-dimensional finite element method developed in
COMSOL Multiphysics software, which was used to perform parametric studies to investigate
this thesis's specific research aims. The parametric analyses results are presented in Chapters

4,5 and 6
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4 Effect of monotonic and cyclic
temperature variations on the thermal
Interaction between two energy piles

4.1 Introduction

Energy piles and the surrounding soil are subjected to different magnitudes of
monotonic and intermittent temperature variations, depending on the heating/cooling demands
of the built structure (Brandl 2006; Murphy and McCartney 2015; McCartney and Murphy
2017, Faizal et al. 2016, 2018, 2019a, 2019b). Moreover, energy piles may interact thermally
with other nearby energy piles through the soil due to soil temperature changes, which could
influence the piles' thermal responses. Studies conducted on solitary energy piles have shown
that ground temperature changes and pile thermal stresses vary for different magnitudes of
intermittent and monotonic temperature changes of the pile. Intermittent operations induce
lower thermal effects in the piles and the soil (Faizal et al. 2016, 2018, 2019b). It can therefore
be expected that different magnitudes of pile temperature changes will also influence the
thermal responses and thermal interaction between closely spaced multiple

This chapter investigates the influence of monotonic and cyclic temperatures on the
thermal responses of the instrumented energy pile, EP1 (i.e. address the first specific aim of
this thesis). After validating the numerical model against field results, different magnitudes of
monotonic heating and cooling temperatures, and balanced and imbalanced cyclic thermal
temperatures are investigated numerically for single and dual pile operations. Analyses are
conducted for different inlet fluid inlet temperatures using the numerical model described in

Chapter 3.
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4.2 Validation of numerical model with experimental results

In this chapter, the piles were subjected to monotonic heating, monotonic cooling, and
daily cyclic heating/cooling temperatures. Six field tests were conducted in total (the details of
the experiments are given in Table 3.2 in Chapter 3), where the instrumented pile (EP1) was
tested alone and simultaneously with the second pile (EP1 + EP2). The inlet water temperatures
for each experiment is shown Figure 4.1. There were some performance issues with the heat
pump during dual pile cooling and cyclic operations, which affected the inlet fluid temperature

trends.
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Figure 4.1. Experimental fluid temperatures for (a) monotonic heating and cooling and (b)
cyclic operations.

Figure 4.2 shows the field and numerical results for monotonic and cyclic operations,
respectively, for single and dual pile operation at the end of each experiment. 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:
or = Ep(&ops — afreeAT) (4.1)
where Ep is the elastic modulus of the concrete (taken as 34 GPa), &, IS experimentally
observed thermal strains, ay,.. is the free thermal expansion coefficient of the concrete, taken
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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 ue/°C to
14.5 ue/°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:

E,Ar

- Q1+ vyr (42)

On

Where Es and vs 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.

For cyclic operations, the results are presented at the end of heating and end of cooling
for each experiment's last cycle. The changes in temperature of EP1 for single and dual pile
operations, as shown in Figure 4.2a and 4.2b, are almost uniform with depth for all operations.
Due to differences in inlet fluid temperature, mostly for cyclic operations (Figure 4.2b), the
changes in pile temperatures are different for the cyclic experiments as shown in Figure 4.2b.
The changes in ground temperature changes with increasing radial distance from the sides of
EP1 and EP2 for a depth of 5 m for monotonic and cyclic operations, respectively, are shown
in Figure 4.2c and 4.2d. A depth of 5 m was selected because it is at the mid-depth of the pile
with negligible thermal effects from the pile ends. Due to the overlap of temperatures resulting
from simultaneous operation of energy piles, dual pile operation induced higher ground
temperatures between the two energy piles. However, cyclic temperatures caused lower ground
temperature changes than monotonic temperatures for both single and dual pile operations due
to frequent recovery of the ground temperatures.

The lowest and highest axial thermal strains and stresses were observed at a depth of
around 2.5 m for monotonic operations (Figure 4.2e and 4.2i). This depth represents the null
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point's location, which indicates that the overlying structure stiffness is dominant compared to

the underlying soil stiffness.
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Figure 4.2. Experimental and numerical profiles in EP1 of: (a) and (b): AT during monotonic
and cyclic temperatures, respectively; (c) and (d): AT of ground at depth of 5 m during
monotonic and cyclic temperatures, respectively; (e) and (f) €74 during monotonic and cyclic
temperatures, respectively; (g) and (h) ez during monotonic and cyclic temperatures,
respectively; (i) and (j) a1, during monotonic and cyclic temperatures, respectively; (k) and (1)
org during monotonic temperatures and cyclic temperatures, respectively.

The radial thermal strains in all operations (Figure 4.2g and 4.2h), are generally higher

than axial thermal strains, indicating lower restriction to thermal expansion/contraction in the
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radial direction. The radial thermal stresses in EP1 were significantly lower than the axial

thermal stresses (Figure 4.2k and 4.2l) for all cases.

4.3 Results of parametric evaluation of monotonic and cyclic inlet fluid
temperatures

The validated numerical model was used to assess the effect of varying inlet fluid
temperatures on the thermal responses of EP1. Four inlet fluid temperatures were studied for
each heating and cooling monotonic temperatures and three for cyclic temperatures, as shown
in Figure 4.3a. The initial fluid temperature was set to 20°C at the beginning of all tests, close
to the average initial ground temperature. The fluid temperatures were varied by + 5°C intervals
for monotonic temperatures (i.e. |AT¢ = 5°C, 10°C, 15°C, 20°C, where ATs is the difference
between the inlet fluid temperatures and the initial fluid temperature of 20°C). Three patterns

of cyclic temperatures were simulated, shown in Figure 4.3b to 4.3d
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Figure 4.3. Inlet fluid temperatures (a) monotonic heating and cooling; (b) balanced cyclic; (c)
heating oriented imbalanced cyclic; and (d) cooling oriented imbalanced cyclic fluid
temperature for the parametric study.
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First, balanced cyclic temperatures with 12 hours heating and 12 hours cooling between
10°C and 30°C (referred to as balanced cyclic in Figure 4.3). Second, imbalanced cyclic
temperatures inclined towards heating, with 16 hours heating and 8 hours cooling. The
minimum and maximum temperatures were 10°C and 40°C, respectively. Third, imbalanced
cyclic temperatures inclined towards cooling, with 8 hours heating and 16 hours cooling. The
maximum and minimum temperatures were 30°C and 0°C, respectively. In the analyses of
balanced and imbalanced thermal loads, it was assumed that the two energy piles were working
separately (i.e. heat exchanger pipes are not connected in series) with the same inlet fluid
temperatures (shown in Figure 4.3) and same fluid flow rate of 11 L/min. In this way, both EP1
and EP2 have the same heating or cooling rate. Also, the initial pile and ground temperatures
were assumed to be the same for all simulations for the sake of simplicity. The results in the

following section are presented for the last day of operation (Day 18).

