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Abstract

Energy piles or geothermal piles are used to reduce the energy demand of a building by helping
in the heating/cooling of the building as required. The advantage of energy piles over other ground
heat exchangers is that piles are an integrated part of the foundation of a building to carry the
superstructure load. The same piles can be used to extract/inject heat from/to the ground and that heat
can be used in the cooling/heating of the building. Thus, the energy demand of the building for
heating/cooling is reduced. Energy piles are subjected to mechanical load that comes from the
superstructure as well as thermal load (temperature change) caused by the heat exchange operation.
The combined mechanical and thermal load changes the behavior of the pile foundation. Because the
length of the pile is much higher compared to its diameter, the temperature change affects the axial
behavior of the pile rather than its lateral response. The settlement of an energy pile is different than a
conventional pile foundation as heating or cooling of the pile causes extension in some parts of the pile
and compression in other parts of the pile. The axial response of an energy pile under mechanical and
thermal loads in terms of vertical settlement, strain, and stress in the pile is calculated in the available
literature where the pile-soil interaction has been considered by modeling the soil with equivalent linear
and nonlinear soil springs. The representation of soil as springs does not take into account the effect of
three-dimensional pile-structure interaction. Analysis of the energy pile considering the three-
dimensional pile-structure interaction has been done in the literature using numerical methods which
are computationally expensive. Apart from that, the thermo-mechanical behavior of soil needs to be
considered in the energy pile analysis because of the temperature change of the pile and soil, and heat
exchange between the pile and the soil. In this context, the thermo-mechanical soil constitutive model
should satisfy the laws of thermodynamics. The analysis of the energy pile with a thermodynamically
acceptable thermo-mechanical soil constitutive model is lacking in the available literature.

In this thesis, a continuum-based semi-analytical framework for the analysis of the energy pile
that takes into account the three-dimensional pile-structure interaction is proposed. First, the semi-
analytical framework for an energy pile that is embedded in multi-layered soil and subjected to
mechanical axial load and thermal load is developed using the variational principle of mechanics by
minimizing the potential energy of the pile-soil continuum where both the pile material and soil are

considered to behave as a linear elastic material.



In the next part of the thesis, a semi-analytical framework for the same energy pile is developed
where the soil is modeled as an elastoplastic material. The analysis framework for the energy pile in
elastoplastic soil is developed from the laws of thermodynamics with the energy potential and
dissipation function where the plastic behavior of soil is taken into account through the dissipation
function. The derived analytical framework is used for elastoplastic soil response with the Drucker-
Prager constitutive model. The results from the present analysis are verified with available results in
the literature from experiments and numerical analysis. The Drucker-Prager constitutive model does
not take into account the effect of temperature on the stress-strain response of the soil. So, this
constitutive model is most suitable to model the thermo-mechanical behavior of sand as the effect of
temperature on the thermo-mechanical response of sand is not significant. Therefore, energy piles in
sand can be analyzed using the present framework with the Drucker-Prager constitutive model. Energy
pile in clay needs to be represented with a soil constitutive model that can capture the effect of
temperature on the thermo-mechanical response of clay. In the third part of the thesis, the present
analytical framework for an energy pile in elastoplastic soil is used to analyze the pile in clay with a
thermo-mechanical constitutive model that takes into account the change in the mechanical response
of clay due to temperature change. The thermo-mechanical model used in the analysis was developed
using the hyperplasticity formalism, which satisfies the laws of thermodynamics. The present
framework in all cases predicts results with acceptable accuracy. The present analytical framework
predicts the response of energy pile under different loads (mechanical and thermal) in terms of vertical
displacement, stress (with <10% difference between the results from the present analysis and finite
element analysis/field tests) with acceptable accuracy in less computational time. The run time for the
present analysis is approximately 10 and 5 times faster than axisymmetric finite element analysis for
elastic and elastoplastic cases, respectively.

In the final part of the thesis, the stresses developed in an energy pile under mechanical and
thermal loads are observed for different soil properties. A parametric study is conducted on the
developed stresses in an energy pile in single and two-layer soils under multiple loading conditions. A
correlation between the applied mechanical and thermal load is established, and under these loading
conditions, the effects of soil layering and material properties on the developed stresses are observed.
The development of the tensile zone and its range in an energy pile for certain conditions are concluded

from the parametric study.
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Chapter 1

Introduction

1.1 Motivation

The energy demand in the world is increasing because of the growing population, infrastructure
development, and enhanced living standards. Alternative sources of energy in the form of renewable
energies are required to fulfill these energy demands (International Energy Agency, 2016) if the impacts
of climate change have to be mitigated within 2050. Geothermal energy is one form of renewable
energy that has growing popularity and has the potential to cover approximately 8.3% of total world
electricity production (Dauncey, 2001). The concept of geothermal energy is based on the extraction of
heat from and ejection of heat to the soil and rock (where the temperature remains more or less constant
throughout the year), respectively, by sending fluids through conduits buried into the ground. These
conduits may be boreholes (e.g., those used for Ground Source Heat Pumps), or structural components
of buildings embedded into the subsurface (e.g., energy piles or basements), which help in heat
transmissions. These geothermal systems reduce the total energy demands of residential and
commercial buildings for heating and cooling purposes. The energy pile or geothermal pile is one type
of geothermal energy system, as shown in Figure 1-2, which is an energy geo-structure. The advantage
of using energy piles is that piles are often integral components of buildings that are used for
transferring superstructure loads to the ground and, therefore, there can be significant cost savings if
these geo-structures are used as heat exchangers instead of installing a separate geothermal system. As
a result, the growth in the usage of energy piles among all the energy geo-structures has been the
maximum in the last two decades (Figure 1-1).

A schematic diagram (Brandl, 2006; Laloui & Rotta Loria, 2020) of energy piles with
components used for heating/cooling of a building is shown in Figure 1-2. The heat pump sends the
cold/hot water to inlet pipes embedded inside the pile where the heat transmission occurs between the
pipe and pile material (concrete in general) and between pile material and soil and the hot/cold water
comes out through outlet pipes to the heat pump and helps in heating/cooling of the building which

results in less electricity consumption than it would have if this supplement process was not there.
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Figure 1-1 Usage of different energy geo-structures over time (Laloui & Rotta Loria, 2020)

Geothermal piles are generally bored piles where the absorber pipes (that carry heat exchanger
fluid) are fixed with the reinforcement cage (Figure 1-3). The connecting end of the pipe is protected
by a tube at the pile head. A manometer is fixed at the pipe head to maintain pressure in the pipe at 8
bar for integrity check (Brandl, 2006). Before the year 2000, prefabricated reinforced concrete piles
with absorber pipes were mostly used as geothermal piles (Brandl, 2006). In recent years, usage of
bored cast in situ large diameter piles has increased. The pipes inside the pile are protected by providing
a stiff reinforcement cage. The whole process of heating/cooling by geothermal pile consists of two
circuits connected by the heat pump (Brandl, 2006). The primary circuit contains closed pipework in
the pile through which a heat carrier fluid (e.g., water, water with antifreeze like glycol, saline solution
etc.) is pumped that exchanges heat from the building with the ground. The piping within the pile is
individually joined to a header block. The secondary circuit is a closed fluid-based building heating or

cooling network (secondary pipework) embedded in the floors and walls of the structure.
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Analysis of geothermal piles should be done differently from that of conventional piles because
temperature change in an energy pile caused by heat transmission generates additional stresses and
alters the interaction of the pile with the surrounding soil (Laloui & Rotta Loria, 2020). In any pile
foundation, compressive stress is developed within the pile shaft because of the vertical superstructure
load. In energy piles, the heating/cooling processes generate a tendency of elongation/shortening of the
pile shaft. As the surrounding soil provides resistance against the elongation/shortening (restraining the
thermal strain) in the form of side resistance (skin friction) and base resistance, thermal
compressive/tensile stresses are developed in the pile in addition to mechanical compressive stress
caused by the superstructure loading. The additional stresses generated by thermal loading depend on
side and base resistances that arise from the complex thermo-mechanical interaction between the pile
and the surrounding soil.

For an ideal condition of only thermal loading (Figure 1-4) with both cooling and heating
cycles, where there is no restraint at the pile head (i.e. when there is no superstructure load), the
restrained thermal strain is maximum around the mid-depth of an ideal floating pile (where the base
resistance is zero) and decreases with an increase in vertical distance from the mid-depth and becomes
zero at the two ends (head and base). For an ideal end-bearing pile (where side resistance is zero) with
no restraint at the pile head (i.e., with no superstructure load), the strain is maximum at the base of the
pile, decreases with an increase in vertical distance from the base, and becomes zero at the pile head.
In contrast, in a conventional pile with a vertical superstructure load, maximum strain and stress both
occur at the pile head and decrease with depth (Salgado, 2008). Therefore, a combination of mechanical
and thermal loads produces a different strain and stress distribution along the length of the pile. Under
thermal loading, the pile deforms with respect to a point that is situated along the length of the pile.
This point is called the null point around which the stress within the pile changes from compressive to
tensile. Determination of the null point is important for determining the mobilized stress (Bourne-Webb
et al., 2009). Clearly, the interaction of the pile with the surrounding soil changes when the thermal
load acts, and this makes the analysis and design of energy piles different from that of conventional

piles.
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The dimension of a single pile in the axial direction is much higher compared to its lateral
dimensions (diameter). As a result, temperature change within a pile has a negligible effect on the
lateral response of the pile. The temperature change affects the displacement, strain, and stress in the
axial direction of the pile (Amatya et al., 2012; Bourne-Webb et al., 2009, 2013; Goode & McCartney,
2015; Laloui et al., 2006; Laloui & Rotta Loria, 2020; Stewart, 2010). Therefore, in this study, the axial
response of the energy pile is determined with a proper thermo-mechanical analysis.

Axially loaded piles are designed against the ultimate limit state of ultimate axial capacity
(usually, corresponding to 10% relative settlement) and the serviceability limit state of a maximum
tolerable settlement (Salgado, 2008). Ultimate axial pile capacity, which is a summation of ultimate
base capacity and limit shaft capacity, may change for an energy pile (from the corresponding capacities
of a conventional pile of the same dimension) because of a change in soil shear strength caused by
temperature change. At the same time, the settlement of an energy pile may be different from that of a
conventional pile (of the same dimension) because of the altered pile-soil interaction caused by the heat
flow and temperature change. This research study concerns the investigation of energy pile settlement
under different thermal loading conditions.

Pile settlement is conventionally estimated using soil-spring-based t-z analysis in which
nonlinear springs representing soil resistance t are attached to the pile shaft and the pile displacement z
is calculated iteratively by solving the pile settlement differential equation in which the nonlinear
relationship (curve) between t and z are given as inputs (Berardi & Bovolenta, 2005; Guo, 2000; Haldar
& Sivakumar Babu, 2008; Misra & Roberts, 2009). Although continuum-based analyses including
finite element analysis may be used to calculate pile settlement (Basu et al., 2009; Guo & Lee, 2001)
and are conceptually superior to the spring-based approaches, the t-z method is the most popular
because it is easier to use than the continuum-based methods. The accuracy of t-z method depends on
the accuracy of the nonlinear t-z relationship used in the analysis. For energy piles, t-z relationship
depends also on the thermo-mechanical pile-soil interaction. However, temperature-dependent t-z
relationships available in the literature (Chen & McCartney, 2017; M. E. Suryatriyastuti et al., 2014;
Xiao & Suleiman, 2015) have been derived either by pile-soil spring analysis or by calculating curve-
fitted parameters with the help of experimental or numerical results. As a result, a reliable t-z curve
derived from rigorous continuum-based analysis with proper thermo-mechanical soil constitutive
model and with consideration of thermo-mechanical pile-soil interaction for energy piles is not

available.



In this study, a continuum-based analysis framework for settlement estimation of energy piles
is developed following the principles of continuum mechanics and thermodynamics. The goal of the
study is to develop a rigorous thermo-mechanical elastoplastic analytical framework for energy piles.
The response of the energy pile is obtained with the soil modeled by a thermodynamically viable
thermo-mechanical constitutive relationship. The reason behind analyzing the energy pile with this
specific type of constitutive model is to incorporate the effect of temperature on soil behavior by
satisfying the fundamental laws of thermodynamics. Another objective of this study is to investigate
the changes in axial stress in the pile for different soil and loading conditions that need to be taken into

account in the design of the pile.
1.2 Literature review

1.2.1 Thermo-mechanical analysis of geothermal pile

Analytical, numerical, and physical modeling of geothermal piles has been performed by
several researchers. Analytical solutions for geothermal piles have been done by Knellwolf et al.,
(2011); Najma & Sharma, (2021); Olia & Peri¢, (2021); Peri¢ et al., (2020). Numerical modeling
usually involves finite element and finite difference (Knellwolf et al., 2011) analysis. Physical modeling
includes field tests, centrifuge tests, and reduced-scale laboratory tests (Goode & McCartney, 2015;
McCartney & Rosenberg, 2011; Suryatriyastuti et al., 2014; Wang et al., 2015). The effect of
temperature change in energy pile affects the settlement/axial displacement, axial strain, axial stress,
pile-soil interface stress distribution, and axial load capacity of the pile which have been observed in
the studies mentioned in this section.

The axial displacement, strain, stress, and mobilized shear forces distribution along the length
of the pile under thermal load are different compared to that under mechanical load. In the case of
energy piles, the piles are subjected to both mechanical and thermal loading. Changes that happen to
the quantities mentioned previously have been studied by different researchers and are described in this
section. A qualitative distribution of strain, stress, and mobilized skin friction under both temperature
change and mechanical load for both floating and end-bearing pile have been given by Amatya et al.,
(2012); Bourne-Wehb et al., (2009); Bourne-Webb et al., (2013) based on a full-scale field test on an
energy pile. The soil was idealized as a rigid plastic material with a uniform shaft resistance. The global
equilibrium equations for axial displacement, shear stress, and axial stress based on linear thermo-
elasticity theory have been provided by Rotta Loria & Laloui, (2019), which upon solving provides the
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distribution diagram proposed by Amatya et al., (2012); Bourne-Wehb et al., (2009); Bourne-Webb et
al., (2013).

Analysis for the calculation of axial strain, stress, load, and displacement profiles of energy
pile under mechanical and thermal loading with the surrounding soil modeled as springs have been
carried out by Iodice et al., (2020a); Knellwolf et al., (2011); Najma & Sharma, (2021a); Olia & Peric,
(2021a); Peri¢ et al., (2020). An analytical solution for heat exchanger end-bearing piles has been
developed by Peri¢ et al., (2020) with the soil modeled as linear springs where closed-form solutions
for head displacement, axial stress, and strain distribution along the length of the pile under both axial
and thermal load was provided. As an extension of the previous work that includes the determination
of the null point and location of the maximum stress point along the length of the pile has been given
by Olia & Peri¢, (2021). Another soil spring model for energy pile with isotropic, elastic one-layer, and
two-layer soil with variable modulus has been given by lodice et al., (2020a) where mobilized soil
resistance along the shaft is provided in terms of side friction coefficient calibrated with the help of
finite element analysis. The distribution of axial load, strain, and stress along the pile has also been
shown using the closed-form solution. Knellwolf et al., (2011) developed a soil-spring-based pile
settlement analysis model using the t-z curve given by Frank & Zhao, (1982) for cyclic loading which
has been developed without taking into account the thermal effect on soil. Incremental load transfer
analysis has been performed by Najma & Sharma, (2021) for cyclic loading with soil springs that follow
nonlinear hyperbolic behavior. The effects of imposed mechanical load, temperature change, and
position of null point have been discussed by the authors. The occurrence of critical design situations
in terms of capacity and settlement of the energy pile under both thermal and mechanical loads has
been described by the authors through their developed solution method. Thermo-hydro-mechanical
numerical modeling with the Mohr-Coulomb soil constitutive model has been done by Rotta Loria &
Donna, et al., (2015) to model a centrifuge test (Rotta Loria et al., 2015) where the importance of null
point in an energy pile and the influencing factors of the null point were discussed. Axisymmetric
numerical analysis of geothermal piles with Mohr-Coulomb soil constitutive model (Saggu &
Chakraborty, 2015a) and CASM soil constitutive model (Saggu & Chakraborty, 2015b, 2017) have
been developed and parametric studies have been performed (Olia & Peri¢, 2021; Saggu &
Chakraborty, 2015a, 2017) to describe pile displacement, strain, stress developed at the pile-soil

interface.



The procedures described in this section to calculate the response of energy piles in terms of
axial displacement, strain, stress, mobilized soil friction etc. have been done analytically by modeling
the soil as discrete springs and numerically by implementing axisymmetric finite element method.
While the soil spring models provide results quickly, the springs cannot properly represent the
continuum-based multi-axial stress-strain response of soil in which normal and shear stresses play
important roles in pile-soil interaction. Finite element or other numerical analysis simulates the soil
continuum much more accurately; however, these methods are computationally expensive and require
specialized knowledge regarding model development. None of these approaches considers the
thermodynamics and mechanics in an integrated framework, which should be considered for energy
pile analysis.