4.3.1 Pile temperatures

The effect of fluid temperature variations on temperatures and change in temperatures
in EP1 is shown in Figure 4.4 for all simulations. The pile temperatures increased with
increasing magnitudes of inlet fluid temperatures, with relatively uniform profiles with depth
for all cases. Cyclic fluid temperatures induced lower pile temperatures in EP1. The change in
EP1 temperatures varied between -19 °C to 18 °C for monotonic temperatures (Figure 4.4b)
and between -12.5 °C to 11 °C for cyclic temperatures (Figure 4.4c and 4.4d). Also, the
balanced cyclic temperatures imposed lower temperatures than the other two imbalanced cyclic
temperatures. There were no significant differences in EP1 temperatures for single and dual
pile operation for all tests, indicating that the operation of EP2 did not affect the temperatures
of EP1 and the effect of thermal interaction through the soil between the piles was negligible

on pile temperatures for the spacing investigated in this study.
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temperature and change in pile temperature for cyclic operation.

4.3.2 Ground temperatures

The effect of fluid temperature variations on change in ground temperatures between
the two energy piles at a depth of 5 m (mid-depth of the pile where pile ends thermal effects
are negligible) is shown in Figure 4.5 for both single and dual pile operation. For any given
operation mode, ground temperature changes increased with increasing absolute fluid
temperatures for both single and dual pile operation. For the operation of EP1 alone and any

given fluid temperature, the changes in ground temperatures were highest near EP1 and
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reduced with increasing radial distance from the edge of EP1. For a single energy pile

operation, the zone of radial thermal influence in the soil increased with increasing absolute

fluid temperatures.
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Figure 4.5. Numerical prediction of ground temperature distributions between the piles: (a)
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temperatures.
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During dual pile operation, for any given fluid temperature, the ground temperatures
initially reduced with increasing radial distance from the edges of the two piles but overlapped
between the two piles and induced greater changes in ground temperatures compared to single
pile operation. The effect of cyclic temperature variations on ground temperature changes (with
the maximum temperature change of 7°C for heating oriented cyclic temperatures) is
significantly lower than monotonic temperatures (with the maximum temperature change of
13°C for both monotonic heating and cooling), for both single and dual pile operation. The
lowest change in ground temperature of 2.5°C was observed for the balanced cyclic operation
(Figure 4.5c¢). Cyclic temperatures, particularly the balanced cyclic temperatures, would induce
lower ground temperatures and thermal interaction between the piles through the soil.

4.3.3 Axial thermal responses

The effect of fluid temperature on the axial thermal strains and stresses of EP1 is shown
in Figure 4.6. The thermal strains and stresses increased with the increasing absolute value of
inlet fluid temperatures, for both single and dual pile operations. The location of the maximum
axial thermal stresses remained at approximately 2.5 m depth for all the cases due to the
considerable stiffness of the building on the pile head which indicates the location of the null
point is independent of magnitudes of inlet fluid temperature for the current in-situ conditions.

The strains and stresses of EP1 were similar for single and dual pile operation with
slight differences in the upper pile section for all fluid temperatures, indicating that the
operation of EP2 during dual pile operation did not influence the thermal response of EP1 even
though the ground temperature changes were greater during dual pile operation (Figure 4.5).

The maximum axial thermal stresses were -4.2 MPa and 3.5 MPa for monotonic heating
and monotonic cooling, respectively (Figure 4.6b and 4.6d). Due to lower temperature changes,
cyclic operations induced lower axial thermal strains and stresses in EP1 compared to

monotonic temperatures, with the maximum thermal stresses ranging between -3.4 — 3.2 MPa
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for imbalanced heating and imbalanced cooling, respectively, at a depth of 2.6 m (Figure 4.6f).

However, these magnitudes were as low as 1.2 MPa for balanced cyclic operation.
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Figure 4.6. Numerical axial thermal responses of EP1: (a) and (b), strains and stresses at the
end of monotonic heating; (c) and (d), strains and stresses at the end of monotonic cooling;
(e) and (f), strains and stresses for the last cycle of cyclic operations.
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4.3.4 Radial thermal responses

The effect of fluid temperature on the radial thermal responses of EP1 is shown in

Figure 4.7.
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Figure 4.7. Numerical prediction of radial thermal responses in EP1: (a) and (b), strains and
stresses at the end of monotonic heating; (c) and (d), strains and stresses at the end of monotonic
cooling; (e) and (f), strains and stresses for the last cycle of cyclic operations.
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Higher inlet fluid temperatures induced higher radial thermal strains and stresses in
EP1, for both single and dual pile operation. However, the radial thermal stresses were
significantly lower than the magnitudes of axial thermal stresses for all tests, consistent with
the findings from other studies (Ozudogru et al. 2015; Gawecka et al. 2017; Faizal et al. 2018,
2019). Similar to the axial thermal responses, the radial thermal stresses in EP1 was not
significantly affected by the operation of EP2 during dual pile operation which further confirms
the negligible effects of the operation of one energy pile on the other nearby energy pile for the
pile spacing investigated in this study.

The three cyclic temperature modes generated lower thermal radial stresses ranging
from -6 kPa to 6 kPa in EP1 for both single and dual pile operations compared to monotonic
temperatures with values of -22 kPa and 10 kPa for monotonic heating and monotonic cooling,
respectively. Moreover, higher magnitudes of radial thermal stresses were observed for
imbalanced cyclic temperature variations compared to balanced cyclic operations.

4.3.5 Thermal displacements

The effect of varying fluid temperature on the axial and radial thermal displacements
of EP1, for all monotonic and cyclic operations, is shown in Figure 4.8. Positive and negative
displacement values mean upward and downward movements of the pile, respectively. Thermal
radial displacements (Figure 4.8b, d, and f) were very low compared to axial thermal
displacements (Figure 4.8a, ¢, and e) and ranged between -0.05 mm to 0.02 mm, for all tests.
The axial thermal displacements at the pile head (ranged between -0.6 mm to 0.6 mm) were
lower than near the toe (ranged between -1.2 mm to 1.2 mm) due to the higher restriction
imposed by the building loads and higher stiffness of soil layers at the upper part of EP1. There
were no significant differences between the displacements of EP1 in single and dual pile

operations indicating that the second pile's operation in dual pile operation did not affect the
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displacements of EP1. Increasing inlet fluid temperature increased the magnitudes of thermal

displacements of EP1 for both single and dual pile operations.
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Figure 4.8. Numerical prediction of axial (d7a) and radial (d7r) displacements of EP1: (a) and
(b) oA and o7r for monotonic heating; (c) and (d) dra and 1= for monotonic cooling; (e) and
(F) ota and o7r for the last cycle of cyclic operations.

The maximum thermal axial displacements for monotonic temperatures were between

-1.2 mm to 1.2 mm. However, cyclic temperatures had lower axial thermal displacements than
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monotonic temperatures, particularly for the balanced cyclic temperatures, the maximum axial
thermal displacements were between -0.1 and 0.1 mm. The imbalanced cyclic operations had
higher axial displacements than balanced cyclic temperatures (between -0.8 and 0.3 for
imbalanced cyclic heating and between -0.3 and 0.8 for imbalanced cyclic cooling).

4.3.6 Thermal strains versus change in pile temperature

The axial and radial thermal strains of EP1 variations against change in pile
temperatures of EP1 were plotted (Figure 4.9) for all cases to compare the pile's temperature-
dependent responses for different inlet fluid temperatures for both single and dual pile
operations. The results are presented for a depth of 2.5 m, which is the null point's location,
where the lowest thermal strains and highest thermal stresses were observed.