Energy piles can undergo multiple heating and cooling cycles. Depending on the seasonal
variation of ambient temperature during different seasons, the nature of the thermal load on the energy
pile changes (the pile is heated during summer due to the supply of hot liquid and vice versa during
winter (Figure 1-2). Studies on energy piles considering cyclic thermal loading have been conducted
by Di Donna & Laloui, (2015); lodice et al., (2020a); McCartney & Rosenberg, (2011); Ng et al.,
(2019); Suryatriyastuti etal., (2014); Wang et al., (2015); You et al., (2016). The effect of cyclic thermal
load on the capacity, which is one of the major aspects of energy pile, has been studied in laboratory
tests by McCartney & Rosenberg, (2011); Ng et al., (2019) and in field tests by Wang et al., (2015);
You etal., (2016). The capacity of energy piles increases with heating and returns to its initial capacity
when allowed to cool naturally (Wang et al., 2015; You et al., 2016). This increase in the capacity of
the energy pile caused by heating has been reported as 40% of its initial capacity for the temperature
changes from 15° to 60° (McCartney & Rosenberg, 2011), 13% and 30% of its initial capacity for
temperatures 37° and 52° respectively (Ng et al., 2019). The effect of cyclic thermal loading on both
single pile and pile groups considering soil thermo-plasticity has been studied by Di Donna & Laloui,
(2015b) with ACMEG-T soil constitutive model (which belongs to the Cam clay family) developed by
Laloui & Frangois, (2009). They found that the thermal load generates additional pile displacement and
the rate of change of additional displacement diminishes as the number of heating-cooling cycles
increases. Similar observations were made by Suryatriyastuti et al., (2014), who used a load transfer
function and a t-z curve by calibrating the parameters with the help of numerical simulations. Axial
load distribution along the pile and settlement at the pile head under cyclic thermal loading was studied

by lodice et al., (2020b) using finite element method with different soil constitutive models like Mohr-
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Coulomb, modified Cam Clay (MCC), and hypoplastic model. It has been found by the authors that the
accumulation of irreversible pile settlements occurs under cyclic thermal loading. The effect of cyclic
thermal loadings on the energy pile with a thermo-elasto-plastic soil constitutive model can produce
more accurate results for different loading and soil conditions.

The importance of t-z curves for the design of the energy pile has been mentioned in the
previous section. Studies on the development of t-z curves for energy piles have also been done by
McCartney & Rosenberg, (2011); Pasten & Santamarina, (2014); Suryatriyastuti et al., (2014). The
calibrated plots for base resistance-base displacement and side friction-side displacement have been
developed with the help of the results of full-scale and geotechnical centrifuge tests including the
temperature effects by McCartney & Rosenberg, (2011). Suryatriyastuti et al. (2014) proposed a cyclic
t-z function that comprises a cyclic hardening/softening mechanism based on the response of nonlinear
soil behavior. The thermal hardening/softening affects the mobilized soil friction along the shaft of the
energy pile. Their load transfer function can account for the degradation of the soil-pile capacity during
two-way cyclic thermal loading in the energy pile. The t-z design charts developed in the literature as
mentioned in this section have been developed by calibrating the parameters using the data from field
tests and numerical simulations. The stress developed in an energy pile due to the temperature change
can be different than that of the conventional piles as suggested by Amatya et al., (2012); Bourne-
Webb et al., (2009, 2013); Laloui & Rotta Loria, (2020). As a result, nature of axial stress can get
altered and tension may develop in the pile. In this context, a study on the determination of the null

point and tensile zone within the pile is important in the aspects of the design of the pile.

1.2.2 Thermo-mechanical constitutive model for soil

Proper analysis and design of energy piles require modeling of pile-soil interaction considering
the thermo-mechanical behavior of soil. To do that, an understanding of the thermo-mechanical soil
behavior and the use of a proper thermo-elasto-plastic soil constitutive model are necessary.

The response of soil under thermal and mechanical loads has been studied using three types of
loading paths: thermal, isothermal-mechanical, and thermo-mechanical (Laloui, 2001). Thermal
loading involves the application of temperature change at constant stress, isothermal-mechanical
loading involves the application of mechanical loading at constant temperature and thermo-mechanical
loading involves the application of both thermal and mechanical loads simultaneously (Laloui, 2001).
The application of thermal load in the form of temperature change has effects on the different physical

properties (e.g., volume and strength) of soil in many different ways. Temperature change induces a
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change in the void ratio (or volume) which impacts the stress and, in turn, affects the constitutive
behavior of soil. Normally consolidated (NC) clays contract when it is heated and a significant part of
this deformation is irreversible upon cooling and the opposite behavior has been observed for
overconsolidated clays (Abuel-Naga et al., 2009; Cui et al., 2000; Laloui & Cekerevac, 2003). The
volume change in loose to medium dense sand and dense sand is analogous to normally consolidated
and overconsolidated clay, respectively, but the volumetric strain in loose sand caused by the
temperature change is much less compared to the strain developed for the same temperature change in
normally consolidated clay (Ng, Wang, et al., 2016). For normally consolidated clay, thermally induced
volume contraction decreases with an increase in temperature (Campanella & Mitchell, 1968). The
strength of the soil may reduce or increase when the soil is heated (Cui et al., 2018; Modaressi & Laloui,
1997). Some experimental results showed that the critical state friction angle either increases or
decreases or remains unchanged with temperature which reflects an increase or decrease in the strength
of soil (Laloui, 2001). The hydraulic conductivity of sandy soil is very high. Therefore, the groundwater
dissipates the temperature change by heat transfer through the advection phenomenon which results in
a low thermal gradient in sands and hence, results in low volumetric deformation (Suryatriyastuti,
2013). As a result, the effect of temperature change is higher on the thermo-mechanical response of
clay. The inclusion of the change in shear strength of soil in the modeling of the thermo-mechanical
pile-soil interaction of energy piles is important, which can be achieved by using a proper thermo-
mechanical soil constitutive model in a numerical or analytical framework.

Various thermo-mechanical soil constitutive models developed by different researchers that
describe the evolution of yield surface for temperature loading with strain hardening and thermal
hardening/softening are briefly stated in this section. A thermoplastic constitutive model based on the
concept of critical state soil mechanics in which the yield surface is a function of temperature, thermal
softening, and strain hardening has been developed by Hueckel & Borsetto, (1990). Based on the
available experimental results following thermal, isothermal-mechanical, and thermo-mechanical
loading paths, a cyclic thermo-viscoplastic soil constitutive model, which includes thermal hardening
and evolution of yield surface with temperature developed by Modaressi & Laloui, (1997). Cui et al.,
(2000) extended the work by Hueckel & Borsetto, (1990) to investigate the effect of overconsolidation
ratio (OCR) by incorporating a coupled mechanical and thermal hardening phenomenon in the model
for saturated clay. Based on the model by Cui et al., (2000), a thermomechanical soil constitutive model

has been developed by Hong et al., (2016) based on two-surface plasticity theory for saturated clays
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with calibrated parameters from available data. The Cam clay model has been modified by Graham et
al., (2001) to include the effect of temperature by calibrating the parameters for elastic deformation,
hardening function, yield function, and peak and critical strength. The time-dependent secondary
compression of clay which is governed by the plastic strain depends on the creep rate coefficient. The
modification in creep rate due to temperature has been made by Kurz et al., (2016) in a semi empirical
elastic-thermo-visco-plastic model. The model has been further modified by Fathalikhani et al., (2022)
where a modification has been made by the assumption of elastic unloading at a short timeframe and
elastic and visco-plastic reloading. A thermo-mechanical model has been developed by Laloui &
Cekerevac, (2003) and Laloui et al., (2006) based on experimental results on the thermal behavior of
soil which includes the thermal effect on void ratio and pre-consolidation pressure. An experimentally
calibrated model has been proposed by Masin & Khalili, (2012) based on the concept of incrementally
nonlinear hypoplastic model for saturated clay. A critical state-based cyclic thermo-elastoplastic model
named LTVP has been developed by Laloui, (2001) where the strain was decomposed into nonlinear
thermoelastic and thermoplastic components. A critical state-based thermo-elastoplastic model was
developed by Abuel-Naga et al., (2009) which described the thermally induced volume change of
saturated clay in NC and OC conditions in triaxial stress space by applying some modifications to the
modified Cam Clay model. Coccia & McCartney, (2016) presented a constitutive model for volume
change of soil due to temperature change using the concept of thermally-accelerated secondary
compression. Thermo-mechanical soil constitutive models based on bounding surface plasticity theory
have also been developed by Yao & Zhou, (2013); Zhou & Ng, (2015); Zhou et al., (2017); Zhou &
Ng, (2018). Further, thermodynamically consistent thermo-mechanical models for fine-grained soils
have been developed by (Golchin et al., 2022b, 2022a; Houlsby & Puzrin, 2007).

Constitutive models established using the thermodynamics framework provides the confidence
in giving results as they are not thermodynamically unreasonable (Houlsby & Puzrin, 2007). The
elastoplastic constitutive model of soil with or without temperature change can be derived using the
thermodynamics principle within hyperplasticity framework. In that way, these models satisfy the
conventional plasticity approach as well as the laws of thermodynamics. The thermodynamic approach
to the constitutive behavior of material was first established by Ziegler, (1983). He described how the
state of a material depends on a state variable and an internal variable, and the change of internal energy
can be described in the form of state function and dissipation. The formulation of the constitutive model

using thermodynamics, also known as the hyperplasticity approach, was described in detail by Houlsby
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& Puzrin, (2007). The principles of thermodynamics are capable of developing a framework that
accurately captures the behavior of geomaterials (Houlsby & Puzrin, 2007). The elastoplastic and
thermo-elastoplastic constitutive models of soil discussed in the previous section comply with the
plasticity theory and are capable of producing reasonably accurate results, but most of them do not
follow the hyperplasticity formalism and therefore do not satisfy thermodynamics (Golchin et al.,
2022b). Recently, Golchin et al., (2022b, 2022a); Houlsby & Puzrin, (2007) developed thermo-
mechanical models for fine-grained soils based on the hyperplasticity formalism. Thermo-mechancial
constitutive model for clay with two yield surfaces including thermal, isotropic, and kinematic
hardening (Golchin et al., 2022a); and single yield surfaces with thermal, and isotropic hardening
(Golchin et al., 2022b) have been developed for isothermal and non-isothermal conditions using energy

potential and dissipation potential which comply with the laws of thermodynamics.

1.3 Research limitations

The following gaps were identified from the literature review:

1. Soil continuum-based settlement calculation methods are superior to the spring-based
methods but usually require numerical methods (e.g., finite element method) for solution

and, therefore, are computationally intensive.

2. Approaches that integrate both the mechanics and thermodynamics aspects in a single

framework, which is important for energy piles, are lacking.

3. No analysis of energy piles is available in which a thermodynamically consistent soil

constitutive model has been used.
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1.4 Objective of this research

Based on the research gaps, the following objectives have been identified for the present

research:

1) Develop an efficient soil continuum-based semi-analytical framework for settlement
calculation of energy piles that is based on the principles of mechanics with soil modeled as an

elastic material.

2) Develop a continuum-based semi-analytical framework for settlement calculation of energy
piles that is based on the principles of thermodynamics and mechanics and incorporates the

elastoplastic behavior of soil.

3) Analyze the response of energy pile in clay using the elastoplastic analytical framework by

modeling the clay with a hyperplasticity based thermo-mechanical constitutive model.

4) Perform a parametric study on the stress developed within energy piles to find out the effect of

different loads and soil conditions.

1.5 QOutline of the thesis

This research proposal is divided into three chapters.

Chapter 1 presents the motivation for the research, and literature review on the thermo-mechanical

response of energy piles followed by the identification of research gaps and objectives.

Chapter 2 presents the development of a semi-analytical framework for an energy pile in a multi-
layered soil continuum subjected to both mechanical and thermal load (temperature change) where both
the pile and the soil are considered to behave as a linear elastic material. The framework is developed
based on the principle of minimization of the potential energy of the pile-soil continuum using the
variational calculus. The results from the present analysis are verified with the available experimental
results in the literature and with the results from equivalent finite element analysis.

Chapter 3 provides the development of the semi-analytical framework for an energy pile in a multi-
layered soil continuum subjected to both mechanical and thermal load (temperature change) where the
soil is considered to behave as an elastoplastic material. The elastoplastic behavior of soil modifies the
pile-soil interaction and hence, affects the thermo-mechanical response of the pile. The framework is
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derived using the laws of thermodynamics and minimizing the internal energy of the pile-soil
continuum. The Drucker-Prager soil constitutive model is used to represent the elastoplastic soil
behavior. Comparisons between the results from the present analysis and results from field experiments
and finite element analysis are made to show the accuracy of the present framework

Chapter 4 describes the present framework with a thermo-mechanical soil constitutive model that
represents the elastoplastic behavior of clayey soil including the effect of temperature on the mechanical
response of the clayey soil. The effect of temperature is more pronounced on clay than sand and
therefore the inclusion of a proper thermo-mechanical soil constitutive model was required. The
constitutive model was developed by following the hyperplasticity formalism (satisfying the laws of
thermodynamics). The predicted response of soil elements under different loading conditions using the
constitutive model is verified with the results that are available in the literature. The response of energy
pile that is obtained from the present framework including the thermo-mechanical constitutive model
is verified with the available experimental results from the literature.

Chapter 5 presents the parametric study of an energy pile in different soil and loading conditions. The
stress distribution along the length of an energy pile differs from that of a conventional pile because of
the temperature change. Therefore, a parametric study on an energy pile that is embedded in single-
layer, and two-layer soils and subjected to mechanical and multiple combined loading conditions is
conducted. The effect of strength parameters and thermal properties of soil on the thermo-mechanical
response of the pile is observed and conclusions are made regarding tensile zones that develop in the
pile in certain conditions that need to be considered in the design of the pile.

Chapter 6 provides the conclusions resulting from the present work along with recommendations for

future research.
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Chapter 2

Analysis of Energy Pile in Elastic Soil Continuum

2.1 Introduction

In this chapter, a semi-analytical approach to analyze an energy pile embedded in a
multilayered elastic soil deposit subjected to both axial and thermal load is discussed. The governing
differential equations and boundary conditions for the pile under these loadings are derived by
minimizing the potential energy of the pile-soil continuum using the variational principle. The pile-soil
system is assumed as a continuum where no slip occurs at the pile-soil interface. The results obtained
in the analysis are compared with the experimental results available in the literature (Goode &
McCartney, 2015; Laloui et al., 2006) and the results obtained from the finite element analysis (FEA)
conducted by the author. The comparisons show a good match between the results from the literature
and FEA with the results from the present analytical approach.

2.2 Problem statement

A circular pile of length L, diameter Dp and Young’s modulus E, is embedded in a multilayered
soil deposit as shown in Figure 2-1. The pile is subjected to an axial load Q, and it undergoes a
temperature change AT,. The temperature change along the length and cross-section of the pile is
assumed to be constant (Peri¢ et al., 2020) because the temperature difference along the depth of the
pile has been observed to vary within +2°C (Knellwolf et al., 2011) which does not have a substantial
effect on the response of the pile. The soil is assumed to be extended to a very large distance in both
horizontal and vertical directions. The depth of i-th soil layer from the ground level is denoted as H; as
shown in Figure 2-1. It is assumed that both the pile material and the soil in each layer behave as a
linear elastic, isotropic, and homogeneous material. The soil is characterized by Lame’s constants As
and G; respectively. A right—handed cylindrical (r, 6, z) coordinate is used for the analysis as shown in
Figure 2-1. The origin of the coordinate system is at the center of the pile head and the positive z axis

points downward along the axis of the pile.
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Figure 2-1 Circular pile embedded in multilayered soil

2.3 Thermal stress and thermal strain in a continuum

The strain developed in any continuum (with movement restrained at boundaries) that
undergoes temperature change, (described as thermal strain) ;" (superscript T denotes strain due to

change in temperature) is calculated as (Laloui & Rotta Loria, 2020; Peri¢ et al., 2020),

& =& — AT (2.1)
1
& _E(u” +u”) (2.19)

where ;i is the coefficient of thermal expansion, AT is the temperature difference that occurs in a

continuum (AT = final temperature — initial temperature) and u is the displacement vector. In equation

(2.1) the second term in the right-hand side is called thermal free strain which yields in a material if it
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undergoes a temperature change (Bourne-Webb et al., 2013). If displacement u occurs due to
temperature change in an elastic continuum which results in different strain than that of thermal free
strain, then the stress generated within the continuum (known as thermal stress) is calculated from strain
g’ using the relation, aij = Cija e’ where Cij is the stiffness tensor, and i, j, k, and | are the dummy
indices. Depending on the final and initial temperatures developed, stress can be either tensile or
compressive and it contributes only to the hydrostatic part of the stress tensor. Coefficient of thermal

expansion «ii can be different in three orthogonal directions.

2.4 Analysis

2.4.1 Displacement in pile and soil

The vertical displacement of the pile and the soil column below the pile is denoted as up(z)
which varies along the depth of the pile. The displacement of soil surrounding the pile is expressed as
(Seo et al., 2009),

u =0 (2.2a)
u, =0 (2.2b)
u, =u,(z)é(r) (2.2¢)

where ur, Ug, and u, are the soil displacements in the radial, tangential, and vertical directions,
respectively; and ¢is the dimensionless displacement shape function of soil associated with u,. The
function ¢ varies along the radial distance r with its values equal to 1 at the pile-soil interface (i.e., ¢
=1latr=rp)and 0 at large horizontal distances away from the pile (i.e., ¢ =0 atr = ). u, becomes
zero at very large depth below the pile. The assumed soil displacement field ensures continuity and
compatibility of the displacements and strains in soil by taking into account the displacement of the

pile.

2.4.2 Strain-displacement relationships in soil

The strain tensors for soil can be calculated from pile displacement as described below;
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Using equation (2.1), the thermal strain in soil is given by

—a AT, (z,r)
—a AT, (z,1)

gTo| 0z (2.3b)

where as is the coefficient for thermal expansion for all the normal directions and ATs (z,r) represents
the temperature change in the soil continuum which varies both along the depth and radial distance.

The coefficient of thermal expansion o is considered the same in all three orthogonal directions.