For any given simulation (i.e. for either monotonic or cyclic temperatures and single or
dual pile operations), the change in axial and radial thermal strains against change in pile
temperatures was between 6.67 — 7.88 pe/°C and 11.6 — 13 ue/°C, respectively. This confirms
that the axial thermal strains of EP1 had higher restrictions on thermal expansion/contraction
compared to radial thermal strains.

For a given test, there were negligible differences in the change in thermal strains (for
either axial or radial thermal strains) against change in pile temperatures between the single
and dual pile tests, confirming that the operation of EP2 had negligible effects on the thermal
responses of EP1. Linear responses for thermal axial and radial thermal strains against changes
in pile temperatures were observed for monotonic heating and cooling temperatures (Figure
4.9and 4.9b).

The thermal strains showed cyclic changes with respect to cyclic changes in pile
temperatures (Figure 4.9c to 4.9f). However, the trends were linear with similar slopes to the
monotonic temperature tests. The similarity in slopes between monotonic and cyclic

temperature tests indicate that the cyclic temperature variations did not lead to unexpected
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plastic deformations for the range of temperatures, types of piles and soil conditions

investigated in the current study.
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Figure 4.9. Numerical prediction of axial (¢ra) and radial (etr) thermal strains against change
in pile temperatures at a depth of 2.6 m near the null point: (a) monotonic heating;
(b) monotonic cooling; (c) and (d) era and e1r for balanced cyclic, respectively; (e) and (f) eta
and etr for heating oriented imbalanced cyclic, respectively; and (g) and (h) era and etr for
cooling oriented imbalanced cyclic.
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The axial and radial thermal strains followed a reversible cyclic path between a constant
range of change in pile temperature of -4 to 4 °C in the balanced cyclic temperature tests for
both single and dual pile tests (Figure 4.9c and 4.9d). There was a slight ratcheting behaviour
for the first few cycles in the balanced cyclic temperature tests which can be related to unstable
pile temperatures at the beginning of the simulation (Figure 4.9¢c and 4.9d). For the imbalanced
heating and cooling modes (Figure 4.9e to 4.9h), the range of change in pile temperatures
variation led to irreversible responses of the thermal strains; the responses of thermal strains
can therefore be inferred as being temperature-dependent and were not due to plastic
deformations of the pile and the soil.

4.4 Chapter summary

This chapter assessed the effect of monotonic and cyclic temperature changes on the
thermal responses of one of the energy piles when operated alone and when operated
simultaneously with the other energy pile in the pair. Different magnitudes of monotonic
heating/cooling temperatures and balanced and imbalanced cyclic temperature variations were
investigated numerically. The second energy pile operation in dual pile simulations resulted in
higher ground temperature changes between the energy piles, which was more significant for
monotonic temperatures with higher inlet fluid temperatures. However, the influence of the
second energy pile's operation on the magnitudes of temperature, and axial and radial thermal
stresses of the considered energy pile was negligible for the pile spacing considered in this
thesis. The gradients of thermal strains with changes in the temperature of the considered
energy pile were similar for both single and dual pile operations for any given fluid
temperature, indicating negligible effects of thermal interaction between the piles on the pile
thermal responses for the setting investigated in this thesis.

The monotonic heating and monotonic cooling operations resulted in higher

magnitudes of pile temperatures and thermal stresses in the considered energy pile, compared
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to cyclic operations for both single and dual pile tests. Lower head and toe thermal
displacements of the considered pile were observed during cyclic operations compared to
monotonic operations. Cyclic intermittent operations of the GSHP will therefore be beneficial
in reducing thermal stresses in the piles and ground temperature variations due to thermal

interaction between multiple energy piles for long-term operations of energy piles.
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5 Effect of nearby piles and soil properties
on the thermal response of an energy pile

5.1 Introduction

Thermal interaction between energy piles with other nearby energy piles or nearby
conventional piles might occur through a coupled heat transfer and volume change in the
surrounding soil. In this respect, the variations in soil properties can influence the thermal
interaction between the piles and the magnitudes of thermal stresses developed in the piles.
Although there have been several studies on energy pile groups and thermal interaction
(Mimoumi and Laloui 2015; Rotta Loria and Laloui 2016, 2017a, 2018; Wu et al. 2020),
considering the role of soil properties such as soil thermal conductivity, soil thermal expansion
ceofficient, and soil elastic modulus on this interaction is still not well understood.

This chapter investigates the role of soil properties and nearby piles on the thermal
behaviour of an instrumented energy pile (i.e. EP1). Specifically, this chapter addresses the
second objective of this thesis which is assessing the effect of soil properties on the thermal
response of energy piles operating solo and together with a nearby energy pile. Thus, three
scenarios were investigated: (1) heating of the energy pile (EP1) alone next to a non-operating
energy pile (EP2); (2) heating of both energy piles simultaneously, and (3) heating of the energy
pile EP2 while the considered energy pile (EP1) 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 properties
(i.e., thermal conductivity, Aseil, thermal expansion coefficient, asoil, and the elastic modulus,

Esoil) on the thermo-mechanical responses of one of the two energy piles.

58



5.2 Validation of numerical model with experimental results

Three tests were conducted to investigate the objective of this chapter: (i) heating EP1 only,
referred to herein as EP1active, to establish the axial and radial thermal responses of EP1 (ii)
heating EP1 and EP2 simultaneously, referred to herein as (EP1 + EP2)active, t0 €xamine 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 herein as
EP2active 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 5.1. The atmospheric temperatures used for all the parametric studies were
obtained from a weather station located approximately 13 km from the experimental site
(Figure 5.1a). The initial ground temperatures were measured by thermocouples located 0.63
m away from the edge of EP1. The heating test on EP1 (EP1active) lasted for 18 days. Water at
48°C was circulated at a flow rate of 11 I/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)active, lasted for 35 days. The
piles were connected in series with a water flow rate of 11 I/min and temperature of 44°C. The
heating test on EP2 (EP2qcive) lasted for 40 days with a flow rate of 11 I/min and water
temperature of about 46°C. The cases presented 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. The field and numerical results are
shown for average temperature changes of EP1, 4Tawe 0f 10°C and 20°C for both EP1active and
(EP1 + EP2)active tests (Figure 5.2). For EP1active, these temperature intervals correspond to 0.67,

and 6 days of operation, respectively, and for (EP1 + EP2)active, these intervals correspond to
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6.2, and 13.9 days of operation, respectively. For EP2acive, 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.
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Figure 5.1. 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.

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 5.2.

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 EP1active and (EP1 + EP2)aciive tests (shown in Figure 5.2a and 5.2b, 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
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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 EP2active test compared to the EP1active and
(EP1 + EP2)qctive tests and is also slightly non-uniform with depth. The radial and axial thermal
strains (Figure 5.2c and 5.2d, respectively) and thermal stresses (Figure 5.2e and 5.2f) of EP1
increased when 4 Tave increased from 10°C to 20°C for both EP1active and (EP1 + EP2)active tests.
Due to the slight increase in temperature of EP1 in the EP2active test, small variations in axial
and radial thermal strains/stresses were also observed in EP1. The lowest magnitude of axial
thermal strains (Figure 5.2d), and thus the highest axial thermal stresses (Figure 5.2f), 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 5.2c) were significantly higher than the axial thermal strains of EP1
(Figure 5.2d) during the EP1active and (EP1 + EP2)active 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 5.2e) were significantly lower than axial thermal stresses (Figure
5.2f) in EP1 for both EP1active and (EP1 + EP2)active tests.