2.4.3 Strain energy of the Pile-Soil Continuum

The governing equations for up(z) and ¢(r) are obtained by minimizing the potential energy of
the pile-soil system using the variational principle (Reddy, 2002). The total potential energy of the pile-

soil system is given by
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(2.4)

p z=0

1 1
= IEUijgidep +§'!.§UiigideS_qu

Qp

where gij and &j; are the strain and stress tensors, respectively. Qp and Qs are the domains for the pile
and the soil, respectively. For an isotropic elastic material, oy is calculated from &;; using the relation,

aij = Ciju® ew. The elastic stiffness tensor for soil Ce or Ci® is given by

(1, +2G, A, 0 0 0
A A+26, A 0 0 0
A, . A+2G, 0 0 O
C, = (2.5)
0 0 0 G 0 0
0 0 0 0 G, 0
0 0 0 0 0 G

The strain energy of the pile is calculated only for the strain in the axial direction (z-direction).
Expressing the stress in terms of the strains and the Lame’s constants, strains in terms of the

displacement and ignoring the higher order terms with os (" as << 1) equation (2.4) can be rewritten as

ALf au, AT, +1TTT 2, +2G,) dup¢2 o L da AT
——a = —¢| 2| — |pa
Pildz P 297 dz dz )" ° °

p

du 2 w 27" du 2
—A42,| — |ga AT, +G, (up d—ﬂ rdrd6dz +1 _f j j A, +2G,) (2.6)
dz dr 2709 dz

p

du du,
—2| —2 | AT, —44, o AT, |rdrd@dz—Q,u, |
dz dz PPlz-0

where, A, and «, are the cross-sectional area and coefficient of thermal expansion of the pile.

2.4.4 Minimization of the strain energy of the Pile-Soil Continuum

The variational operator is used on equation (2.6) to minimize the strain energy of the pile-soil

continuum to obtain the following form,
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2.7)

Variation of temperature change in pile is not considered because of the assumption made for pile
temperature being same all through its length and cross-section. The temperature change in soil is also
known to priori and therefore, the variation of temperature change in soil is also zero. The changes in
temperature in soil at different radial and vertical distances from the pile are calculated following the
method suggested by Zeng et al., (2002) for finite line heat source where the pile is considered as a
finite length line heat source (given in section 2.4.5).

Performing integration by parts and incorporating the soil layering as shown in Figure 2-1 with

the suffix i denoting the i layer (i =1, 2, ... n), equation (2.7) can be expressed as,
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i=1 Hiy dr T {
g = d2y™ (2.8)
+27 (2 +26, ) —£-oup) [ —2-ouldz
P Lo
+27 (A, - 2G,, (IrATeréu‘”) Ii[IrATdrjéu(”)dz
L d -

Ly

where u,® is the function uy(z) within the i layer; As and Gs; are the Lame’s constants for the

i" layer. Equation (2.8) takes the form J. F 5u o4z + j F 5¢dr =0 where du, and J¢ are the first

variation; Fi(*) and F»(¢) are the differentials of up and ¢ respectively. Considering the variation of u,

and ¢ separately governing equations and boundary conditions for pile and soil responses are obtained.
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2.4.5 Temperature change in soil

The temperature change at any point X (r, z) (Figure 2-2) in soil ATs is calculated as per the

recommendation by Zeng et al., (2002) for finite line source of heat and is given by

r2+(z—h)2 r2+(z+h)2
q erffc] Y——~— 7 | erfc| +——— 7~
AT =3 2/ar 2/ar dh (2.9)

R -
er2+(z—h)2 er2+(z+h)2

where @ is the heating rate per length of the line source, «; is the thermal conductivity of soil, as is the

thermal diffusivity of soil, h is the integrating parameter, and z is the time for which the heat flow
occurs. In the present analysis, both single-layered and multi-layered soils are considered for different
cases in contrast with equation (2.9) which has been developed for homogeneous soil only. However,
this assumption does not severely affect the mechanical response of the pile which is evident from

section 2.8.
I
I
| dh
H —/
I
. r
w |l
AN I
pl |l
I %
H I I
I
I
i X(r,z)
i, Line source

z

Figure 2-2 Finite line source system
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2.4.6 Governing equations and boundary conditions for vertical displacement of pile

Considering the variation of u, in equation (2.8) for domain Hi_1 <z < H; where H; < Ly, the

differential equation for u, for any layer i can be obtained as

dul
p ) _
(E,A, +2t) kU =F (2.10)
where
t =z (A +2G, ){ | ¢2rdr} (2.10a)

k, =27Gg {T(%JZ rdr} (2.10b)

I:i = _Zﬁ(ﬂ’si - 2Gsi )asi {%{I¢rATser} (210C)

In equation (2.10), the terms k; and t; represent the compressive and shear resistance of soil. The term
in the right-hand side of equation (2.10) F; represents a distributed force along the shaft developed
because of the change in the temperature of the soil initiated by the change in the temperature of the
pile.

The associated boundary conditions at the top of the pile (z = Hi = 0) (obtained from the

variational form at z = 0) are

o _
Up'| = constant or, (2.11a)
du®
P _
(E A, +2t,) o =—Q, +E,A@AT, +F, (2.11b)

At the intermediate layer (z = Hi = Hi + 1), the boundary conditions (obtained from the variational form)

are

udl =ul (2.11c)

7z=H.

z=H;
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du(l) du(i+1)
p _ p
(EpAp + Zti) dz -F - (EpAp + 2ti+1) dz o Fz(i+1) (2.11d)
z=H; z=H;
Boundary conditions at the tip of the pile (z = H,-1=L;) are
(-l _ M _
u, o u, o constant (2.11e)
u(n_l) du(n)
— L —Fyoy ={(An +2G, ) A, + 2t | =2 —F, +E, A AT (2.11f)
(EpAp + 2tn—l) dZ z(n-1) { sn sn n dZ zn p p p
where
F, =—27(4 —2G, )a, L | qﬁrATsdr] (2.11g)
F,, =—27(A, —2G, ) e, ( [graTdr+| rATSdr} (2.11h)
o 0

The differential equation for the axial displacement of the soil column below the pile is obtained
by considering the first variation of u,™ from equation (2.8) as
d2u™

{(A+2G,)A + 2t} dz;’ —kul” =F, (2.12)

with boundary condition u,™|, - = 0. F, in equation (2.12) is given by

F =-27(A, - 2G,,)a, {%[];ﬁrﬂsdr +| rATSer} (2.12a)
rp 0

2.4.7 Governing equations and boundary conditions for soil displacement shape

functions

Considering the variation of ¢ in equation (2.8) for r, < r < oo, the differential equation the for

soil displacement function is obtained as
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a9 1dp_,_ R 2.13)

where
y = mg, (2.14a)
msl
n H )
m,, = {Gsi {u(p')}2 dz} (2.14b)
i=1 Hia
n % [ dul) ?
My, =Y | (A4 +2Gy) . dz (2.14c)
i= Hiy
n H; du(i)
Fo=-> 1(4 —2G;) ey AT, dz (2.14d)
i= Hi dz
2.5 Solution

The equations, (2.10) and (2.12) along with the boundary conditions given by equations
(2.11a)-(2.11f) for pile displacement and equation (2.13) for soil displacement shape function are
solved using the finite difference (FD) method. The horizontal and vertical extent of soil is considered
as 60D, from the face of the pile and 2.5L, from the bottom of the pile, respectively to minimize the
effect of boundary on the analysis. These distances have been calculated by performing convergence
study for different piles in different loading conditions. The soil domain in radial direction is divided
into n, number of nodes where the distances between the nodes are varied as distance from the face of
the pile is increased to reduce the analysis time. Same procedure is done below the pile in z direction
where the soil domain is divided into n, number of nodes. This operation is done due to the fact that the
response against the loading reduces as distance from the pile is increased. The total length of pile is
divided into segments having equal length Az. The discretized domain of pile-soil system is shown in
Figure 2-3. The values of displacement along the pile length (up), and soil displacement shape function
(¢) at each node are calculated by simultaneously solving equations (2.10)-(2.12), (2.11a)—(2.11f) and
(2.13).
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Figure 2-3 Discretization of soil domain for finite difference analysis

2.5.1 Finite difference (FD) discretization for vertical displacement of pile uy(z)

Central FD method is used to discretize the governing differential equations (equations (2.10)
and (2.12)) and boundary conditions (equations (2.11a)-(2.11f)) of the vertical displacement function.
The discretized form of equation (2.10) for vertical displacement at any node along the pile length
denoted as j can be written as

) _ oy () 4 (i) |
P —kul)=F, (2.15)
(42)

J
where, uy0* 9, u,8), and uyt - are the values of u, at nodes j, (j + 1), and (j — 1), respectively; t;, k;, and

(
(E,A, +2t;) .

F; are the values of t, k, and F, respectively at the j-th node calculated using equations (2.10a)-(2.10c).
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Applying the boundary conditions given by (2.11a) and (2.11f), equation (2.15) for node 1 and node
nzLp can be rewritten respectively as,

42—y I 1
Z(EpAp + Ztl) W - kluE)) =F" +E(_Qp +E A, AT, + Fz(l)) (2.16a)
(relp-1) _ (i)
Z(EpAp +2tn) p i _l:P i _knugnsz) _ Fn(nsz) _ 2(EpAP +2tn)EpAp6¥pATp
(Az) Az{(E A, +2t,)- A, (4, +2G,,)}

(2.16h)

The differential equation for the domain L, < z < oo that describes the displacement of the soil
column below the pile (equation (2.12)) can also be rewritten using central difference method for any

node | as
oy ou® 2u!Y
Ay +2G,) A, +2t p - p * \
{( ! ) A, I}{(ZM—L)(ZM—ZM) (za-2)(z-24) (2a-2.)(z-24)
_klug) = Fn(')
2.17)

where A, Gg, ti, ki, and F gy are the values of s, Gs, t, k, and F , at I-th node in the soil layer(s) below
the pile.

Equations (2.15)-(2.17) can be expressed in the form [K®]mz1)x rz-1y{U}ez-1) = {f9%}z_1) Which

is given by
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(2.18)

where [K®] (nz-1)« mz-1y IS a tri-diagonal matrix comprises of the terms Ep, Ap, Asi, Gy, ki, and tj; {u} is the
unknown vector of vertical displacement; and {f} is the vector comprises of Q,, Ep, Ay, ap, AT, and
the integrals associated with ATs. The non-zero elements of matrix [K“] ;-1 nz-1) are given by, (j varies

from 2 to (nzLp-1), | varies from (nzLp+1) to (n—2))

K = -———L—L—k, 219
) (AZ)Z J ( )
E A +2t
K =K = (p(;—z)zj) (2.19b)
2(E A +2
KLY = — (E, » * tl)—kl (2.19¢)
| (Az)
2(E A +2t
K - (E, p;f ) (2.19d)
| (42)
2(E A, +2t,
KrESBp,nsz = _(#)z)_kn (2198)
2(E A +2t,
Krggzp,nsz—l = % (219f)

2{(A4 +2G) A, + 2t}

KO — _ —k (2.199)
. (Z|+1_Z|)(Z| _Zl—l) !
K\, = 2{(%+26,) A, + 20} (2.19h)
' (Z|+1_Z|—1)(Z| _Z|—1)
KU, = 2{(24+2G,) A, +2t,} 2190
(ZI+1 )(ZI+1 ZI—1)
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2{(is(nz_1) +2G,, ) A+ 2t(nz_1)}

KW o =— —k, (2.19j)
o (an _an—l)(znz—l_znz—Z) "
o 2{(An 1+ 280, ) A+ 2 ) 2190
n,-1,n,-2 .
(an - an—2 )(an—l - an—l)
The elements of vector {F“}.-1) are given by,
fiy=F (2.20a)
£ = F® 4 é(—Qp +E,Aja, AT, + F}j)) (2.20b)
ot = P = 2(E,A, + 20 )E Ay T, (2.20c)
nzLp, n '
Az{(E A, +2t,)- A, (4, +2G, )|
O =pF (2.20d)
fn(zu; _ |:n'(nz) (2.20e)

2.5.2 Finite difference (FD) discretization for soil displacement shape function ¢

Equation (2.13) which describes the shape function for soil is also solved using finite difference
method. Applying the central difference technique for any intermediate node m, the discretized form of
equations (2.13) can be written as

M T 1 (m+1) 2 (m)
¢ +{— - 7}4/5 +
{rm(rm+l_rm)(rm+l_rm—l)} (rm+1_rm)(rm_rm—1)

{ B }qﬁ(m-l) _R”
rm (rm+l - rm )(rm+l - rm—l) msl

Equation (2.21) can be expressed in the form [K@{g} = {F¥} where [KP]mr-2)x (r-2) is a tri-diagonal

(2.21)

matrix; {4} is the unknown vector of soil displacement shape function; and {F“} is the vector
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comprises of terms associated with ATs. The non-zero elements of [K®]r-2)« (r-2) are given by (m varies

from 3 to (n—3))

K =y
A P G
K@ = e _r”}:;( rrl )
Kl(,?):_(rs r2)2(l’2 rl)—y

» - 2 _
Knr’anZ (rnr _rnrfl)<rn l_r"r*2> ’
KO, =

£0) i
m,1
msl
f (¢) Fr(l) r2 ki rl

- mg, _rz(rs_rZ)(r3_rl)
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2.6 Solution algorithm

The input data required to perform the analysis are pile radius ry, pile length L,, elastic modulus
Ep, coefficient of thermal expansion ap, thermal conductivity x, of the pile material; details of soil
stratification n, Hi, Ho, ... Ha-, soil elastic constants Asi and Gs;, coefficient of thermal expansion of
soil asi, thermal conductivity of soil xs; applied mechanical load Q, and temperature change ATp. It can
be observed from equations (2.10), (2.10a)-(2.10c), (2.11a)-(2.11f), (2.12), (2.12a), (2.13), and (2.14a)-
(2.14d) that the equations for pile displacement (up) and the soil displacement shape function (¢) are
interdependent on each other. Thus, the equations (2.10)-(2.12) and (2.13) are solved simultaneously
following an iterative algorithm.

The pile and the soil are discretized as shown in Figure 2-3. The discretization along the vertical
and the radial direction are made by performing convergence study considering different node-to-node
distances. The distance between nodes near the pile-soil interface is considered to be small. As the
distance from the pile-soil interface increases in both the directions, the node-to-node distance increases
and these distances are higher at the farthest horizontal and vertical boundaries. The change in soil
temperature AT is calculated at each node in the soil domain using equation (2.9). The heat flow per
unit length of pile q is calculated by multiplying the thermal conductivity of pile material x, with the
thermal gradient caused by the temperature change in pile AT, (i = &p x (ATy/rp) x (271p)).At the
beginning of the algorithm, the vector {#}nr1 is assumed where ¢ decreases linearly from Latr =r, to
0 at r = oo. Next, With the values of assumed ¢, its numerical derivative, and the calculated ATs at each
node in the soil, the parameters k;, tj and F; are calculated using equations (2.10a), (2.10b), and (2.10c),
respectively with which the displacement vector {u}w.-1) is calculated from equation (2.18). The
calculated value of {u}.-1) is used to calculate y using equations (2.14a). Subsequently, the newly
calculated » and {u}n.-1) are used to iteratively recalculate ¢. With the newly calculated values of ¢,

the parameters k;, ti and Fi; {u}nz-1); and y are sequentially recalculated. A convergence criterion on y

is set as [, (Peviow) —y(”ew)‘ / yPeviens) <0 001 where #Pevieus) and 4" are the values of y at the

previous and current iterations, respectively. Iterations on yare continued until convergence is reached
at which point the calculated {u}n.-1) and {@}nr«1 are reported as the final values of pile displacement

and soil displacement function, respectively.
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2.7 Modification in soil modulus

The response of the pile embedded in multilayered soil as shown in Figure 2-4 is analyzed
under thermal load and the vertical displacement profiles obtained from the present analysis and the
FEA are shown in Figure 2-5. It is observed from Figure 2-5 that, the present method underestimates

the displacement. The difference between the head displacements obtained from the present method

and the FEA is 20%.

3000 kN 1
A
5m E, = 15MPa, b, = 0,40,
= 10%/°C, k. = 0.4 W/m/°C
A |
Y
8 m
E,, =25 MPa, 0,3 = 0.20
= 10° °C. 10y = 1.7 W/m/°C
X
A
E =50 MPa, 3 = 0.15
@ = 10/°C, k.5 = 2.4 W/m/°C
E,=25GPa
N L,=30m D,=12m
y

Figure 2-4 Pile with soil layering and properties
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Figure 2-5 Vertical displacement profiles of the pile obtained from the present analysis and FEA
under thermal load (AT, = +30° C)

The soil displacement given by equation (2.13) provides a stiffer response for the pile due to
the fact that the displacement in the r direction is restrained in the formulation which is not entirely true
when compared to the practical behavior. Similar observations have been made by other researchers
and recommendations have been provided to improve the accuracy of this method (Guo & Lee, 2001).
In this analysis, a modification in soil modulus is made by changing Asi = 0 and Gsi = 0.75Gsi(1+1.25 vsi?)
suggested by Seo et al., (2009). v is the Poisson’s ratio of soil in i—th layer. The same pile described
in Figure 2-4 is analyzed with the modified soil modulus and the result from the present analysis
improves as evident from Figure 2-6 with the difference in head displacement obtained from the present
analysis and the FEA is 4%. In Figure 2-6 the vertical displacement profile of the pile without the
modified soil modulus is also shown. Therefore, the modified shear modulus of soil is used further in

the present analysis.
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Figure 2-6 Vertical displacement profiles of the pile obtained from the present analysis (with

modified soil modulus) and FEA under thermal load (AT, = +30° C)

2.8 Results

2.8.1 Validation with experimental study

The accuracy of the present analysis is verified with the experimental results available in the
literature by Goode & McCartney, (2015) and Laloui et al., (2006). The details of pile dimensions,
loading conditions, and material properties used in the analysis are calculated with the data provided

by the authors.