Figure 5.3a shows the experimental and numerical change in ground temperatures with
depth for EPLactive and (EP1 + EP2)active tests at the two boreholes located at 0.63 m and 1.95 m
from the edge of EP1. The ground temperatures at depths of 7.3 m, 9.5 m, and 12 m were not
recorded from day 7 of the EP2.ive €Xperiment due to technical issues; thus, this experiment's
temperature data was not shown in Figure 5.3a. 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
5.3b. These ground temperatures are for ATave = 20°C of EP1 for EP1activeand (EP1 + EP2)active

tests and ATave =32°C of EP2 in the EPZactive test.
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Figure 5.2. 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.

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 5.3b). The soil
temperature changes between the piles are more significant for the (EP1 + EP2)active test,
indicating that heating both piles simultaneously increased the thermal interaction between the

piles due to overlapping of ground temperatures.
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Figure 5.3. Effect of varying soil thermal conductivity on (a) EP1 temperature; (b) ground
temperature.

The ground temperature change at the edge of EP2 is lower than at the edge of EP1 in
the (EP1+EP2)active test. This is because the two piles' heat exchangers were connected in series.
Since EP1 was heated first, the heating rate of EP1 was higher than in 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.
5.3 Results of parametric evaluation of different soil properties

A parametric evaluation using the validated numerical model was conducted to
investigate the effect of soil elastic modulus, Esoil, thermal expansion coefficient, asoil, and
thermal conductivity, Zsoil, 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. 0.5Esoil, Esoil, 2Esoil;
0.5s0il, Asoil, 24soit; and 0.1asoil, asoil, 10asoil). The parameters of Esoil, Asoil, and asoil have the same
magnitudes used for the numerical validation of experimental results. The experimental data
for all three field tests had different inlet fluid temperatures, different atmospheric temperatures

and different initial pile and ground temperatures (Figure 5.2).
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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 I/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 EP1active test and are
shown in Figure 5.4. 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.
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Figure 5.4. 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.

The parametric evaluation assumed that the two energy piles were working separately
(not connected in series) with the same inlet fluid temperatures, as shown in Figure 5.4b. This

was done so that both energy piles had the same inlet fluid temperatures when heated
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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 heating rate, as was
observed in the field test.

5.3.1 Pile and ground temperatures

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 5.5a and 5.5b,
respectively. The pile temperatures and ground temperatures were not affected by variations in
Esoit and asoil for all three tests (not shown here). The temperatures of EP1 reduced by
approximately 2.5°C when Asoil increased from 0.54s0i t0 24s0it (Figure 5.5a) for both EP1active
and (EP1+EP2)active tests. Higher values of Asil 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 /i, the temperatures of EP1 were same for both EPlaive and
(EP1+EP2).ctive 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 5.5b. No significant differences were
observed in temperatures of EP1 for the EP2qctive test. Negative temperature changes of EP1
near the surface during the EP24ctive test is due to the very low ambient temperatures at Day 14
(Figure 5.4a). During the EP1active test, the ground temperatures reduced with increasing radial
distance from the edge of EP1. The ground temperatures during the (EP1+EP2)active 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)active test.

Increasing Asoil reduced the ground temperatures near the energy piles, confirming the findings
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of Salciarini et al. (2017). This occurred due to higher heat propagation away from the energy
piles when Asoil was increased. As a result of faster heat propagation near the piles, the ground

temperatures increased farther away from the piles for both EP1active and (EP1+EP2)active tests.
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Figure 5.5. Effect of varying soil thermal conductivity on (a) EP1 temperature; (b) ground
temperature.

5.3.2 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 5.6. The location of the maximum thermal stresses
in EP1 remained approximately at the same depth of 3 m for all studied cases. Varying Esoil had
more effects on the axial thermal strains and stresses of EP1 compared to the impacts of Asil
and asoil for all three field tests. The impacts of Eseil on the axial thermal strains and stresses of
EP1 are shown in Figure 5.6a and 5.6b, respectively. An increase in Esoil significantly increased
the axial thermal stresses in EP1 for both EPlactive and (EP1+EP2)active tests. Similar
observations were noted by Khosravi et al. (2016). The axial thermal stresses in EP1 almost
doubled in EP1active and (EP1+EP2)active tests at 3 m depth when Esoir increased from 0.5Esoi to
2Esoil. Higher Esoil results in higher rigidity of the soil; hence, a higher restriction is imposed on

the axial thermal expansion of the energy pile (Figure 5.6a). For a given Esoil, the thermal
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stresses developed in EP1 were similar for the EP1lactive and (EP1+EP2)active 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 EP24cive 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 issue that a pile-cap
does not connect EP1 and EP2. The slightly positive (tensile) axial thermal stresses developed
in the upper parts of EP1 in the EP2acive test (Figure 5.6b) can be attributed to negative
temperature changes in EP1 due to atmospheric effect (see Figure 5.5a).

Figure 5.6¢ and 5.6d show the effects of sl on the axial thermal strains and stresses of
EP1, respectively. The thermal stresses developed in EP1 were lower than those developed for
different Esoii. There was a slight increase in axial thermal stresses of EP1 when sl was
increased from 0.5/soil t0 2/s0il iN EPLactive and (EPL+EP2)active tests (by approximately 0.3 MPa
at 3 m depth), even though the pile temperatures had reduced by 2.5°C (Figure 5.5a). This
could be attributed to the lower expansion of the soil near the pile-soil interface due to lower
ground temperatures for larger thermal conductivity (Figure 5.5) which possibly increased
restraint of the axial thermal expansion of the pile. The thermal strains and stresses in EP1 were
similar for EPLactive and (EP1+EP2)active fOr any given Asoil 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 EP2active test
were negligible indicating negligible thermal effects on a nearby non-thermal pile due to the
operation of an energy pile. The effects of asoil 0n the axial thermal strains and stresses of EP1
are shown in Figure 5.6e and 5.6f, respectively. The range of thermal stresses was lower than

that for Esoil. Similar to what was observed for Esoi and Asoil, the thermal stresses in EP1 were
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similar for both EPlactive and (EP1+EP2)active test with slight differences in the upper pile

section, for a given osoil.
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Figure 5.6. Axial thermal responses of EP1 from the parametric evaluation: (a) strains when
varying Esoi; (b) stresses when varying Esoil; (C) strains when varying soii; (d) stresses when
varying Asit; () strains when varying asoir; (f) stresses when varying asoil.
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Increasing asoil to 10asoil (Corresponding to asoil/apite OF 0.7 and 7 respectively) resulted
in a small reduction in axial thermal stresses in EP1 for both EP1active and (EP1+EP2)active tests,
mostly for the upper pile section for 10asoil (asoil/apite Of 7). This can be related to the increased
soil expansion for higher values of assi 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 Esoil and Asoit, there were negligible effects of EP2
operation on EP1 in the EP24ctive test. The values of asoil/opile used in this study are consistent
with those of other studies which have been reported to vary between 0 and 2 (Bodas Freitas
et al., 2013), 0.033 and 3.3 (Rotta Loria and Laloui 2017), and 1 to10 (Salciarini et al. 2017).
5.3.3 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 5.7. 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 5.6. 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 5.6. 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, Esoil had higher impacts on the radial thermal stresses in EP1 compared to Aseitand
Osoil.