2.8.1.1 Goode and McCartney (2015)

The first validation for the present method is done by comparing the displacement profiles of
an energy pile obtained from the present analysis with the experimental results provided by Goode &
McCartney, (2015). The details of pile dimensions, properties of the pile material, and soil are given

in Table 2-1.
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Table 2-1- Pile dimension and material properties of soil and pile material (Goode & McCartney,
2015)

Young’s Poisson’s Coefficient of Therrr_la_l Thermal
modulus, . thermal conductivity, ... .
ratio, - diffusivity,
Ep or Es or expansion, Kp OF Ks a, (M?/s)
(MPa) PO ores(/°C)  (W/m/°C) )
Dp=150m
Pile 33000 0.2 1.6 x 10° 2.100 -
L,=820m
Layer -1 78 0.3 1.7 x 10° 0.265 7.5 x 107 Hi — o

The vertical displacement profile obtained from the present analysis for a temperature increase
of 18°C is plotted in Figure 2-7 against those obtained by Goode & McCartney, (2015) in their
experiment and the response from the present analysis shows a good match with the test. The vertical
displacement profile of the same pile obtained from the numerical analysis by Saggu & Chakraborty,
(2015) is also plotted in Figure 2-7. The difference between the head displacements obtained from the

present analysis and the test is 4.6%.

0 T T
2k —_
E
E 4 -
k=]
I R .
=
2
2 of =
W)
3 Present analysis -
| ¢ ¢ ¢Goode and McCartney (2015)
= = == Sagou and Chakraborty (2015)
'] ' '] l '] l ']
10
-2 -1 0 1 2

Vertical displacement of pile (mm)

Figure 2-7 Vertical displacement profiles of the pile obtained from the present analysis, numerical

analysis, and field test under thermal load (AT, = +18° C)
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2.8.1.2 Laloui et. al. (2006)

The second validation for the present method is done by comparing the strain and stress profiles
of an energy pile obtained from the present analysis with the experimental results provided by Laloui
et al., (2006). The details of pile dimensions, properties of the pile material, and soil are given Table
2-2.

The vertical strain and stress profiles along the length of the pile obtained from the present
analysis for different loading conditions are plotted against those obtained by Laloui et al., (2006) in
Figure 2-8 and Figure 2-9 and it is observed that results from the current method exhibit good agreement
with the field results in terms of axial stress and strain distribution over the pile length. In Figure 2-8(a)
the vertical strain profile along the pile length under thermal loads AT, = +21°C and +3°C are plotted
against those obtained from the field test by Laloui et al., (2006). Vertical strain profile of the pile
obtained from the present analysis and the field test under combined loading (Qp = 1000 kN and AT, =
+13.4° C) are shown in Figure 2-8(b). Both the figures show good agreement between the results
obtained from the present analysis and field data. For AT, = +21°C, there is a difference in the strain

values at certain parts of the pile.

Table 2-2- Material properties of soil and pile material derived from Laloui et al., (2006)

. Young’s  Poisson’s Coefficient Thermal Specific
Density . of thermal L
(kg/m?) modulus, ratio, expansion conductivity, heat,
g E, (MPa) vs N ke (W/m/PC) G (3/°C)
a (1 °C)
. D,=1.00 m
Pile 2500 29200 0.200 10° 2.1 800.00
L, =25.80m
Layer-1 2000 259 0.146 10° 1.8 1200.00 H:=5.50 m
Layer-2 1950 259 0.146 10° 18 1230.77 H»=12.00m
Layer-3 2000 451 0.200 10+ 1.8 1200.00 Hz=21.80m
Layer-4 2200 634 0.200 10+ 1.8 1090.90 Hs —> o
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Figure 2-8 Axial strain profiles along the pile for a) thermal loading, and b) combined

(mechanical and thermal) loading obtained from the present analysis and field data
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The vertical stress profiles under mechanical load (Q = 1300 kN), thermal load (AT, = +15°C),
and combined load (mechanical + thermal load) are shown in Figure 2-9. The stress profiles match well
with those obtained from the field test except for the stress values at the pile tip under thermal and
combined loading. The difference in maximum stress values obtained from the present analysis and
field test under combined loading is less than 8%. The present analysis can produce fairly accurate

results as evident from the displacement, strain, and stress profiles shown in Figure 2-7 to Figure 2-9.
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Figure 2-9 Axial stress profile along the pile for mechanical (Q = 1300 kN), thermal (AT = +15°C),

and combined loading obtained from present analysis and field data

2.8.2 Verification with numerical analysis

The accuracy of the present analysis is verified with the results from FEA conducted in Abaqus.
A comparison of the results obtained for a single pile in elastic soil medium under mechanical, thermal,
and combined (mechanical + thermal) load in terms of displacement, and stress distribution along the
length of the pile from present analysis and axisymmetric FEA in Abaqus is shown in Figure 2-11 and
Figure 2-12. The input for the analysis is given in Figure 2-4.

It is observed from Figure 2-11 and Figure 2-12 that the displacement, and stress profiles along

the length of the pile obtained using the present method produce very good match with the results from
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FEA. FEA is carried out in Abaqus using axisymmetric linear coupled temperature-displacement
(CAXAT) elements. The soil domain in the horizontal and vertical direction is taken up to the extent of
60D, from the pile-soil interface and 2.5L, from the pile base respectively to diminish the boundary
effect. The horizontal and vertical boundary are assigned the fixed boundary condition. The finite
element model is shown in Figure 2-10. The pile and the soil are constructed as different parts. The
interface of the pile and the soil are tied (using the constraint tie in the interaction module) to ensure no
slippage or separation to keep parity with the assumption of the present framework. Edge seeding along
the horizontal and vertical directions is done from the pile-soil interface for meshing. The thermal
interaction at the pile-soil interface is defined by the thermal conductivity of the soil. A temperature
boundary condition is applied to the pile with a AT, of +30°C, and -10°C, respectively for two different

cases.

Figure 2-10 Finite element model of the energy pile

Figure 2-11(a)-(b) show the response of the pile under mechanical load and a temperature
increase of 30°C whereas Figure 2-12(a)-(b) show the response of the same pile under the same
mechanical load but a temperature reduction of 10°C. Displacement in the horizontal direction and
vertical directions are restrained at the far end vertical, and bottom boundaries, respectively. Heat flow
is considered zero at all the boundaries. The vertical and horizontal boundaries of soil far from the pile
are taken at 60D, from the face of the pile and 2.5L, from the toe of the pile in the present analysis
where the value of shape function (¢), and vertical displacement function (up) are zero.
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Figure 2-11 Comparison of results for pile between present analysis and FEA under mechanical,

thermal (AT, = +30°C), and combined loadings in terms of a) Displacement, and b) stress along

the length of the pile
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From Figure 2-11(a), the head displacements obtained from the present analysis and the FEA
for mechanical, thermal, and combined loadings are 6.67 mm, —5.62 mm, and 1.05 mm; and 6.32 mm,
—-5.39 mm, and 0.92 mm, respectively with corresponding differences between the head displacement
are 5%, 4%, and 12%, respectively. The maximum vertical (axial) stress at the head of the pile under
mechanical and combined loading (Figure 2-11(b)) are obtained from the present analysis are 2.60
MPa, 2.621 MPa; and 2.649 MPa, 2.651 MPa, respectively. The differences in the stress values between
both analyses are 2%, and 1%, respectively. The present analysis underestimates the axial stress at the
bottom and at the mid-span of the pile under axial, and combined loadings, respectively. Also, the
temperature change considered in the verification is higher compared to the normal temperature

increase in an energy pile.
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Figure 2-12 Comparison of results for pile between present analysis and FEA under mechanical,

thermal (AT, = -10° C), and combined loadings in terms of a) Displacement, and b) stress along
the length of the pile

From Figure 2-12(a), the head displacements obtained from the present analysis and the FEA
for thermal, and combined loadings are 1.98 mm and 8.55 mm; and 2.10 mm and 8.22 mm, respectively
with corresponding differences between the head displacements are 6% and 4%, respectively. The
maximum vertical (axial) stress at the head of the pile under combined loading (Figure 2-12(b)) are
obtained from the present analysis are 2.58 MPa and 2.649 MPa, respectively. The difference in the
stress values between both analyses is 3%. The time required to run the present analysis is nearly eight
times less than that required for the FEA of the same energy pile in a computer with Intel(R) Core(TM)
i7-9700 CPU and 32 GB RAM. Apart from that, results can be easily obtained from the present analysis
by just inputting the pile dimensions, soil layering, soil properties, and applied loads in the algorithm

in comparison to FEA where the proper model preparation and mesh generation are time-consuming.
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2.9 Summary

A semi-analytical framework for an energy pile embedded in layered elastic soil and subjected
to an axial mechanical and thermal load is presented. This model considers the pile and the soil as a
continuum and allows no slippage or separation between the pile and the soil. The vertical displacement
of the pile is considered in the analysis and the soil displacement field is defined as products of
separable functions. The soil displacement field is defined by ensuring the continuity of displacements
and compatibility of strains between the cylindrical pile and the surrounding soil. The change in soil
temperature caused by the temperature change in the pile is calculated by assuming the pile as a finite
length line heat source.

The principle of minimum potential energy and calculus of variations are used to derive the
differential equations that describe the pile and soil displacements. The strains developed in the pile-
soil continuum are due to the application of axial mechanical load and temperature change. Stresses in
the pile-soil continuum caused by the temperature change are calculated from the restrained thermal
strain. Differential equations describing the vertical pile and soil column displacement u, and soil
displacement shape function ¢ are obtained and solved using the one-dimensional finite difference
method. The differential equations are coupled and therefore an iterative solution algorithm is used.

The accuracy of the present analysis is verified against pile responses (vertical displacement,
strain, and stress) obtained using FEA and field tests. The present analysis produces quite accurate
results for the pile that is subjected to axial mechanical load and undergoes temperature change. A
modulus adjustment is done in the analysis as suggested in the available literature to take into account
the restrained degree of freedom of soil displacements. The present method can produce an accurate
response of energy piles in multilayered elastic soil under different loads in a fast and efficient manner
(approximately 10 times faster than FEA in the same computer). The constitutive response of soil under
high load can become elastoplastic and the change in the pile-soil interaction caused by the elastoplastic
behavior of soil can affect the response of the pile. Therefore, the effect of the elastoplastic response of

soil on the axial response of an energy pile is observed in the next chapter.
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Chapter 3

Analysis of Energy Pile in Elastoplastic Soil Continuum

3.1 Introduction

In this chapter, a semi-analytical framework for analyzing an energy pile embedded in a
multilayered soil deposit and subjected to both axial and thermal loads is developed by considering the
elastoplastic behavior of soil. The framework is developed by satisfying the laws of thermodynamics.
The governing differential equations and boundary conditions associated with the response of the pile
under said loadings are derived by minimizing the internal energy (including the dissipation) of the
pile-soil continuum using variational principles. The plastic deformation of the soil is taken into account
through the dissipation function. The behavior of pile material is considered to be linear elastic. The
results obtained from the analysis are compared with the results available in the literature (Goode &
McCartney, 2015; Laloui et al., 2006; Saggu & Chakraborty, 2017) and the results obtained from
equivalent FEA conducted by the author. In this chapter, the soil is modeled as an elastic perfectly
plastic material that follows the Drucker-Prager constitutive relationship.

3.2 Motivation

Traditional elastic analysis which is done in Chapter 2 provides the response of an energy pile
under both mechanical and thermal loads quite well. In that analysis, an adjustment in the soil modulus
has been made to obtain the exact response of the energy pile. An axially loaded pile under a large load
can push the soil beyond its elastic limit. Therefore, modeling the soil as an elastic material can
significantly underestimate the settlement of an axially loaded pile, leading to an unoptimized design
of the pile. An elastoplastic analysis, which considers both elastic and plastic behavior, offers a more
accurate and comprehensive understanding of pile performance under realistic loading conditions. The
interaction between a pile and the surrounding soil is non-linear, especially under high loads.

Further, it is evident from vertical stress profiles (shown in Figure 3-1) along the length of the
pile obtained from the present analysis for different loading conditions (mechanical, thermal, and
combined) which are plotted against those obtained by Laloui et al., (2006). In Figure 3-1, stress profiles
obtained from the present analysis with the soil modeled as an elastic as well as an elastoplastic
(modeled by the Drucker-Prager soil constitutive model) material are presented. The results with the

elastic soil model do not include the modulus adjustment. It is observed from Figure 3-1 that, the
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maximum vertical stress developed in the pile under different loading conditions is underestimated in
the elastic analysis when compared with the experimental results. The results from the elastoplastic soil
model provide more accurate values of maximum stress under different loading conditions (vertical
stress is maximum at the head of the pile under mechanical load and around the mid-span of the pile
for thermal and combined loads). Therefore, the elastoplastic modeling of soil in the present framework
is required. The present framework development with the elastoplastic behavior of soil is described in
the following sections. The additional soil parameters that are required to model the soil using the
Drucker-Prager soil constitutive model for the pile response (shown in Figure 3-1) are given in Table
3-1.

Table 3-1- Soil properties given by Laloui et al., (2006)

Cohesion, cs (kPa) Friction angle, ¢ (°)

Layer -1 5 30
Layer -2 3 27
Layer -3 6 23
Layer -4 20 27

46



,_‘
=)
I

Mechanical *,
= +Thermal

Pile length (m)

3]
o

30 .
-4 -3 2 -1 0 1

Vertical stress in pile (MPa)

Present analysis (Elasto-Plastic with Drucker-Prager
soil constitutive model)
G © =OPresent analysis (Elastic without modulus adjustment)
H - B~ 4 Laloui (2006)

Figure 3-1 Axial stress profile along the pile for mechanical (Q = 1300 kN), thermal (AT = 15°C),

and combined loading obtained from present analysis and field data

3.3 Internal energy calculation for a dissipative medium

The first law of thermodynamics that describes the conservation of energy is given by
U=W+Q (3.1)

where U is the rate of change in internal energy, W is the rate of work done on the system and Q is

the heat flux supplied to or extracted from the system. The second law of thermodynamics states that,
.. 0
S>— 3.2
g (3.2)

where S is the rate of change in entropy of the system and @ is the temperature of the system. For an

irreversible process, the entropy can be divided into two parts, S and sV , Where the superscripts r

and i represent reversible and irreversible parts of the process. The reversible part is the entropy supply
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from outside in the form of heat transfer and irreversible part is the entropy production inside the system

(Ziegler, 1983). Therefore, the total rate of change of entropy S can be written as,
§=5" +s0 (3.2a)
For any process to be reversible the equality in equation (3.2) should be satisfied and sW=0.

Therefore, for a reversible process, oS =Q. If Q is replaced by 6S") in equation (3.2), then

SO > 0for any irreversible process. Substituting Q into equation (3.1) and using the relation given by

equation (3.2a), equation (3.1) can be rewritten as,

U =W +6S -6s" (3.3)

An independent state variable ax is assumed which describes the state of a system. U and S are the
dependents state variables or state functions that depend on the independent state variable. The rate of
changes of U and S are also state functions. Therefore, equations (3.3) can be rewritten as,

d_Uak :dﬂak _Hgd_sak —ps®
da, da, da,

:»dﬂakz d—U—Hd—S a +®d
da, da, da,

(3.4)

. Lo dw . _ .
where @ is the energy dissipation from the system. —— can be written as A« which is equivalent to a
ak

force like quantity. Dissipation @ can be written as M’)ak where A represents equivalent
dissipative force. Dissipation can be defined as the part of work that is converted to heat and it is
irreversible in nature. In the elastoplastic deformation of a body, the plastic deformation is always

unrecoverable, so plastic deformation participates in the dissipation process. As the heat converted from

work through dissipation goes out from the body, therefore, applying the notation of thermodynamics,

the sign of d is negative as shown in the following equation. Equation (3.4) then becomes

a
A da, da,

du ds |. ny . d) s
[ j k A( k A( k A( k (35)

d
:A_A(Q) A()
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where ﬂ(q) :(d_U_ed_Sj that includes externally applied forces as well as internal forces

da, da,
including the effect of temperature. Expressing W in terms of Ac and a, equation (3.1) can be rewritten
as,
U=A4 +Q
— {A((q) _ Md)}ak +Q
- Ak(q)ak _A<(d)ak +Q
=AY +Q-d

(3.6)

Figure 3-2 A continuum with applied traction and heat flow

In Figure 3-2, a continuum with domain Q is considered. 't and I'q are the boundary on which
the traction t and heat flux g are applied, respectively. The sign conventions for work done and heat
flow are the same as that is used in thermodynamics. Work done on the body by the external force is
considered negative and work done by the internal force (stress) is considered positive. When heat is

flowing into the body, it is considered positive and vice versa.
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A4, = [oy6,dQ- [tidr, (3.73)
Q

Iy

Q= j qdr, (3.7b)

d = [ol&PdO (3.7¢)
Q

where gj is the stress generated in the body because of the applied traction t over the boundary I'; and

heat supply g over the boundary I', &, is the strain increment, ;@ is the generalized stress that takes

i
part in the dissipation which is a part of total stress o, éi(jp) is the rate of change of plastic strain, W is

the rate of change in displacement over the boundary T'; caused by the external traction t, and i, j are
dummy indices. Substituting equations (3.7a)-(3.7c) into equation (3.6), equation (3.6) can be expressed

as,

U {jaug“dgjtwdrt}[j qdl"q]@‘o-ﬁd)g'l(]p)dg} (3.8)

Ty q

&; can be decomposed into two parts, an elastic part (éi(je)) and a plastic part (g'i(jp)) so that

g, =& +&" . Therefore, £\") can be written as £(” =( i — &

s =87 +é & —é(e)).Substituting éi(jp) into equation

(3.8), the following is obtained:

U _{jaﬁg‘udg—jtw(jrt}[j qdrq]{jai(jd)(gﬁ _g-igﬂ)dg} (3.82)

q

As the dissipation part of equation (3.6) is described as the irreversible or unrecoverable part, only the
plastic strain contributes there. Thus, the O'igd)&"i(je) on the right-hand side of equation (3.8a) does not
comply with the definition of dissipation and therefore that term should be zero. Then equation (3.8a)

can be written as
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U {j(qj —a}")&,d0- jtv'vdrt}r [adr, (3.80)

Q r, r,

The stress tensor o at can be expressed as o;; = C; &, . Following the same notation if ¢ is written

as 0'( )= C,(Jk,)gk, where & is the strain at time ti and Cij® is an equivalent stiffness tensor that relates

strain with the generalized stress, then equation (3.8b) becomes

U{j(cuk,—cgk,)gk,g dQ- jtwdl“} [ adr, (3.8¢)

Q r, r,

If it is considered that the load is applied for a total time t and it is divided into n numbers of increment
such that the time steps become to(= 0), ty, to, ...., i, tis1, ....., ta (= 1), then integrating equation (3.8c)

over a time interval ti-ti+1 gives,

:+1Udt :J‘:M {J(Cukl Clﬁlfl )gklg dQ- IthF }+{j qdrq} dt

' Q I, r,

:uz{j(cijk,—cgkl)gklg dQ- jtwdl"} j“{r{qdrq}dt

Q

(3.9)

To obtain the governing equations and boundary conditions, the variational operator ¢ on
equation (3.9) is applied to minimize the internal energy and making it equal to zero which provides

the following form:
sU = { [ (cijk, —cigi,))gk,(sgmndg— | t5wdrt}+ j: | sqar, |dt=0 (3.10)
Q I, 1 r

In equation (3.10) the multiplier of strain, (Cij — Cix®) is equivalent to the elastoplastic tangent
stiffness tensor (Cij®). When there is no plastic deformation the tangential stiffness tensor is the elastic
stiffness tensor and in that case, Cij®™ = 0. Also, in the analysis of pile, the heat flux q is given as input

and as a result, the last term in equation (3.10) disappears.
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3.4 Analysis of energy pile

The free-body diagrams of an energy pile and the soil are shown in Figure 3-3. The length and
diameter of the pile are L, and D, (radius rp), respectively and the pile is subjected to an axial load Qp
and thermal load (temperature change) +AT, as shown in Figure 3-3. The distributed reaction force
along the length and at the tip of the pile are denoted as t,(z) and Q, respectively. The heat flux from
pile to soil is g. In this discussion, the heat ejection from the energy pile is considered. Therefore, the
direction of heat flow is from the pile to the soil. In the case of heat extraction, the direction of heat

flow will be from the soil to the pile and the representation of the same will be opposite to that shown

in Figure 3-3.
Temperature change ()
z
0, +AT, 0, » 1,(2)
! / \ ! . - \
1 e | —_— —_
l Soil ; - g
| ! I .
Pile | Pile I * - q — ‘ Soil
. — * — -
Lp, Dp I = Lp’ Dp !
, = .
, I —_— —_
P — —
| ! — —
| ' T — — le 1
1 —_ —

i o]

Figure 3-3- Free body diagram for pile and soil showing the forces acting on pile and soil and
heat flow from the pile to the soil

The pile behavior is assumed to be elastic. For the axial response of pile only the stress and
strain in the vertical direction (z-axis) is considered for the pile. The coordinate system used to calculate
the internal energy of the pile and the soil is the same as shown in Figure 2-1. The equation for the

variational form of internal energy increment in an energy pile can be written as,
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Y 1(d du'® d L
E,A, [ 1| =2 -, AT, |- == ATO [Ls| =2 Jdz+ [ (t, ~t,, ) ou,d2
o |\ dz dz dz 0 (3.112)
_(QP_on)éup‘zzo+(Qb_Qb0) pZ_Lpﬂ:O

Also, the equation for the variational form of internal energy increment of an elastoplastic soil

continuum in which the energy pile is embedded can be written as,

ep ep ep dup dup d¢ d¢0
j{—(c3l+c3) (AT ~AT )+ C"'{dz - ¢Oj+c (u d——up " j}

Q

du e e e dU du . d d
5(d_;¢]+{_(c5f+C5§)QS(ATS_ATS(O))+05§£d_;¢— p %} ng(u d_f_u(p())difj}

d
5( p d¢ﬂdg j (ty —tuo)u,02+(Q, =Qu0 )0, =

(3.11b)

where up and u,?, ¢ and go, ATs and AT®, Q, and Qpo, tp and tpo, Qv and Qo are the vertical
displacement, soil displacement shape function, temperature change in soil, applied load, shaft
resistance, and base resistance at the beginning (t = tj) and at the end (t = ti:1) of a time increment,
respectively. For the first increment u,©, go, AT{? and Qo is zero. Cy® denotes the element in the k-th
row and I-th column of the elastoplastic tangent stiffness tensor of soil. k and | are dummy indices that
vary from 1 to 6. Variational calculus is applied to equation (3.11b) and then performing integration by
parts equation the shaft resistance (t, and ty), and base resistance (Q» and Qo) can be represented in
terms of Cu*®, vertical displacement (u, and u,®), and soil displacement shape function (¢ and ¢o).

Substituting the shaft resistance (t, and tp), and base resistance (Qp and Qpo) into equation (3.11a) the

form F 5u dz+ F 5 dr =0 of equation (3.11a) is obtained from which the governin
q g g

equations and boundary conditions for up and ¢ are obtained.

3.4.1 Governing equations and boundary conditions for vertical displacement of pile

Considering the first variation of u, for domain Hi_1 < z < H; where H; < L,, the differential

equation for u, for any layer i can be obtained as
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du.. ) du .
(E A +tl|) - +[%+t2i_t3i)d_zpl_(t4i

d 2

p-p
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t4i =27[{IC5§()(d—¢

(E,A +t1<i°>)dzu(?) (dtl

dz* dz

(3.13a)

—r rdr (3.13b)

(3.13¢)

rj rdr} (3.13d)

= 27ar, i{ [(ca?+cat g gradr

o

dt,,
——=lly. =
dzj .

©)
t(p)Jd“pi _[t@
3i dZ 4i
1 = 27{@

tg?) =2r

t =27

dt,,

[ C§§“>¢o¢rer

P

jc;g ¢ d¢° rdr
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Jeztg,Lrar

p

dr dr

t0 = zﬂ{jcgg’ )4 49 o

—38

a

=
£

—38

=

P

g (- r)

|

(czt et +cgt)SLraT drH

(3.12)

(3.13¢)

(3.13f)

(3.130)

(3.13h)

(3.13i)

2 ep(i e d
(Csf ng()-f-ng )d¢0 rAT d }}

(3.13)

The boundary conditions at the top of the pile (z = H; = 0) are obtained by considering the first variation

of upatz=0as,

u’| = constant or,
z=0
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(EpAp+tll)%+t21upl=(EpAp+tl(f))d:Z Ul +(Fo—FY)

21 pl

(3.14b)
+EAa (AT ATO) (Q,—Qy)

P PP

Similarly, at the intermediate layer (z = Hi = Hi_1), the boundary conditions are

(i-1) —y®
u, u

z=H; p z=H;

(3.14c¢)

Considering the first variation of u, at z = L, boundary conditions at the tip of the pile (z=Hn-1=Ly)

are obtained as,

u (nfl)

—y™
b =u

z=0 P

= constant (3.14e)

z=0

{EpAp + (tl(n—l) 1n ) A C;sr') } ;(Z”_l) + (tz(n—l) _t2n )U p(n-1)
{E A+t —th) ) - ACE )}—dU("?”” +(t )~ )uly (3.14f)
1(n-1) n p 33 dz 2(n-1) 2n p(n-1) '
Py = Fly )= (Fa = FAY )+ E, A, (AT, - AT
where
=270, {T( )2y cal )¢rATSdr} (3.15a)
2na {T(cg{’“) +C20 4 a0 )¢OrATs(°)dr} (3.15b)
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27, ﬁ( " ca 4 o )¢rATdr+j( V4 CaM )rATsdr] (3.15¢)

r

-

0

5?>=2ﬂam{j(c§@>+cg@>+cg@§¢;A19mr++j(cg@>+cg@>+cg@§rAnPwr] (3.15d)
0

T

The differential equation for the axial displacement of the soil column below the pile is obtained
by considering the first variation of u,™ as,

2u ep d
(t, + ACE" ) (dtl" ty — b, + A, 0Cq, J on —[t4n dty, jupn -

dz . dz dz dz dz
o a2 (gt© dcep dt©
(tl(r?) " ApC3§( ))dTg " d_lzn +tga) _t(O) OLg _ (0) d_zzn ug;) 4 ( F - |:0n)

(3.16)

with boundary conditions up™},- . =0

3.4.2 Governing equations and boundary conditions for soil displacement shape

functions

Considering the first variation of ¢ for r, < r <o, the differential equation for soil displacement

function is obtained as

d’g oAt \dg ff, dt) ~
t2rr drz +{t2r +r[t1r t4r + dr j} dr {[tSr dr jr tlr}¢_

d?¢ dt’® )| dg dt
eS| - 82 )l )

where

(3.17)

ey du, du®
—Z”ZIU Ctu, dZJ (3.18a) % ZHZ[ j T 3 dz] (3.18b)

i=1 Hiy
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(3.18j)

where Cm®® is the component of stiffness tensor of i-th soil layer and uyi is the vertical displacement
of the pile and soil column below the pile in i-th soil layer. The boundary conditions for the soil

displacement shape function are g=0atr=ryand g=0atr = oo

3.5 Solution

Equation (3.12), alongwith boundary conditions (3.14a)-(3.14f) for pile displacement, equation
(3.16) for soil column displacement, and equation (3.17) for soil displacement shape function are solved
using the finite difference method. The horizontal and vertical extent of soil is considered as 60D, from
the face of the pile and 2.5L, from the bottom of the pile to minimize the effect of boundary effect on
the analysis as stated in Chapter 2. The discretization of the pile-soil domain is done as described in

section 2.5 (refer Figure 2-3).
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3.5.1 Finite difference (FD) discretization of governing equations and boundary

conditions

Central FD method is used to discretize the governing equations for up (equation (3.12)). The
boundary conditions at z = 0 and z = L, for vertical displacement u, (equation (3.14b) and equation
(3.14f), respectively) are discretized using the forward FD method. The discretized form of equation
(3.12) for vertical displacement at any node along the pile length denoted as j is given by

klz(j) n kZz(j) u. . — 2k12(]) Tk U + klz(j) _ k22(j) u _
2 ZA j+l 2 3Z(j) j 2 2A j-1
(Az) Z (Az) (Az) Z
(0) (0) (0 (0) (0)
K, Kot [ o)) P 00 [y, ) Kt Kt | 0 +{,: _E }
(AZ)Z ZAZ j+l (AZ)Z 3Z(J) ] (AZ)Z ZAZ j-1 l(J) 0(])

The discretized form of equation (3.14b) for node 1 at the ground level at the pile face, and equation

(3.19)

(3.14f) for node nzLp at the tip of the pile are respectively given by

k k(© k(©
klz(l) u, _{ 12(1) _t2(l)}ul _ 1 u(o) ) _t(o)) ul(o) +{on _ FZ((;))}

Az Az Az ° Az (3.19b)
(0) (0)
+EpApap(ATp—ATp )—(Qp—Qp )
(0) (0)
_ klz(nsz) u n klz(nsz) —k u __ klz(nsz) u(O) T k1z(nsz) _ k(O) u(O)
A7 nzLp-1 A7 2z(nzLp) nzLp A7 nzLp-1 A7 2z(nzLp) nzLp (319(;)

+( Fioan )~ Flono ) - ( Fouy — FO ) +E,Aa, (ATp —ATg"))

Equation (3.14) that is discretized using the central FD method can be written as (where | denotes any

node in the soil column below the pile)
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{ 2klzb(|) + kZZb(I) }u _{ 2klzb(|) s k }u
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Equation (3.17) which describes the soil displacement shape function is also solved using
central difference method. At any intermediate node m, the discretized form of equations (3.17) can be

written as
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3.6 Drucker-Prager yield criteria

The yield criteria that is used here is the smooth Drucker-Prager yield criterion where the apex
is rounded to avoid the singularity following the geometric manipulation done by Abbo & Sloan,
(1995). An associated flow rule is used here along with the yield criteria to define the direction of the
plastic strain change. The yield criteria is given by (Yu, 2006)

F =3, +b’a? —(al +kyp) (3.23)

where J; is the second invariant of the deviatoric stress tensor (equation A.5), I; is the first invariant of
the stress tensor (tr(c) where o is the stress tensor). b is the distance between the original apex and the
rounded apex as described by Abbo & Sloan, (1995) and calculated as per their recommendation which

has produced results having very close parity with the original yield criteria.
b = 0.05c, cot ¢, (3.23a)

a and kpp are material constants and are given by

g 259, (3.23b)

J§(3—sin¢s)

_ bc, cosg,

or = \/5(3—sin¢s)

(3.23¢)

where cs and ¢s are the cohesion and angle of internal friction of soil respectively. The associated flow

rule will be
* * OF

el =1-— 3.24
1] ao_ ( )

where gijp is the plastic strain rate tensor and A is the plastic multiplier.

3.6.1 Formulation of tangential stiffness tensor

The tangential stiffness tensor for soil is used in the analysis to reflect the elastoplastic behavior
of soil. This stiffness tensor changes depending on the stress state in the soil once yielding occurs. The

formulation for the updated stiffness tensor depending on the stress state is calculated using the concept
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of classical plasticity theory (Potts, 1999). Total strain increment at any pseudo time increment AT can
be decomposed into two parts, i) elastic strain increment (Aee), and ii) plastic strain increment (Agp).
The elastic strain part can be related to the stress increment (Ac), by the elastic stiffness tensor (Ce).
Again, the vyield criteria require the stress state to be on the yield surface during yield. Using the

consistency condition, it can be written as

dF = F Ag (3.25)
06

Expressing stress increment in terms of total strain increment and plastic multiplier and putting that
expression into equation (3.25), the plastic multiplier can be calculated in terms of total strain
increment, elastic stiffness matrix, and yield surface gradient. Putting the value of the plastic multiplier
into the constitutive equation (stress-strain increment relation), the elastoplastic tangential stiffness

tensor is calculated as

|z o)
_c __ 000 (3.26)

C
ep e SF T SF
{ } e{ }
a(f 86

3.7 Solution algorithm

Equations (3.19a)-(3.19d) and (3.21) are solved using an incremental iterative algorithm. The
input parameters required for the analysis are the pile dimensions, pile material property, soil property,
applied load and temperature change of the pile. A pseudo time t is defined in the algorithm which is
zero at the beginning of the analysis and 1 at the end of the analysis. The time t is increased in an
iterative manner through the analysis by a time increment At which is determined by the convergence
criteria. The load and temperature change those are applied to the pile at any time T is calculated as,
Qum =tx Qpand ATy = ATy x t which at the beginning of the analysis will be zero. In the beginning
of the analysis (t = 0), {#}nr1 at the nodes are assumed with its proper boundary condition (¢1 = 1 and
énr = 0) and the geostatic stress in the soil is defined. Then for a time increment At, the vertical
displacement {u}n.1 and shape function {¢}nr.. are calculated using Subroutine-1 which is described
in the next subsection. Using the values of {u}n.«1 and {¢}nr.1 Of current step and previous step the strain

increment in the soil is calculated. This strain increment is used in a stress integration subroutine where
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the stress integration in the soil nodes is done by Modified Euler Scheme with Substepping which also
included negative plastic multiplier and yield surface correction (Abbo, 2005). The calculated stress is
then used to update the elastoplastic stiffness tensor using equation (3.26). The vertical displacement
{u}nzx1, shape function {#}nr«1 and the updated elastoplastic stiffness tensor are used in the calculation
for the next time increment. t is updated as t+At at the end of each time increment. The analysis ends
when t becomes 1. The {U}nip1 and {¢}nr2 Obtained at the end of the analysis are the final pile
displacement and shape function values respectively under the application of axial load Q, and total

temperature change of pile, AT,. The solution algorithm is shown as a flow chart in Figure 3-4

3.7.1 Subroutine-1

The vertical displacement {u}n:.1, shape function {¢}nr.1 and the stiffness tensor of soil, applied
loads at the end of the previous step and applied loads at the end of the current step are required as the
input of this subroutine algorithm. The terms described by the equations (3.13a)-(3.13j), (3.15a)-
(3.15d), and (3.12a)-(3.13h) are calculated using {¢}nr, its derivative, temperature change in soil, and
the stiffness tensor of the soil. These quantities are used to calculate {u}n:x1 using equations (3.19a)-
(3.19d). The calculated value of {u}n.., its derivatives, and stiffness tensor are then used to calculate
the coefficients described by equation (3.18a)-(3.18j) and (3.22a)-(3.22j). These quantities are used to
calculate {¢}nr<1 from equation (3.21) satisfying the boundary conditions ¢1 = 1 and ¢nr = 0. From
calculated {#}n1 again the coefficients required to calculate {u}n. are recalculated as mentioned in

the beginning and again {u}n.a consecutively {¢}n1 are calculated. These iterations go on until the

convergence criteria H{u(i)}—{u(”)}

‘/H{u(i)}H <10 is achieved where {u®} is the displacement

calculated in the i-th iteration of the subroutine. ||°|| denotes the L2 norm of the vector. The {u}n1 and

{#}n<1 Obtained in the final iteration of the subroutine are outputs that are further used in the main

algorithm.
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Input L, ry, Ep, 1, Hy, Oy, AT, Ay, Gy
Calculate initial C of soil from A4,,, G,
Set initial C = C* of soil from A, G;
Calculate geostatic stress and
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L 6, 650, 1, 69, 4y, 19, Fy, Ky, F., F©

Recalculate {u,},.,, and calculate ¢,
0,9, by, 12, 15, 159, 1y, 1,0, F, F1©

Calculate Er_i = {u?}~{u}|/Jiu"}]

Calculate Q)7 and AT,y at £ and i+At

NO

Assume {¢},,., and calculate 1,, 1,7, 5,
f:w)’ tﬁ! !3.[0)9 349 {-I(UJ' F]- F()A F;a F‘:(OJ

YES

Store {”p: nzxl and :¢}nrxl

Calculate {u,},.,, and calculate 1, #,,",
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Point)

Set t = 1At
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Figure 3-4 Flow chart of the solution scheme
3.8 Results

3.8.1 Validation with experimental study

The accuracy of the present analysis with the elastoplastic soil constitutive model is validated

with the results from experimental data as stated in the section 2.8.1.