The effect of Esoil on the radial thermal strains and stresses of EP1 are shown in Figure
5.7a and 5.7b, respectively. An increase in Esoi resulted in an increase in the magnitudes of
radial thermal stresses in EP1 in EP1active and (EP1+EP2)active tests due to increased soil rigidity.

These observations are consistent with the results reported by Olgun et al. (2014), where the
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normal stresses increased from 3.5 to 14 kPa when Esoj increased from 25 MPa to 100 MPa.
For a given Esoil, the radial thermal stresses in EP1 were similar for EP1active and (EP1+EP2)active

tests, with minor differences of approximately 5 kPa for 2Esoi.
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Figure 5.7. Radial thermal responses of EP1 from the parametric evaluation: (a) strains when
varying Esoil; (b) stresses when varying Esoii; (C) strains when varying Aseir; (d) stresses when
varying Jsoil; (€) strains when varying asoil, (f) stresses when varying asoit.
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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 EP24ctive test. The effects of Asoil on radial thermal
strains and stresses of EP1 are shown in Figure 5.7c and 5.7d, respectively. The radial thermal
stresses of EP1 slightly reduced when Asoir increased, with a maximum reduction of 4.5 kPa at
3 m depth when Asoir increased from 0.54s0i1 t0 24s0i1. NO significant differences were observed
in radial thermal stresses of EP1 between the EPlacive and (EP1+EP2)qctive tests indicating
insignificant thermal effects of the operation of one energy pile on the other energy pile.

Similar to Esoil, negligible stress changes of up to 2.2 kPa were observed in EP1 in the
EP2active test. The effects of asoil 0N the radial thermal strains and stresses in EP1 are shown in
Figure 5.7c e and 5.7f, respectively. The radial thermal stresses in EP1 increased for both
EP1active and (EP1+EP2)active tests with increasing asoit. The radial thermal stresses in EP1 in
the EPLactvice test were higher than in the (EP1+EP2)active test for 0.1asoil and asoil (Corresponding
to asoi/opite OF 0.07 and 0.7 respectively). However, for 10asoil (asoivapile Of 7) the opposite
behaviour observed is likely due 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 EP2acive test was very low
compared to the EP1active and (EPL1+EP2)qctive tests.

5.3.4 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 5.8. 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
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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.
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Figure 5.8. Radial (Jtr) and axial (Jra) thermal displacements of EP1 from the parametric
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Increasing Esoil resulted in a slight decrease in axial thermal displacements of EP1 for
both EPlactive and (EP1+EP2)active tests due to the higher restriction of the surrounding soil
(Figure 5.8b). The axial thermal displacements of EP1 also reduced with increasing Asoil for
both EP1active and (EP1+EP2)active tests, likely due to increased soil strength near the pile due
to temperature changes.

Increasing asoil did not significantly affect the axial thermal displacement of EP1 for
both EP1active and (EP1+EP2)qctive tests. There were no significant differences in axial and radial
thermal displacements of EP1 between the EPlactive and (EP1+EP2)active 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 EP24ctive test were insignificant for
all soil properties confirming negligible effects of an operating energy pile on a nearby non-

thermal pile.

5.4 Chapter summary

In this chapter, three cases were studied to assess the axial and radial thermal responses
of one of the energy piles (EP1): (1) heating of the energy pile alone (EP1); (2) heating of both
energy piles simultaneously (EP1 + EP2), and (3) heating of the other energy pile (EP2) while
the considered energy pile was not heated. The effects of varying soil thermal conductivity,
thermal expansion coefficient, and elastic modulus on the thermal response of the considered
energy pile were investigated. Higher ground temperature changes were observed between the
piles due to thermal interaction through the soil when the two piles were heated together.
However, the magnitudes of thermal stresses developed in the considered energy pile for all
soil properties were not affected by the operation of the two piles at the same time. This
indicates that there were negligible thermal effects of the operation of one energy pile on the

other energy pile during dual pile operation for the pile spacing considered in this thesis.
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Heating of the second pile only (EP2) also induced insignificant thermal effects on the
other non-thermal pile (EP1) for all soil properties. Increasing the thermal conductivity of the
soil induced higher ground temperature changes around both energy piles. However, compared
to the impact of thermal conductivity and thermal expansion coefficient of the soil, the effect
of elastic modulus of the soil was more significant on the thermal stresses and displacements
developed in the considered energy pile (EP1) for all heating cases. The results of this chapter
will be useful in assessing the thermal interaction among closely spaced energy piles when
designing energy piles at different sites with soil properties similar to those reported in this

chapter.
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6 Cross-sectional thermal responses of an
energy pile

6.1 Introduction

The majority of the available studies conducted on energy piles focussed on their
thermal response at a single location in the cross-section of the pile (e.g. Faizal et al. 2016,
2018; Mimouni and Laloui 2015; Rotta Loria and Laloui 2017a, 2017b, 2018; Fang et al. 2020).
However, recent numerical studies conducted on solitary piles showed that non-uniform
temperature and stress variations occurred between the pile's centre and the pile's edge
(Abdelaziz and Ozudogru 2016a, 2016b; Caulk et al. 2016; Han and Yu 2020; Liu et al. 2020).
These studies were conducted for given inlet fluid temperatures and given set of soil properties;
hence the effect of various inlet fluid temperatures and soil properties, and the effect of nearby
energy pile on the cross-sectional thermal response of an energy pile was not addressed and
still unknown.

This chapter presents the cross-sectional thermal responses of an energy pile (i.e. the
third objective of this thesis). The numerical model was first validated against field results and
then used to investigate the influence of inlet fluid temperatures, soil properties (soil thermal
conductivity, Asoil, thermal expansion coefficient, asoil, and elastic modulus, Essii) and the
presence of a nearby energy pile on the temperature and stress distribution in the cross-section
of the considered energy pile (EP1).

6.2 Validation of numerical model with experimental results

In this chapter, two heating and two cooling experiments were conducted on a single
pile (EP1) and dual piles (EP1 + EP2). The inlet water temperatures and the ambient
temperatures for all experiments are described in Figure 6.1 and Table 3.2 in Chapter 3. The
fluid temperatures were recorded using Type T thermocouples. The sudden increase in inlet
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fluid temperature on day 4 of the dual pile heating experiment, shown in Figure 6.1, was due
to switching on an additional heating element to increase the inlet fluid temperature. The inlet
fluid temperature trend for the dual pile cooling experiment was affected on Days 8 and 15 due
to some heat pump's performance issues. The temperature data for heating and cooling tests for
the single and dual pile experiments were obtained from Faizal et al. (2019a) and Moradshahi
et al. (2020). These data sets were used to validate the numerical model and investigate the
influence of different parameters on the cross-sectional temperatures and axial thermal strains

and stresses of EP1.
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Figure 6.1. Temperatures for single and dual pile heating and cooling experiments (a) fluid
temperatures; and (b) ambient.