3.8.1.1 Goode and McCartney (2015)

The vertical displacement profile obtained from the present analysis is plotted in Figure 3-5
alongwith the results obtained by Goode & McCartney, (2015) in their experiment. The input for the
analysis is given in Table 2-1. In the experiment, a temperature change of +18°C is applied to a concrete

pile embedded in Nevada sand. The cohesion and the friction angle of the sand are considered as 0.5
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kPa and 35° (provided by the authors), respectively. The displacement profile obtained from the present
analysis matches well with the experimental result by Goode & McCartney, (2015) without any
modification in the modulus which also proves the need to include an elastoplastic soil response in the
present analysis. The difference between the head displacements obtained from the present analysis and
the test is 8%.

Pile length (m)

Present analysis -
| ¢ ¢ #Goode and McCartney (2015)

10 [ ' 1 l [l l [l . [ ' [

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Vertical displacement of pile (mm)

Figure 3-5 Vertical displacement profiles of the pile obtained from the present analysis, and field

test under thermal load (AT, = +18° C)

3.8.2 Verification with numerical analysis

3.8.2.1 Analysis performed by the author

The accuracy of the present analysis is verified with the results from FEA conducted in Abaqus.
A comparison of the results obtained for a single pile in elastoplastic soil medium under mechanical,
thermal, and combined (mechanical + thermal) load in terms of displacement, strain, and stress
distribution along the length of the pile obtained from present analysis and axisymmetric FEA in

Abaqus is shown in Figure 3-7 and Figure 3-8.
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5m £, =15 MPa, v, = 030,
ag =103/°C, k; = 1.8 Wm/°C
Cq1 = 15 kPa, ¢X1 =28°

E, =25 MPa, v, = 0.40

a3 =107/°C, Kk, = 1.8 W/m/°C
¢, =40 kPa, ¢,=30°
E,=30GPa
L,=15m,D,=1m

10 m

Figure 3-6 Pile with soil layering and properties

It is observed from Figure 3-7 and Figure 3-8 that the displacement, and stress profiles along
the length of the pile obtained using the present method produce very good similarity with the results
from the FEA. The details of the FE model are provided in the section 2.8.2. The only change that is
made in the FE model by defining the soil material properties with the Drucker-Prager yield criteria
instead of elastic properties only. A temperature boundary condition is applied to the pile with a AT, of
+25°C, and -15°C, respectively for two different cases. Figure 3-7(a)-(b) show the response of the pile
under mechanical load and a temperature increase of 25°C whereas Figure 3-8(a)-(b) show the response

of the same pile under the same mechanical load but a decrease in temperature of 15°C.
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Figure 3-7 Comparison of results for energy pile between present analysis and FEA under

mechanical, thermal (AT, = +25° C), and combined loadings in terms of a) Displacement, and b)

stress along the length of the p

ile
67



From Figure 3-7 (a), vertical head displacements obtained from the present analysis and the
FEA for mechanical, thermal, and combined loadings are 6.14 mm, —1.61 mm, and 4.06 mm; and 6.54
mm, —-1.73 mm and 4.57 mm, respectively with corresponding differences between the head
displacements are 6%, 8%, and 10%, respectively. Maximum vertical (axial) stresses at the head of the
pile under mechanical and combined loading (Figure 3-7 (c)) are obtained from the present analysis

and the FEA are 2.12 MPa, 2.06 MPa; and 1.95 MPa, 1.90 MPa, respectively. The differences in the

stress values between both the analyses are less than 10%.
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Figure 3-8 Comparison of results for pile between present analysis and FEA under mechanical,
thermal (AT, = -15° C), and combined loadings in terms of a) Displacement, and b) stress along

the length of the pile

The vertical head displacements obtained from the present analysis and the FEA for thermal,
and combined loadings are 1.14 mm and 7.13 mm; and 1.0 mm and 7.58 mm, respectively (Figure
3-8(a)) with corresponding differences between the head displacements are 14% and 6%, respectively.
The maximum vertical (axial) stress at the head of the pile under combined loading (Figure 3-8(b)) are
obtained from the present analysis are 1.91 MPa and 2.05 MPa, respectively. The difference in the
stress values between both analyses is less than 10%. The time required to run the present analysis with
the elastoplastic model is nearly five times less than that required for the FEA of the same energy pile

in the computer specified in Chapter 2.

3.8.2.2 Saggu and Chakraborty (2017)

The accuracy of the present analysis is verified with the results from FEA conducted by Saggu
& Chakraborty, (2017). A comparison of the vertical stress developed in an energy pile (calculated

using the present method and obtained by Saggu & Chakraborty, (2017)) in Ottawa sand under
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mechanical and combined (mechanical + thermal) is shown in Figure 3-9. The details of pile

dimensions, properties of the pile material and soil are given in Table 3-2.

Table 3-2- Pile dimension and material properties of soil and pile material (Saggu &

Chakraborty, 2017)

Young’s Coefficient of Thermal

modulus, Poisson’s thermal conductivity, Ther_rn_a1l
ratio, . diffusivity,
E, or E;s or expansion, Kp OF K a, (m?/s)
(MPa) POTE gora (1°C)  (W/m/°C) °
D, =0.50 m
H -5 -
Pile 33700 0.2 1x10 2.100 L,=20m
H1 —> ©
Sat:';wa 85 0.3 1x 10% 0274  12x107 C:=05kPa
¢ = 40°

The vertical load and temperature change applied to the pile are 800 kN and +21° C, respectively. The
friction angle for Ottawa sand is suggested by Ghayoomi et al., (2018). The stress profiles obtained
from the present analysis for both loading conditions match well with the results obtained from the

numerical analysis.

70



Vertical stress in pile (MPa)
-6 -3 0
T L T

Mechanical
+Thermal

a\m--8--g-

Pile length (m)

20 L I A | A | 1 1 L L
-15 -12 -9 -6 -3 0 3
Vertical stress in pile (MPa)

Present analysis

® - - @ Sagou and Chakraborty (2017)
Figure 3-9 Vertical stress profiles of the pile obtained from the present analysis and numerical
analysis for different loading conditions

3.9 Summary

The semi-analytical framework for the energy pile in elastoplastic soil is developed in this
chapter based on the principles of thermodynamics and minimization of internal energy using
variational calculus. The plastic behavior of soil is considered in the energy potential through the
dissipation function. An incremental analysis is done where the current state variables are calculated
on the basis of the variable in the previous increment. The stiffness tensor of soil is updated after each
increment depending on the stress which is calculated using the modified Euler method with
substepping stress integration scheme. The Drucker-Prager constitutive model is used to model the soil
which is able to represent the elastoplastic behavior of sand as well as clay.

The results obtained from the present analysis are compared with the results obtained from the
FEA in the form of axial displacement, and stress profile in the pile under mechanical, thermal, and
combined loading. The time required to analyze the energy pile with an elastoplastic soil constitutive
model using the present method is approximately 5 times less than equivalent numerical analysis.
Further, a comparison with field data is also made where it provides a good match. The present method
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produces pile response with good accuracy which is an improvement that is included in the present
analysis by removing the requirement of modulus adjustment as described in Chapter 2 for elastic soil
behavior. The present model which includes the elastoplastic behavior of soil can be applied for
different types of soil (sand and clay). Although the Drucker-Prager constitutive model represents the
behavior of both clay and sand well, the effect of temperature on the mechanical response of clay is
greater than that on sand and hence, the effect of temperature on the constitutive relationship of clay
needs to be considered more precisely in the analysis with a proper thermo-mechanical constitutive
model which is further discussed in the next chapter. Therefore, the present framework with the

Drucker-Prager constitutive model is more suitable for sandy soil.
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Chapter 4
Analysis of Energy Pile in Clay with a Thermo- mechanical

Constitutive Model

4.1 Introduction

In this chapter, the semi-analytical framework developed in Chapter 3 is utilized to calculate
the response of the energy pile embedded in fine-grained soil (clay) which is represented by a
thermodynamically compatible thermo-mechanical soil constitutive model suggested by Golchin et al.,
(2022b). The yield function and the flow rule of the thermo-mechanical constitutive model have been
developed from the concept of hyperplasticity (derived from the fundamental laws of thermodynamics)
using the free energy and dissipation potential. The constitutive model for fine-grained soil that is used
in the analysis includes the effect of temperature on the pre-consolidation pressure which in turn affects
the yield function and the flow rule. The elemental test (i.e. the stress-strain response of a single element
under deformation) of the constitutive model is conducted and the results are validated with laboratory
results available in the literature. The response of the energy pile under different loading conditions
obtained from the present semi-analytical framework with that thermo-mechanical constitutive model

is validated with the results from different field tests.

4.2 Motivation

The mechanical response of any material consists of two parts. Those are the volumetric
behavior and the shear behavior. Granular materials are capable of carrying the compressive load only,
and the shear behavior of the material plays a crucial role alongwith its densification caused by the
compression in the determination of the strength of the granular material. The effect of temperature on
the mechanical response of soil can also be considered as thermally affected volumetric part and shear
part. Although the strain developed because of the change of temperature in the soil contributes only to
the volumetric part, it affects both the volumetric and shear behavior of the soil. The hydraulic
conductivity of sandy soil is very high. Therefore, the groundwater dissipates the imposed pile
temperature change by heat transfer through the advection phenomenon which results in a low thermal
gradient in sands and hence, results in low volumetric deformation (Suryatriyastuti, 2013). The effect

of temperature on the mechanical behavior of clay is of more importance than sand. The pre-
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consolidation pressure plays an important role in the constitutive behavior of clay that determines the
threshold point between the elastic and plastic behavior of clay (Wood, 1991). The pre-consolidation
pressure in clay changes with temperature. The pre-consolidation decreases as temperature increases
which results in lowering the yield stress value (Abuel-Naga, Bergado, & Bouazza, 2007; Cekerevac
& Laloui, 2004). The shear behavior of clay subjected to temperature increase has been observed to
vary in several ways. The shear strength of clay may increase, remain unchanged, or decrease during
heating (Abuel-Naga, Bergado, & Lim, 2007; Cekerevac & Laloui, 2004; Hueckel & Baldi, 1990;
Towhata et al., 1993). The reduction in shear modulus has also been observed at high temperature
(Zhou et al., 2015). The constitutive behavior of clay depends on the overconsolidation ratio (OCR)
also. Normally and slightly overconsolidated clayey soil (low OCR values) undergoes permanent
volume reduction when the temperature of the soil increases (Abuel-Naga, Bergado, & Bouazza, 2007;
Cekerevac & Laloui, 2004; Di Donna & Laloui, 2015b; Sultan et al., 2002). With the increase in OCR,
the thermally induced volume reduction decreases, and at high OCR the soil exhibits thermo-elasticity
(Khalili et al., 2010). Normally and slightly overconsolidated soils are prone to higher volumetric
contraction upon heating compared to remolded soil specimens because of the evenly distributed voids
in the later (Ng, Cheng, et al., 2016). Soils that undergo heating-cooling cycles exhibit hardening
behavior as their void ratios reduce and as a result, they reach a denser state (Di Donna & Laloui,
2015b; Ng, Cheng, et al., 2016). Therefore, the pre-consolidation pressure increases and the elastic
domain becomes bigger. The response beyond yield for clay vanishes as thermal cycles induce thermo-
elasticity in the clay. So, the analysis of energy pile embedded in clayey soil requires the soil to be
modeled by a proper constitutive relation that can incorporate the effect of temperature change on the
mechanical response of soil during heat exchange between the pile and the soil, which in turn will affect
the pile-soil interaction and mechanical response of the pile (in terms of axial stress, axial strain). Also,
many thermo-mechanical constitutive models do not follow the hyperplasticity formalism and therefore
do not satisfy the laws of thermodynamics (section 1.2.2). Therefore, in the present analysis, the
thermo-mechanical constitutive model for clay suggested by Golchin et al., (2022b) is used which
complies with the laws of thermodynamics.

In this context, the energy pile, the response of which has been investigated by Laloui et al.,
(2006) (which has been used for the validation of the present method in section 2.8.1.2 and 3.2) is
considered for analysis in this section incorporating the thermo-mechanical soil constitutive model to

the present framework. The vertical stress profiles (Figure 4-1) along the length of a pile obtained from
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the present analysis with the thermo-mechanical soil constitutive model (denoted as Present analysis
(TM)) alongwith the stress profiles obtained from the present analysis with Drucker-Prager soil
constitutive model (denoted as Present analysis (DP)) for different loading conditions are plotted
against those obtained by Laloui et al., (2006). It is observed from Figure 4-1 that, the Present analysis
(TM) predicts the maximum stress values in the pile for different loading conditions better than the
Present analysis (DP). Therefore, representing the soil with a proper constitutive model that includes
the temperature effect on the mechanical response of clay is required to be considered in the present
analysis when clayey soil is present. The details of the constitutive model, the solution procedure, and

the modification in the stress integration algorithm are described in following sections.
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Figure 4-1 Axial stress profile along the pile under mechanical (Q = 1300 kN), thermal (AT =

+15°C), and combined loading obtained from present analysis and field data

4.3 Details of thermo-mechanical constitutive model by Golchin et al. (2022b)

The thermo-mechanical constitutive model for clay developed by Golchin et al., (2022b) is
used in the present framework to calculate the response of energy pile under mechanical and thermal

loading conditions. The constitutive model has been developed on the hyperplasticity approach by
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satisfying the laws of thermodynamics. The Gibbs energy potential that is considered in the
development of the constitutive model includes the elastic part of the thermo-mechanical behavior
through a Gibbs energy function which describes the energy caused by the elastic deformation. The
plastic part of the thermo-mechanical behavior is considered in the Gibbs energy potential through the
dissipation potential. The constitutive model includes the change of elastic domain for the developed
plastic strain as well as the temperature change where the pre-consolidation pressure at any temperature
(pcr) varies depending on the temperature and the plastic strain and thus affects the size of the yield
surface. The model also includes the effect of temperature on the shear strength at the critical state
condition by changing the critical state stress ratio (M) with temperature.

The thermo-mechanical constitutive model considers the elastic behavior of clay to be
nonlinear. Therefore, the pressure-dependent shear and bulk modulus are considered in the model as

suggested by Houlsby et al., (2005) which is given by

K, _R |~ (4.13)
pref pref
G, _G.| 2 (4.1b)
pref pref

where p is the mean effective stress (equation (A.6)); prer is the reference mean effective stress, which
is generally considered 1 kPa, K_ and G, are material constants in model defining bulk and shear
modulus, respectively; and ms and ns are material constants defining the power dependency of bulk and
shear modulus on pressure, respectively.

The vyield function y of the thermo-mechanical constitutive model given by Golchin et al.,
(2022b) is described as,

y=B2(p-C) +A%(q-pp) - A’B? (4.2)
where
A=(1-y) p+% Per (4.23)
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B=M {(1—a)p+% pﬂ} (4.2b)

C="pa (4.20)

where q is the deviatoric stress (equation (A.7)), Ais the level of inclination of the yield surface, « and
y are parameters related to the shape of the yield surface, pcr is the pre-consolidation pressure at any
temperature T, and M is the critical State stress ratio.

The non-associated flow rule is given by

- R )

where £ and £ are plastic volumetric and deviatoric strain increment, respectively; and rp and rq are

the directions of plastic flow in p and q directions, respectively.
The variation of critical state stress ratio M may change depending on the variation of the

temperature. The dependency of M on temperature has been considered as,
M= M0+7r* (T —TO) (4.4)

where 7" is the slope of the variation of M with respect to temperature T, and My is the Critical State
stress ratio at ambient temperature (To). The value of z* depends on the mineralogy of the soil.

The pre-consolidation pressure per without considering the variation with temperature
(isothermal condition) was suggested by Houlsby & Puzrin, (2007). Considering the effect of

temperature pre-consolidation pressure at any temperature T has been represented as,

l+e
Per = Peo exp(ﬁefjexp[—ﬂ(T -T)] (4.5)

where peo is the initial pre-consolidation pressure, 1 and « are the slopes of the normal compression
(NCL) and unloading lines in e (void ratio) - Inp space, respectively, e is the initial void ratio, &" is
the volumetric part of the plastic strain, and u is the coefficient of thermal softening (Cui et al., 2000).