The distribution of EP1 temperatures and axial thermal strains were obtained from the
axial VWSGs located in the planar cross-section of EP1. The locations of these axial VWSGs,
shown in Figure 3.2 in Chapter 3, were non-dimensionalised with respect to the radius of EP1.
In this regard, the axial VWSG at location V5 (Figure 3.2) corresponds to the centre of EP1,
V1 and V2 correspond to the non-dimensional radius of -0.47, and V3 and V4 correspond to
the non-dimensional radius of 0.47. The field and numerical results for Day 14 of each
experiment along the cross-section of EP1 for the depths of 3.05 m (near the null point) and

7.28 m (representative of EP1 behaviour of lower parts of EP1) are shown in Figure 6.2. There
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is a good match between experimental and numerical results, hence giving confidence in using

the model for more detailed parametric investigations.
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Figure 6.2. Field experimental and numerical cross-sectional distribution of thermal responses
for EP1 at the end of Day 14: (a) and (b) temperatures at depths of 3.05 m and 7.28 m,
respectively; (c) and (d) axial thermal strains at depths of 3.05 m and 7.28 m, respectively; and
(e) and (f) axial thermal stresses at depths of 3.05 m and 7.28 m, respectively.

A good match between experimental and numerical results was also obtained at other
depths. The experimental and numerical results show a low range of variations of temperature
(up to 1.5°C), strains (up to 26ue) and stresses (up to 2 MPa) over the cross-section of EP1 for

all experiments (Figure 6.2a and 6.2b). The overall trends and magnitudes of temperatures and
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axial thermal strains and stresses were similar in single and dual pile experiments, indicating
the negligible effect of the operation of EP2 on the cross-sectional thermal response of EP1.
The experimental and numerical transient ground temperature changes in boreholes 1
and 2 (see Figure 3.2 in Chapter 3) for all four experiments are shown in Figure 6.3. There was
a good match between experimental and numerical results. For single heating and cooling
experiments, the ground temperature changes in BH1 is greater than that of BH2. However, in
dual pile experiments, the ground temperature changes in BH2 are greater than in single pile

experiments as a result of EP2 being heated or cooled.
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Figure 6.3. Field experimental and numerical change in ground temperatures: (a) for single
pile heating operation; (b) for dual pile heating operation; (c) for single pile cooling operation;
and (d) for dual pile cooling operation at a depth of 2.5 m.

6.3 Results of parametric evaluation of different fluid temperatures and soil
properties

A parametric evaluation was performed using the validated numerical model to
investigate the effect of varying fluid temperature and varying Zsoil, Esoil, and asoil On the cross-
sectional thermal response of EP1. For each heating and cooling experiment, two inlet fluid

temperatures were studied, as shown in Figure 6.4. The fluid temperatures were varied by *
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10°C intervals for heating and cooling operations (i.e. |AT¢| = 10°C, and 20°C, where ATs is the
difference between the inlet fluid temperatures at the end of the experiment and the initial fluid
temperature of 20°C which is close to the average ground temperature). The intervals of |ATy|
= 10°C were chosen to perform the parametric analysis on the effect of soil properties on the
thermal response of EP1 for both heating and cooling operations. Three different values of each
soil parameter were investigated (i.e. 0.54soit, Asoil, 24soil; 0.5Esoil, Esoil, 2Esoit; 0.lasoil, asoit, 10
asoi). The initial pile and ground temperatures, fluid flow rate and ambient temperatures were
kept the same for all the simulations. The two energy piles were also not connected in series
and worked separately with the same inlet fluid temperatures (shown in Figure 6.4) and the

same fluid flow rate of 11 I/min.
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Figure 6.4. Inlet fluid and ambient temperatures for parametric evaluations.

6.3.1 Thermal responses across different diametrical axes

The cross-sectional thermal response of EP1 over the four different axes (i.e. X-axis,
Y-axis, D1-axis, and D2-axis, as shown in Figure 3.7 in Chapter 3) at a depth of 2.5 m for |AT4
=10°C is shown in Figure 6.5. The depth of 2.5 m had the highest stresses compared to other
depths, likely the location of the null point. The magnitudes of temperatures and thermal

strains/stresses were symmetrical between heating and cooling for a given axis. Higher values
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of temperature, thermal strains and stresses were also observed at the centre of EP1 compared

to the edge of EP1 for both single and dual pile tests.
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Figure 6.5. Numerical predictions of cross-sectional thermal responses of EP1 over different
axes: (a) and (b) change in temperature during heating and cooling, respectively; (c) and (d)
axial thermal strains during heating and cooling, respectively; and (e) and (f) axial thermal
stresses during heating and cooling.

The change in temperature at the centre and edge of the pile were approximately +
8.5°C and £ 6.9°C (difference of ~ 1.6°C), respectively, while the stresses were £ 1.7 MPa and
+ 0.4 MPa (difference of ~ 1.3MPa), respectively. The pile temperature reduced to the
magnitudes of ground temperatures at the pile-soil interface (discussed in the following
sections). The strains and stresses varied along the cross-section due to variations in
temperature distribution and variations in the pile's thermal expansion/contraction across the
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cross-section. The temperatures and strains/stresses are largest with almost constant
magnitudes between R = — 0.14 m and R = 0.14 m as this region is enclosed by the evenly
distributed thermally active heat exchanger loops. The reduction in temperatures and thermal
strains/stresses between R = + 0.14 m and the pile-soil interface, at R = £ 0.3 m, is due to the
difference in temperatures between the heat exchanger loops and the soil.

The differences between the cross-sectional thermal response of EP1 for all different four
axes is insignificant with the maximum difference of about 0.3°C, 7ue, and 0.2 MPa for changes
in pile temperature, thermal axial strains, and thermal axial stresses, respectively, for all
operations. Therefore, the distribution of thermal responses in the cross-section can be
considered similar across different diametrical axes of the pile. As there were no significant
differences in the different axes' thermal responses, the X-axis in the following sections of the
chapter is chosen to investigate the cross-sectional thermal response of EP1 for varying soil
parameters.

6.3.2 Fluid temperatures

The effect of varying inlet fluid temperatures on the cross-sectional thermal responses
of EP1 at a depth of 2.5 m and adjacent ground temperature changes at the same depth are
shown in Figure 6.6. The change in pile and ground temperatures and thermal strains/stresses
increased with increasing fluid temperatures. The pile temperatures are largest at the centre of
the pile (Figure 6.6a) and reduce to the value of ground temperatures at the pile-soil interface
(Figure 6.6b). The two energy piles' operation simultaneously increased/decreased the change
in ground temperatures between the two energy piles, compared to single pile operation for
heating/cooling operation (Figure 6.6b). The ground temperature changes were greater during
dual pile tests due to thermal interference between the soil volumes influenced by each energy
pile. The difference between the magnitude of temperature and axial thermal stresses between

the centre and edge of EP1 increased from 1.6°C to 3.1°C and from 1.3 MPa to 2.1 MPa
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respectively, with increasing fluid temperature from |[AT¢ of 10°C to 20°C. Liu et al. (2020) and
Abdelaziz and Ozudogru (2016b) also reported differences of 1.5 MPa and 2 MPa,

respectively, between the centre and the edge of the energy pile.
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Figure 6.6. Numerical predictions of the effect of fluid temperature changes on the cross-
sectional thermal responses of EP1 and ground temperatures: (a) change in temperature; (b)
change in radial distribution of ground temperatures; (c) thermal axial strains; and (d) thermal
axial stresses in EP1.

Larger fluid temperatures during the operation of the GSHP will therefore induce higher
differential temperatures and stresses in the cross-section of the piles. Even though the ground
temperatures between the two energy piles were affected by the operation of EP2 in dual pile
operation, the temperatures and thermal strains/strains developed in EP1 were similar for both
single and dual pile operations. The negligible effects of EP2 on EP1 likely occurred due to
minor changes in ground temperatures near the edge of EP1 (up to 0.3 m away from EP1 edge)
for both single and dual pile operations. This indicates that the operation of EP2 did not have
significant effects on the cross-sectional distribution of temperatures and thermal stresses of

EP1. This can be related to the fact that a pile-cap does not connect the piles and that the piles
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are not close enough to cause any effects on the thermal responses of EP1 as a result of EP2
operation.
6.3.3 Soil thermal conductivity

The effect of soil thermal conductivity, Asil, on the cross-sectional thermal responses
of EP1 and adjacent ground temperature changes at a depth of 2.5 m, for |AT¢ = 10°C, is shown
in Figure 6.7. Symmetrical thermal responses were observed for heating and cooling operations
for all Asoit values. Higher Asoi resulted in lower EP1 temperature changes. Higher Asoil resulted
in faster heat propagation in the soil, which resulted in lower thermal confinement around EP1,
hence the pile temperatures were low. For a given Asil, the changes in ground temperature near
EP1 is similar for both single and dual pile operations indicating that variation of Aseil did not
affect the temperature changes near EP1 edge for the pile spacing of this study. However, the
overlapping of the ground temperatures indicates that thermal interaction occurred in the soil

between the two piles between R = 0.6 m and 2.7 m for dual pile tests.
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Figure 6.7. Numerical predictions of the effect of soil thermal conductivity, Aseil, on the cross-
sectional thermal responses of EP1 and ground temperatures: (a) change in temperature; (b)
change in radial distribution of ground temperatures; (c) thermal axial strains; and (d) thermal
axial stresses.
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The stress variations at the centre of EP1 were insignificant compared to those at the
edge of EP1 when Asoil increased from 0.5/l t0 24s0il. This can be related to the fact that the
centre of EP1 is more influenced by the heat-exchanger loops, whereas the edges of EP1 is
more affected by ground temperature changes at the pile-soil interface. As a result, the
difference between thermal stresses at the centre and edge of EP1 increased from 0.8 MPa to
1.65 MPa when Zsoil increased from 0.54s0il t0 24s0it. The effect of operating EP2 in dual pile
operation on EP1 temperature distribution, axial thermal strains and stresses was insignificant
for all values of Asoil, which indicates that thermal interaction between the two energy piles is
negligible in the current study.

6.3.4 Soil elastic modulus
The effect of soil elastic modulus, Esoil, on the cross-sectional thermal responses of EP1

and adjacent ground temperature changes at a depth of 2.5 m, for |AT¢|=10°C, is shown in Figure
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Figure 6.8. Numerical predictions of the effect of soil elastic modulus, Eseil, on the cross-
sectional thermal responses of EP1 and ground temperatures: (a) change in temperature; (b)
change in radial distribution of ground temperatures; (c) thermal axial strains; and (d) thermal
axial stresses.
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The thermal responses were symmetrical for heating and cooling. The pile and ground
temperatures were not affected by varying Esoil (Figure 6.8a and 6.8b). The thermal stresses
increased (and hence decrease in thermal strains) with increasing Esoil, which can be attributed
to increased soil restriction on thermal expansion/contraction of EP1. Khosravi et al. (2016)
also reported an increase in pile thermal stresses with increasing Esoil. The distribution of
temperatures and thermal stresses and strains were similar over the cross-section of EP1 for
both single and dual pile operation indicating that operation of EP2 in dual pile operation did
not have significant effects on EP1 thermal responses for different values of Esoil. An increase
of 1.5 MPa of thermal stresses was observed when Esoii increased from 0.5Esoi t0 2Esoil.
However, the difference between the thermal stresses between the centre and edge of EP1
remained approximately 1 MPa for any given Esoii for single and dual piles' heating and cooling
operations.

6.3.5 Soil thermal expansion coefficient

Figure 6.9 shows the effect of soil's thermal expansion coefficient, asoil, On the cross-
sectional thermal responses of EP1 and adjacent ground temperature changes at a depth of 2.5
m, for |[AT{ = 10°C. Similar to Esoil and Zsoil, the thermal responses of EP1 for heating and
cooling operations were symmetrical for both single and dual pile operations. Variations of asoil
did not affect the pile and ground temperature changes (Figure 6.9a and 6.9Db).

The range of thermal stresses for various magnitudes of asoii was lower than that for
Esoil. Similar to what was observed for Asoil and Esoil, the distribution of thermal stresses in EP1
was similar for both single and dual pile operations, hence the operation of EP2 did not affect
the thermal responses of EP1 for the pile spacing investigated in this study. The differences in
thermal stresses between the centre and edge of EP1 were about 1 MPa for all values of asoil,
for both heating and cooling operations of single and dual piles. A reduction of thermal stresses

resulted for higher values of asoil (i.€., 10 asoit Which corresponds to a ratio of asoil/apile Of 7)
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which can be attributed to greater soil expansion which resulted in lower soil restriction on
EP1. Similar behaviour of thermal stresses was observed by Bourne-Webb et al. (2016) and

Salciarini (2017) along the depth of an energy pile.
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Figure 6.9. Numerical predictions of the effect of soil thermal expansion coefficient, osoil, On
the cross-sectional thermal responses of EP1 and ground temperatures: (a) change in
temperature; (b) change in radial distribution of ground temperatures; (c) thermal axial strains;
and (d) thermal axial stresses.

6.4 Chapter summary

This chapter investigated the cross-sectional thermal response of one of the two energy
piles (EP1) when operated alone and when operated together with another pile (EP2). The
effects of varying inlet fluid temperatures, soil thermal conductivity, thermal expansion
coefficient, and elastic modulus on the cross-sectional thermal response of the considered
energy pile (EP1) were investigated. The temperatures and axial thermal stresses were found
to increase with the inlet fluid temperature. Symmetrical responses were observed over the
cross-section of the considered energy pile during heating and cooling. The temperatures and

thermal axial stresses were largest at the centre of the considered energy pile (EP1) compared

86



to the pile's edge for all fluid temperatures and soil properties. For all fluid temperatures and
soil parameters investigated, the influence of the second energy pile (EP2) on the temperatures
and thermal stresses of the considered energy pile (EP1) during dual pile operation was found
to be negligible. However, due to thermal interaction, the ground temperature changes between
the two energy piles during dual pile operation was larger than those of the operation of a single
energy pile for all studied cases.