The apparent pre-consolidation pressure hardens isotropically with plastic volumetric strain (through
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1+e
0 gp

A-xV u(T-To)]

the term e{ ] and it softens thermally with an increase in temperature (through the term el
. Thermal softening reduces the size of the elastic domain.
The isotropic hardening which is governed by the pre-consolidation pressure is given by the

rate of equation (4.5) as,

ch = ch |:[1+e0 é‘vp]—ﬂ-r:| (453)
A—K

4.4 Stress integration scheme for the thermo-mechanical constitutive model

The stress integration scheme that is used for the present thermo-mechanical constitutive model
is different than the one that has been used for the Drucker-Prager constitutive model in Chapter 3. The
stress integration scheme that is given by Golchin, (2023) is based on implicit Euler backward
integration method with a Newton-Raphson iterative procedure which is known as Return Stress
algorithm. The stress integration is divided into two steps: an elastic predictor and a plastic corrector.
First, in the elastic predictor step the trial stress is calculated (using the elastic trial strain) by
considering the deformation to be completely elastic. Then, in the plastic corrector step, if the trial
stress is found outside the yield surface, then it is returned back on the yield surface through an iterative
calculation by calculating the developed plastic strain. For any time step between t, and tq+1 (where th.1
= t+ At, where At is the time increment), it is assumed that the state variables (e.g. stress and strain),
hardening variables (the pre-consolidation pressure pcr) and the temperature at time t, are known. The
strain, stress and pre-consolidation pressure at any time t, are denoted as on, &n, pcr. For any boundary
value problem, the strain and temperature increments (denoted as Ag, and AT) at the end of time
increment At are also known. The purpose of stress integration is to calculate the stress (en+1), hardening
variable (the pre-consolidation pressure p.r™), and consistent tangent stiffness tensor (Cep) at the end
of the time t,+ At (i.e. tn+1). The plastic behavior of the soil depends on the developed plastic strain
which depends on the plastic multiplier. Therefore, the increment of the plastic multiplier (denoted as
AA) is also unknown at the end of the time increment At. The general method of implicit stress
integration scheme involves the calculation of residuals and minimizing the same using an iterative
approach such as the Newton-Raphson method. These residual equations are defined for the strain, pre-

consolidation pressure, and plastic multiplier.
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4.4.1 Residual equation for strain

Total strain g in the soil under deformation can be decomposed as,

therm

e=¢"+¢ + &P (4.6a)

where €¢, €™ and &P are elastic strain, thermal strain, and plastic strain, respectively. Therefore, the

rate equation for total strain can be written as,

-.therm

£=¢+¢ + &P (4.6b)

where ¢, g2 ™™ and &P are the rates of change of total strain, elastic strain, thermal strain, and

plastic strain, respectively. Integrating equation (4.6b) over the time interval of [t,, t.+1] results in,

J~t+At gdt _ J‘I+At gedt " J~t+At éthermdt + J-H—At Spdt
t t t

¢ (4.6¢)
= Ag = Ag® + Ae™™ + AP

Again, from the known temperature increment AT

Ae™™ = o ATI (4.6d)
where 1 ={1 1100 0}". The plastic strain increment (Agp) is given by

Ag® = AAr (o, Y) (4.6¢)

where r(en+1, per?) is the plastic flow tensor. The increment in elastic strain over the time interval [tn,

tn+1] can be given by

Ag® =g, —€, (4.6f)

n

where €%, and &%+1 are the elastic strain tensor at time t, and t.1, respectively. The elastic strain at

time tn+1 can be derived from the Gibbs free energy potential (g1) (equation (A.2)) as

e _ 09, (6n+1)

bt =
n+l
006,

(4.60)

Substituting equations (4.6d)-(4.6g) in equation (4.6b) results in
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B 09, (Gn+l)

. +AAr(6,,;, pi*)— (&5 + Ae—A™™ ) =0 (4.6h)

n+l

The term at the right-most part in the left-hand side of equation (4.6h) that consists of &%, Ag, and
Ag™™ are known terms. Other terms in equation (4.6h) are functions of on+1, per™*?, and AA, which are
the unknown terms at the end of the time increment At. Therefore, €@ is defined as trial strain that is

given by
8e,trial _ (8?1 -I-AS—AStherm) (4.60)

The trial strain remains unchanged for time increment At. But the unknown variables (6n+1, per™*?, and
AA) are update iteratively to satisfy equation (4.6h). Thus, a tensor residual equation for strain is defined

as

_ agl (Gn+1)

R =
' 86n+1

n+l? McT

+AAr (o, pit) - (4.7)

4.4.2 Residual equation for pre-consolidation pressure

The change in hardening variable (pre-consolidation pressure) over the time interval of [tn, th+1]

is given by integrating equation (4.5) as

t+At pT 1+ €, [t+at . t+At .
—dt=——> gPdt — Tdt 4.8a
J‘t ch ﬂ( —K J.t v ﬂJ.t ( )

where p_, is the rate of change of pre-consolidation pressure, évp is the rate of change of plastic

volumetric strain, T is the rate of change of temperature. Integrating equation (4.8a) the following

equation is obtained as

1+e,
A—-K

n+1

Per = pch exp(

Agp - ,uATj (4.8b)

where AP is the change of plastic volumetric strain for the time increment At which is given by

A} = AAr, (o, PY) (4.8¢)
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where ry, is the part of plastic flow defined from the mean stress p. Therefore, the residual equation for

pre-consolidation pressure that needs to be minimized is given in dimensionless form as,

n
cT —-K

n+1
R, = 'E’°—T—exp@+—e°AArp - ,uAT) (4.9)

4.4.3 Residual equation for the consistency condition

The definition of yield function requires the following consistency condition as,

Y (6 PE)=0 (4.10)

If the stress state is outside the yield surface, then the value of y > 0. Therefore, for 6,+1 and per™** the

yield function y needs to be minimized which results in the following residual equation as,
Ry =Y(6,.0, PS) (4.12)

4.4.4 Linearization of the residual equations

The residual equations (equations (4.7, (4.9), and (4.11)) need to be minimized and solved

simultaneously. Linearization of equations (4.7, (4.9), and (4.11) can be shown as

IR, =R, + R, 06+ 6R:11 0P+ R, OAA =0
86n+1 6pC-|T aAA
IR, =R, + R, 5cs+£nz+l5pCT + R, OAA =0 (4.12)
0%, op.s OAA
IR, =R, + R, 5cs+ﬁn315pcT + R, OAA =0
GI'H']_ ap(ﬂ‘f aAA

where ¢ and o represent, respectively, the linearization operator and the increment of the unknown

variables.. Equation (4.12) can be rewritten as,

81



| 6R, ©OR, @R, ]
TV P,
oR, R, OR, S b= R;l
R, OR, R, .
1 06,., 0Py OAA |
(4.13)
=Jv=R
where
| OR, OR, @R, |
n+l AA
e W,
J= : T =100 Jn Jy (4.13a)
0o, Ops; OAA ]
8R3 8R3 aRg 31 32 33
|06, Opy  OAA |
0c
V=10Pg (4.13b)
OAA
R1
R=—4R, (4.13c)
R3

where Ji1, Jiz, Jis, J21, J22, J2s, Ja1, Js2, and Jsz are the derivatives of the residuals defined in Appendix

A. The unknown increments at each iteration are solved as

v=J'R (4.14)

The unknown increments obtained from equation (4.14) are added to the values of 6n®, pei"®, and AAg),
where i denotes the i-th iteration in the algorithm of minimizing the residuals for any time interval [t,,

tn+1] with time increment At. The iteration procedure continues until the yield function (y) comes within
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an acceptable tolerance range (10 ®in this case). The stress integration algorithm is described in section
4.4.6.

4.4.5 Consistent tangent stiffness matrix

The consistent tangent elastoplastic stiffness matrix that is derived from the convergence of

residual equations is given by Golchin, (2023) as,

*

AWT

Cp=W-W—>"—— (4.15)
XJ 3, d 55 +YWI
where
-1
W = [Jn - Jl?‘]ﬂ} (4.15a)
J
22
J
x=Jda —(Jﬁ]J 2 (4.15b)
22
rr=1J —[ﬁ)\] (4.15c)
13 12 '
22
o L (4.15d)
J22

The elastoplastic consistent tangent matrix given by equation (4.15) at the end of any time increment t,
is used in the algorithm for the energy pile response under different loading conditions that is described

in section 3.7.

4.4.6 Subroutine for stress integration
At the beginning of a typical time increment denoted as t,, the stress on, pre-consolidation pressure per",
elastic strain €%, and temperature T, are known. For time increment At (tn.1 = t, + At), the strain

increment Ag and temperature increment AT are known. The steps of the stress integration algorithm

are given below,
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START OF THE ALGORITHM
Step-1:
i) Update the temperature for the step time At, Tnwa = To +AT

i) Calculate the thermo-elastic strain (Ag™™™) using equation (4.6d)
iii) Calculate the critical state stress ratio (M) using equation (4.3)
Step-2: Calculate the trial strain (¢5'"®') using equation (4.6i)

Elastic predictor:

trial

Step-3: Calculate the trial stress (c"®) as, 6~ = Cese "8 \where C. is the elastic stiffness tensor

Step-4: Set the initial values of variables by assuming elastic conditions
i) The increment of plastic multiplier is set to zero (AA = 0)
Step-5: Check the yield function value with the trial stress (c'"'?).

IF y(c'@") < TOL, then

_ trial

I) 6n+l =0

i) Py =Pn
iii) AA=0
iv) Cep=Ce
ELSE
Plastic corrector (iterative process):
1. DO WHILE y(c"@") < TOL (10°%)
i) Calculate trial stress invariants (pi, i where i is the plastic correction iteration number)
i) Calculate the flow rule
iii) Calculate the J matrix (Appendix A)
iv) Calculate the residual tensor (R) (Appendix A)
V) Calculate the increments of unknowns (v) using equation (4.14)
vi) Update the unknowns

a) ©,,=0,+06
b) P’ =Pl +OP
c) AA,,=AA +SAA

END DO
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2. on+1 = Ois, and per™! = per'*! based on the values calculated in the last iteration that converges
in the WHILE loop
3. Calculate Cep using equation (4.15)
END IF
END OF THE ALGORITHM

Thus, the stress the stress on+1, pre-consolidation pressure per™?, consistent tangent operator

Cep, and elastic strain gn+1° at time tn.+1 are obtained.

4.5 Solution procedure

The solution procedure of the semi-analytical framework with the thermo-mechanical soil

constitutive model is the same as described in section 3.7. The parameters K and G, are required to

perform the stress integration which can be calculated at the beginning of the global algorithm from

calculating the geostatic stress. The mean stress p at each node can be calculated from the geostatic

stress tensor at each node and then using equations (4.1a) and (4.1b), KS and GS can be calculated from

the known initial bulk modulus (Kso) and shear modulus (Gso) values. For the nodes at the ground level,
the geostatic stress can be calculated at a distance 0.5Az from the ground. The initial value of pcr is
calculated from the geostatic stress and the overconsolidation ratio of the soil. The solution algorithm
described for energy pile analysis with elastoplastic soil model in section 3.7 can be used with the
present thermo-mechanical soil constitutive model also. The changes will be in the stress integration
algorithm which is different than that mentioned in the section 3.7. The updated stress and consistent
elastoplastic tangent tensor that is calculated using the algorithm described in section 4.4.6 is used in
the solution algorithm (instead of the stress and elastoplastic tangent operator for Drucker-Prager
model) given in section 3.7 to include the effect of the present thermo-mechanical response of soil in

the energy pile analysis.

4.6 Validation of the constitutive model

The stress-strain response of different soil samples under thermo-mechanical loading that is
obtained by different researchers in different laboratory experiment and numerical simulations are
predicted using the present thermo-mechanical constitutive model developed by Golchin et al., (2022b)

where the stress integration algorithm described in section 4.4 is used. The results are plotted in
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following subsections with corresponding discussions. The input model parameters are provided by

Golchin et al., (2022b) and are stated in Table 4-1. For the experiment and simulations conducted by

Yu, (1998), the parameters are provided by the author.

Table 4-1- Constitutive model parameters

Abuel-Naga  Graham Cekerevac Uchaipichat Yu (1998)

e L0 L WAL o EOtTenal Nomercal
a () 0.9 0.7 0.6 0.75 1 1
7() 0.4 0.72 1.05 1.1 1 1
A() 0.43 0.087 0.13 0.09 0.093 0.161
x(-) 0.09 0.017 0.028 0.006 0.025 0.062
Mo () 0.8 1.07 0.82 1.218 0.9 0.888
K () 175 59 500 75 65 275
G, () 15 20 700 170 31 13
ns (-) 0.7 1.0 0.35 0.95 1 1
ms () 1.0 1.0 0.7 0.85 1 1
as (1/°C) 3.1x10° 1.5 x10* 1.8 x 10* 3.4 x 10° - -
1 (1/°C) 7.7 x 103 7 x 102 7.4 x10* 3.4 x10° - -
7 (1/°C) 0 0 1.05 x 103 0 - -

4.6.1 Abuel-Naga et al. (2006)

The results of triaxial compression test conducted on Bangkok clay by Abuel-Naga et al.,

(2006) in terms of mean stress and volumetric strain under isotropic compression are presented in

Figure 4-2. The results shown in Figure 4-2 are presented for three different temperatures of 25, 70 and

90° C. In the test, the soil was isotropically compressed to a mean effective stress (p) of 300 kPa at

room temperature (25°C) and then unloaded to a mean effective stress 25 kPa that results in an OCR

value of 12. Then the sample was heated to 70°C and was recompressed. The same test procedure was

followed for the elevated temperature of 90°C. The model parameters are given in Table 4-1. It is

observed from Figure 4-2 that, the constitutive model predicts the soil behavior accurately at different

temperatures. The elastoplastic behavior of soil at room temperature begins at p = 300 kPa whereas for

higher temperatures, the elastoplastic response starts at lower p values indicating the shrinkage of yield
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surface with the increase of temperature. The results obtained by Golchin et al., (2022b) are also shown
in Figure 4-2. This proves the solution algorithm provides accurate results in the elemental tests.

Mean stress p (kPa)
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A A A Abuel-Naga et al. (2007) (Temperature - 90°)
= * = Golchin et al. (2022) (Temperature - 90°)

Figure 4-2 Comparison of model predictions of volumetric strain vs. mean stress, during isotropic

compression at different temperatures, with experimental results of Abuel-Naga et al. (2006).

4.6.2 Uchaipichat and Khalili (2009)

The test results regarding the shear response (in terms of deviatoric stress and shear strain) of
silty clay samples at different temperatures that has been obtained during the experiment by Uchaipichat
& Khalili, (2009), are reproduced using the thermo-mechanical constitutive model and are shown in
Figure 4-3. The pre-consolidation pressure in this case is 200 kPa. The samples were kept in loaded

conditions with OCR values 1.33 and 2 at ambient temperature of 25°C. The temperature of the samples

87



was increased to 40 and 60°C. The shearing of the samples was done in drained condition. The present
solution algorithm producea s good match with the experimental results as evident from Figure 4-3 at
different temperatures for different OCRs. The results obtained by the developer of the constitutive

modeareis also shown in Figure 4-3.
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Figure 4-3 Comparison of model predictions of deviatoric stress vs. shear strain at different
temperatures with experimental results of Uchaipichat & Khalili (2009) for a) OCR = 1.33, b)
OCR=2,c)OCR=4

4.6.3 Graham et al. (2001)

The thermo-mechanical response of a clay that was described by Graham et al., (2001) is used
to verify the accuracy of the present thermo-mechanical constitutive model. The clay sample in the
analysis has a pre-consolidation pressure of 3000 kPa with an OCR value of 7.5. The sample was
sheared at an elevated temperature of 65°C from its initial temperature of 28°C. The deviatoric stress -

axial strain plot from the present constitutive model matches well with the results obtained by Graham
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etal., (2001) (Figure 4-4). Itis also to mention that, in the both the cases, the deviatoric stress are higher

than the experimental values.
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Figure 4-4 Comparison of model predictions of deviatoric stress vs. axial strain with results from
Graham et al. (2001)

4.6.4 Cekerevac and Laloui (2004)

The thermo-mechanical response of kaolin clay that was observed by Cekerevac & Laloui,
(2004) is reproduced with the present stress integration algorithm and shown in Figure 4-5(a) and
Figure 4-5 (b). The pre-consolidation pressure of the clay sample at an ambient temperature of 22° C
was 600 kPa. The soil has been unloaded to 400, 300, and 200 kPa to achieve OCR values of 1.5, 2,
and 3, respectively. The temperature of the samples was increased from 22°C to 90°C under drained
conditions and the samples were sheared. The model parameters provided by Golchin et al., (2022b)
are given in Table 4-1. The model predictions for the two temperatures are compared with the
experimental data in Figure 4-5(a) and Figure 4-5 (b). Tt is observed from Figure 4-5(a)-(b) that the

failure shear stresses of samples increase at elevated temperature.
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Figure 4-5 Comparison of model predictions of deviatoric stress vs. axial strain for different OCR

with experimental results of Cekerevac & Laloui (2004) at temperature a) 22°, and b) 90°

4.6.5 Yu (1998)

The experimental and simulated values of shear stress with axial strain that was obtained by
Yu, (1998) are presented in Figure 4-6(a) and Figure 4-6(b), respectively with the results obtained from
the present thermo-mechanical constitutive model. The results with CASM and Cam-clay constitutive
model given by Yu, (1998) are also shown in Figure 4-6(a). The model parameters presented in

Table 4-1 are derived from the data provided by Yu, (1998). The model parameters (', x, )
associated with the thermal part of the constitutive model are considered zero as no temperature

variation is present in the experiment. Both the stress dependency parameters (m, n) are considered 1.
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The results shown in Figure 4-6(a) are for normally consolidated clay. The present thermo-mechanical
model represents the shear response quite well when compared with the experimental results.

Figure 4-6(b) shows the shear stress - axial strain plot for clay with different OCR values (2,
4) as obtained from the simulations by Yu, (1998) and from the present analysis. The input model
parameters are given in Table 4-1. The present analysis predicts the shear response quite accurately for
different OCRs as evident from Figure 4-6(b).
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Figure 4-6 Comparison of model predictions of deviatoric stress vs. axial strain with a)

experimental results, and b) results from numerical analysis given by Yu (1998)

4.7 Validation of the present framework for energy piles

The response of the energy pile obtained from the present semi-analytical framework with the
soil modeled by the thermo-mechanical constitutive relationship is compared with the experimental
results available in the literature. Thus, the accuracy of the present method with a more complex soil

constitutive model is verified.