The effect of soil elastic modulus on the cross-sectional thermal response of the
considered energy pile was more significant compared to the soil thermal conductivity and soil
thermal expansion. However, the variations of the soil thermal conductivity influenced the
ground temperatures. They mostly affected the magnitudes of thermal stresses at the edge of
the considered energy pile (EP1) due to variations in pile-soil interface temperatures. This
chapter's outcomes show that the differences between the centre and edge of energy piles will
differ for different fluid temperatures and soil properties encountered at various sites and

should also be accounted for in the energy piles' design.
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7 Conclusions and recommendations

7.1 Introduction

The study conducted in this thesis added to the existing knowledge on the impact of
temperature and soil properties' role on the thermal interaction between energy piles. This was
achieved by conducting field tests on two piles spaced at a centre-to-centre distance of 3.5 m
and installed under a six-storey residential building at Monash University (Clayton Campus),
Australia. A numerical model was developed and validated with field data to investigate the
effect of soil parameters, inlet fluid temperature, and the impact of nearby energy pile on the
thermal response of an energy pile. This chapter summarises the key conclusions of the work
achieved in this thesis, followed by recommendations for future work.

7.2 Conclusions

7.2.1 Effect of monotonic and cyclic temperature variations on the thermal interaction
between two energy piles

This section investigated the axial and radial thermal responses of one of the two energy
piles spaced under monotonic and cyclic temperature changes, numerically and experimentally.
The ground temperature changes between the energy piles were noticeably affected by the
second energy pile's operation, especially for monotonic temperatures with higher inlet fluid
temperatures. The influence of the second energy pile on the magnitudes of temperature, axial
and radial stresses and strains of the considered energy pile was negligible, indicating that the
impact of thermal interaction among the energy piles on the pile thermal responses was
insignificant.

Higher values of axial thermal stresses developed in the considered energy pile, during

monotonic heating and cooling operations compared to cyclic operations for both single and
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dual pile tests, were due to more significant changes in pile temperature. The pile toe
displacements of the considered pile were greater than pile head displacements for all tests due
to the higher stiffness imposed by the building loads at the pile head. Higher inlet fluid
temperatures induced greater thermal displacements, and lower thermal displacements were
observed during cyclic operations compared to monotonic operations. The thermal strains
followed linear paths during monotonic and cyclic operations for both single and dual piles.
The rates of change in thermal strains against change in pile temperatures for the considered
energy pile were similar for both single and dual pile operations for any given fluid
temperature, indicating negligible effects of thermal interaction between the piles on the pile
thermal responses for the conditions investigated in this study. The outcome of this work would
be useful for the design of energy piles for a range of different magnitudes of monotonic and
cyclic fluid temperatures typically encountered in energy piles.
7.2.2 Effect of nearby piles and soil properties on the thermal response of an energy

pile

This section explored the effects of varying soil thermal conductivity, thermal
expansion coefficient, and elastic modulus on one of the two energy piles' thermal response.
Heating the two piles together increased thermal interaction between the piles due to higher
ground temperature changes between the piles caused by thermal overlapping. However, this
thermal interaction 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 chapter. The effect of elastic

modulus of the soil was more significant on the thermal stresses and displacements developed
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in the considered energy pile compared to the impact of thermal conductivity and thermal
expansion coefficient of the soil. However, increasing the thermal conductivity of the soil
induced higher ground temperature changes around both energy piles. The numerical
simulations confirmed the field results that the magnitudes of radial thermal stresses developed
in the energy pile 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 energy piles' structural integrity. This section's outcomes will help assess 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.
7.2.3 Cross-sectional thermal responses of an energy pile

This section investigated the cross-sectional thermal response of one of the two energy
piles under monotonic heating and cooling operations. A parametric study was conducted to
investigate the effects of varying inlet fluid temperatures, soil thermal conductivity, thermal
expansion coefficient, and elastic modulus on the considered energy pile's cross-sectional
thermal response. The influence of the second energy pile on the temperatures and thermal
stresses of the considered energy pile during dual pile operation was negligible for all fluid
temperatures and soil parameters investigated in this study. However, the ground temperatures
between the two energy piles during dual pile operation experienced larger changes than the
operation of a single energy pile for all studied cases. The temperatures and stresses at the
centre of the considered energy pile were larger than at the edge of the pile, for all fluids and

soil properties.
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The soil elastic modulus effect was more significant on the cross-sectional thermal
response of the considered energy pile compared to the soil thermal conductivity and soil
thermal expansion. However, the soil thermal conductivity influenced the ground temperatures
while the effects of soil elastic modulus and thermal expansion coefficient on ground
temperatures were negligible. Variation of soil thermal conductivity mostly affected the
magnitudes of thermal stresses at the edge of the considered energy pile due to variations in
pile-soil interface temperatures. This section outcomes show that only considering the thermal
responses at the centre of energy piles might result in design errors as the temperatures and
thermal stresses at the edge of the energy piles are lower than those at the centre of the energy
pile. Moreover, the differences between the centre and edge of energy piles will differ for
different fluid temperatures and soil properties encountered at different sites and should also
be accounted for in energy pile designs.

7.3 Recommendations for future work

The following recommendations are made for future work to improve the current
knowledge on the performance and behaviour of energy piles:

e The current study only assessed the thermal response of single and dual-energy piles,

experiencing continuous and intermittent cooling with natural ground thermal recovery.
It is recommended to conduct further field tests and numerical studies to assess the
thermal response of energy piles group subjected to intermittent cooling with forced
ground thermal recharging and a greater number of energy piles. It is also essential to
assess the interaction between the energy piles through the soil volume between a larger
number of energy piles in a group with different pile spacing.

e The energy pile in the current work were installed in dense to very dense sands where

the resistance to thermal deformations is relatively high; hence the soil deformation was

likely in the elastic range. It is recommended that the thermal response of energy piles
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for different types of soils, such as normally and over consolidated clays, be studied as
the behaviour of this type of soil could be inelastic.

This thesis assessed the development of thermal stresses and strains inside the energy
piles only. However, the thermally induced deformations of the energy piles led to the
development of stresses in the overlying slab and the surrounding soil. Hence, field-
scale monitoring of the development of thermal stresses in the soil and the slab is
recommended.

Monitoring soil moisture variations by instrumenting the surrounding soil at different
radial locations from the edge of the pile is also recommended to assess the effects of
monotonic and intermittent operations on the water content fluctuation of the
surrounding soil. Thermally-induced moisture transfer and variations in soil water
content might affect the soil-pile interaction and the thermal interaction through the soil
volume.

More instrumentations are recommended over the cross-section of the energy piles,
specifically, near the edges of the energy piles, to assess the cross-sectional thermal
response of the energy piles. This will help justify the possible non-uniform thermal
stresses between the centre and edge of the energy piles' cross-section.

The numerical study conducted in this thesis was for the soil in a dry condition.
However, to capture a more realistic soil volume changes caused by temperature
changes, it is recommended to consider an unsaturated condition for the soil volume by

including a constitutive unsaturated model for the soil.
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