4.7.1 Bourne-Webb et al. (2009)

The results from the field test on the energy pile conducted by Bourne-Webb et al., (2009) is
compared with the results obtained from the present analysis to validate the accuracy of the present
method with the soil behavior modelled by the thermo-mechanical constitutive relationship. An energy
pile of length (Ly) 23 m and diameter (Dy) 0.55 m with Young’s modulus (Ep) 40 GPa, thermal
expansion coefficient (ap) 8.5x10° /°C, and thermal conductivity (xp) 2.33 W/m/°C is embedded
primarily in London clay. There is a made-up ground of height 1.5m below the ground level (layer-1),

the behavior of which is considered to be elastic. Below that made-up ground, a terrace gravel layer of
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height 2.5 m is present (layer-2) which is modelled to behave as nonlinear elastic material where the
initial shear modulus (Gso) and bulk modulus (Kso) are provided (Gawecka et al., 2016) (the modulus
change with mean stress (p) as given by equations (4.1a) and (4.1b)). Layer-3 soil is London clay that
extends upto a great depth. The thermal and mechanical properties of soil and the pile is suggested by
Gawecka et al., (2016). The OCR is considered 2 in the analysis. The critical state properties of soil are
obtained from the data provided by Gasparre, (2005) . The input details for the analysis are given in
Table 4-2.

Table 4-2- Soil properties and constitutive model parameters

Parameters Layer-1 Layer-2 Layer-3
(made-up ground)  (terrace gravel) (London clay)

Unit weight

% (KN/m?) 18 20 20

K (W/m/°C) 1.40 1.40 1.79

as (M%s) 7.4 x 107 7.4 x 107 9.8 x 107
a(-) - - 1
7() - - 1
A(-) - - 0.17
x(-) - - 0.06
Mo (-) - - 0.83
Kso (MPa) 5.6 50 27
Gso (MPa) 4.2 42 52

ns (-) - 1.0 1.0

ms (-) - 1.0 1.0

as (1/°C) 1.7 x 10° 1.7 x 10° 1.7 x 10°
4 (1/°C) - - 8 x 103
7 (1/°C) - - 0

The pile is loaded to a maximum axial load of 1800 kN and then it is unloaded to 1200 kN. The
thermal load of 20°C is applied to the pile (AT, = -20°C) while the mechanical load remains constant

at 1200 kN. Then the pile is heated, and a temperature increase of +29°C is applied. The vertical strain
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profiles along the length of the pile obtained from the present analysis alongwith the results from the
field experiment (obtained by both vibratory wire strain gauge (VWSG) and optical fiber sensors
(OFS)) are plotted in Figure 4-7(a)-(c) for mechanical load only, at the end of the cooling stage
(mechanical load + (AT, = -20°C), and at the end of the heating stage (mechanical load + (AT, =29°C).
The strain profiles from the present analysis match quite well with the experimental results. The top
two layers of soils are not fine-grained soil. Therefore, those are modelled as elastic material. As a
result, some differences in analytical and experimental results are obtained at the top of the pile. Also,
from the experimental results, it is observed that the made-up ground provides some negative skin

friction along the top most part of the pile which is out of the scope of the present model.
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Figure 4-7 Vertical strain profiles along the pile length a) under mechanical load only, b) at the
end of cooling (AT, = -20°C), and c) at the end of heating (AT, = 30°C) as obtained from the

present analysis and field test

The axial load profiles along the length of the pile are plotted in Figure 4-8(a)-(c) for both the
analytical solution and the field results. The differences in maximum axial loads obtained from the
analytical solution and field test are <10% for mechanical and mechanical + heating loading conditions.

For cooling, the present model underestimates the maximum axial load.
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Figure 4-8 Axial load profiles along the pile length a) under mechanical load only, b) at the end
of cooling (AT, =-20° C), and c) at the end of heating (AT, = 30° C) as obtained from the present

analysis and field test

The vertical load and strain profile along the length of sink pile located near the test pile (results
of which are shown in Figure 4-7(a)-(c) and Figure 4-8(a)-(c)) are shown in Figure 4-9(a), and Figure
4-9(b), respectively. The sink pile is under thermal load only. The results from the field test are also
plotted in Figure 4-9(a), and Figure 4-9(b). Under the thermal loading only, the results from the present
method show good match with the field result. The maximum vertical load and strain predicted by

present analysis are similar to those obtained during the field test.

101



0 L] l
5=
E” 5k
2 $°
P - %.
& ok
25
30 a1 1 . 1
-1800 -1500 -1200 -900 -600 -300 0
Vertical load in pile (kN)
Present analysis
@ =& < Bourne-Webb et. al. (2009)
(a)
0
~ 10 1
3
2 -
&~ 20}
30
10" 15x10"  20x10*  25x10"  3.0x10"

Vertical strain in pile

Present analysis
# ¢ =<0 Bourne-Webb et. al. (2009)

(b)
Figure 4-9 a) Axial strain, and b) axial load profiles of the pile under thermal load (AT, = 29.4°

C), as obtained from the present analysis and field test
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4.7.2 Goode and McCartney (2015)
The experimental result obtained by Goode & McCartney, (2015) for a pile foundation

embedded in bonny silt and subjected to thermal load is predicted using the present method. In this
experiment a 8 m long and 1.5 m diameter concrete pile with Young’s modulus (Ep) 33 GPa, thermal
expansion coefficient (ap) 1.6x10° /°C, and thermal conductivity (xp) 2.1 W/m/°C is embedded in
Bonny silt and undergoes a temperature change of +18°C. The constitutive model parameters for the
analysis are =1, y=1, 1 =0.0065, x = 0.00074, Mo = 1.305, Ky = 120 MPa, Gs = 40 MPa, ns = 1,
ms =1, as = 10°, 1 =7.7x10° /°C, and =" = 0. The critical state properties A and x are calculated by
dividing compression index (C.) and recompression index (C,) by 2.3, respectively (Wood, 1991). The
Mo value has been provided by the authors. The initial values of shear modulus and bulk modulus are
given by Stewart, (2010). The thermal conductivity of the soil (xs) as given by Goode & McCartney,
(2015) is 1.147 W/m/°C. The unit weight of soil is 16.9 kN/m?®,

The axial displacement along the pile (caused by the temperature increase) predicted by the
present analysis with the thermo-mechanical constitutive model match very well with the experimental
results. The difference between the head displacement obtained from the present analysis and from the

experiment is 8.5%.
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Figure 4-10 Vertical displacement profiles of the pile obtained from the present analysis, and field
test subjected to thermal load (AT, = +18° C)
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4.7.3 Laloui et. al. (2006)

The results of the experiment on energy pile conducted by Laloui et al., (2006) has been used
for the validation purpose in section 2.8.1.2 (for analysis with elastic soil behavior) and section 3.2 (for
analysis with elastoplastic soil behavior). The same experimental results have been used in section 4.2
where the soil is represented by the thermo-mechanical constitutive model. The material properties of
pile and soils, thermal properties of pile material and soils, and density of soils (for different layers) are
given in Table 2-2. The soils in layer-3 and layer-4 are coarse grained in nature and therefore, in the
present analysis it is modelled as nonlinear elastic as the thermo-mechanical constitutive model is
suitable for fine-grained soil only. The constitutive mode parameters that are used in analysis are « =
1, y=1, 1= 22=0.025, k1 = k2 = 0.005, Mo = 1, Keo™ = Kso® = 122 MPa, G = Gso® = 113 MPa, ns
=1, ms=1, 4= 9x10°/°C, and =" = 0. The critical state parameter A and x are calculated from C. and

Cy, respectively. C. values are calculated using the equations given by Rendon-Herrero, (1980), that

correlates the void ratio and the compression index which is given by C_ =0.141G, [ (1+e, )/GST'382

where Gs = 2.65. The void ratio of soils in different layers are provided by Laloui et al., (2006). C; is
calculated as C, = 0.15C. (Bowles, 1996).

The vertical strain profiles along the length of the pile under different thermal loadings (AT, =
+18°C and AT, = +3°C) are shown in Figure 4-11. The experimental results are also presented in Figure
4-11. The present method with the thermo-mechanical constitutive model produces accurate results for
small temperature increment in this problem whereas for higher temperature increment differences exist
between the analytical and experimental results although the analytical method can predict the

maximum strain accurately.
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Figure 4-11 Vertical strain profiles of the pile obtained from the present analysis and field test
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The stress profiles from both the analytical and experimental results are shown in Figure 4-1.
The analytical method predicts the stresses quite well except the tip of the pile under thermal and
combined loading conditions. Under all the loading conditions the present method predicts the
magnitude and location of the maximum stresses accurately, which is crucial for the structural design
purpose.

A comparison between the vertical stress profiles obtained from the present analysis (both
elastic and elastoplastic) with the field result is shown in Figure 4-12(a)-(c). The results from elastic
analysis do not include the modification in shear modulus. The results from elastoplastic analysis that
are shown in Figure 4-12 are conducted for both Drucker-Prager (this constitutive model does not
include the effect of temperature on the stress-strain behavior of soil) and thermo-mechanical soil
constitutive model. It is evident from Figure 4-12(a)-(c) that elastoplastic analysis predicts the pile
response better than the elastic analysis by calculating the maximum stress more accurately. Also, the
thermo-mechanical soil constitutive model which includes the temperature effect on the stress-strain

relationship of the soil predicts more accurate results than the conventional soil constitutive model
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(Drucker-Prager). Therefore, the inclusion of a proper thermo-mechanical soil constitutive model is

necessary to analyze energy piles.
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Figure 4-12 Comparison of vertical stress profiles of an energy pile obtained from the present
analysis (using elastic, elastoplastic (DP), and thermo-mechanical (TM) soil constitutive model)

and field test under a) mechanical load only, b) thermal load only, and (c ) combined load.
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4.8 Summary

The semi-analytical framework developed for energy pile in elastoplastic soil under different
loading conditions in Chapter 3 is improved by representing the clayey soil with a thermo-mechanical
constitutive model (Golchin et al., 2022b) that includes the effect of temperature specifically on the
mechanical behavior of clay. The temperature change has substantial effects on the mechanical
behavior of clay as suggested in available literature. Therefore, it is important to model the clayey soil
with a proper thermo-mechanical constitutive relationship so that, the proper response of the pile that
is embedded in clay can be obtained for thermal loading. The thermo-mechanical model is capable to
capture both the linear and nonlinear elastic response of the clayey soil by using pressure (mean stress)
dependent soil modulus. The effect of temperature on the pre-consolidation pressure of clay is explicitly
considered in the model that governs the plastic response of the soil. The thermo-mechanical
constitutive model has been developed using the hyperplasticity approach that satisfies the laws of
thermodynamics. The return stress algorithm based on implicit Euler backward integration method with
a Newton-Raphson iterative procedure is used to perform the stress integration and calculate the tangent
stiffness tensor. In the stress integration scheme, the residuals are minimized iteratively to attain
convergence. The constitutive model is based on the p-g space and the conversion of stress from true
space to p-q space is done accordingly. The consistent tangent operator is used in the present semi-
analytical framework to calculate the thermo-mechanical response of the energy pile.

The results obtained from the present analysis are compared with the experimental results
available in the literature for different energy piles. The comparison between the results from the
analytical method and the field shows that incorporation of the thermo-mechanical constitutive model
produces better results for clayey soil. The analytical method produces pile response with good
accuracy. Therefore, some parametric study will be conducted in the next chapter to observe the pile
response for different loading conditions with different soil types which is important for the design of

energy pile.
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Chapter 5

Parametric study on the thermo-mechanical response of energy

pile

5.1 Introduction

In this chapter, some parametric studies are conducted on the energy pile using the present
analytical framework. The advantage of using an energy pile as an energy geo-structure is that it can
be used as a ground heat exchanger apart from its primary purpose of carrying the superstructure load
to the ground. Therefore, an energy pile is always subjected to mechanical loads and changes in
temperature. The change in the axial response of the energy pile caused by the temperature change is
an important aspect to be considered. The stress developed in any conventional pile under axial load is
compressive in nature. However, the stress developed in a pile that undergoes temperature changes may
be compressive or tensile in nature depending on the increase or decrease in temperature. Therefore,
stresses developed in an energy pile under different loading conditions (both mechanical and thermal
loads) are calculated in this study to differentiate the zones in the pile with compressive and tensile
stress. This parametric study considers the pile to be embedded in single-layer and two-layer soils with

different mechanical and thermal properties.

5.2 Calculation of equivalent loads

stresses in the energy pile are calculated for mechanical and combined loading (mechanical
load + temperature change) conditions. A correlation between the applied mechanical load and the
temperature change is established by defining a dimensionless parameter 7 that is described as,
_ AT,
AT(SQ)
p

n (5.1)

where AT, is the temperature change in the pile as stated in Chapter 2. AT, is termed as the equivalent
temperature change in the pile and is calculated as,

A oD (5.2)
P E A«

pT PP
where Qp is the applied axial load at the head of the pile, Ep is Young’s modulus of the pile material,

A, is the cross-sectional area of the pile, and o is the coefficient of thermal expansion of the pile
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material as given in Chapter 2. AT,*? can be considered as the equivalent temperature change in a pile
for which the axial load developed in the pile is Q, when the whole thermal strain in the axial direction
(apATyp) is restrained. In this study, 7 is chosen in such a manner, so that the temperature changes in

soil can be kept within the practical range of change in pile temperature.

5.3 Results

Vertical/axial stress distributions along the length of the pile are presented in Figure 5-1 to
Figure 5-9. The stress along the length of the pile is normalized using the absolute value of the
maximum stress at the head of the pile under applied mechanical load only (| omaxm|). The depth from
the ground level is also normalized using the length of the pile (Ly). Stress profiles are plotted for
different 7 values as mentioned in Figure 5-1 to Figure 5-9. 7 = 0 represents the pile subjected to only
the applied axial load. In the figures, negative stress values represent the compressive stress in the pile.
The dimensions and material properties of the pile that is used in the analysis are L, =20 m, r, = 0.5 m,
E, = 25 GPa, x, = 2.1 W/m/°C, o, = 10° /°C. Qp is considered as 1000 kN, which gives the value of
AT, as 5°C from equation (5.2).

5.3.1 Energy pile in single-layer soil

The normalized vertical stress profiles along the normalized depth of the pile in single-layer
are shown in Figure 5-1(a) for mechanical and combined loading conditions represented by 7. The
temperature in the pile is increased with the increased 7 values (i.e. AT, > 0). It is observed from Figure
5-1(a) that the axial stress in the pile is compressive along the total length of the pile. The mechanical
and thermal properties used in this particular analysis are Gs = Ep/10%, vs = 0.3, xs = 2.0 W/m/°C, as =
10 /°C. The vertical stress profiles for AT, < 0 are shown in Figure 5-1(b). It is observed from Figure
5-1(b) that for » = 3 and n = 4, tensile stress is developed at the bottom part of the pile. Therefore, the
location of the tension zone for high values of temperature decrease can be present at the bottom part
of the pile ranging for the distance of 0.5L, to 0.25L, from the tip of the pile. It is also observed that the
increase in pile temperature increases the maximum compressive stress at the head of the pile (under
combined loading) whereas for AT, < 0, the maximum compressive stress at the head of the pile almost

remains unchanged.
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Figure 5-1 Normalized vertical stress profile plotted against the normalized pile length for an

energy pile subjected to a mechanical load and different thermal loads. a) AT, >0, b) AT, <0

5.3.2 Energy pile in two-layer soil

The effect of layering in the response of the energy pile in two-layer soil is taken into account
by considering different mechanical and thermal properties of soils. The effect of different soil strength
in different soil layers is considered by relating the shear modulus of the soil in two different layers
with the term Gs/Gs1 where Gsi and Gs, are the shear modulus of soil in layer-1 and layer-2,
respectively. The thermal properties of soils in different layers are considered in the parametric study
by the terms aso/ a1 and &so/ k51 Where o1, &s1; and a2, &2 are thermal expansion coefficient and thermal
conductivity of the soil in layer-1 and layer-2, respectively. The Hi/L, value considered in this analysis

is 0.5 where Hj is the depth of top soil layer.
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5.3.2.1 Effect of the thermal expansion coefficient (as) of soil

The effect of the thermal expansion coefficient of soil («s) on the vertical stress is shown in
Figure 5-2(a) for as2/as1 = 0.1 and Figure 5-2(b) for aso/ a1 = 10. Figure 5-2 represents the stress for
AT, > 0. No tensile zone in the pile is present in this case for any temperature increase.

Figure 5-3(a)-(b) show the vertical stress profiles for as/os1 = 0.05 and aso/ a1 = 0.5,
respectively when AT, < 0. In all the cases that are shown in Figure 5-2 and Figure 5-3 for different

a2l a1 values, no tension is developed in the pile for any thermal load.

(S/I(S 0-/|Gmax.m|

umx.m‘

(a) (b)

Figure 5-2 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile subjected to a mechanical load and different thermal loads (AT, > 0) for a) as:/ax1 =

0.1, and b) as2/ a1 = 10 when other parameters are kept constants, (Gs2/Gs1 = 2, kso/&s1 = 1)

The variation of stress for different as2/as1 are shown in Figure 5-4 for n = 4 when other
parameters are kept constants as stated before. For AT, < 0, the maximum stress ratio decreases with

the increase of as/as1 and vice-versa for AT, > 0.
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Figure 5-3 Normalized vertical stress profile plotted against the normalized pile length for an

energy pile subjected to a mechanical load and different thermal loads (AT, < 0) for @) as)/as1 =

0.1, and b) ax2/as1 = 0.05 when other parameters are kept constants, (Gs2/Gs: = 2, &so/ks1 = 1)

=0

a,lo, =0.5
a,/a, =0.05

a0 =05

a,la, =0.05
| [ | 2 1 | A | I | [ | 1
=12 -0.8 04 0 -1.5 -1.2 -0.9 -0.6 03 0
G/|0-max.m| G/|Gmax.m|
(@) (b)

Figure 5-4 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile for different ratios of thermal expansion coefficient of soil for =4 for a) AT, < 0b)

AT, > 0 when other parameters are kept constants, (Gs/Gs1 = 2, kso/Kke1 = 1)
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5.3.2.2 Effect of the thermal conductivity (xs) of soll

The effects of the thermal conductivity of soil in different layers for a two-layer soil profile on
the stress profiles of an energy pile under mechanical and thermal loads are shown in Figure 5-5 for
AT, > 0 and Figure 5-6 for AT, < 0. Other soil properties are kept constant in this analysis. For the cases
with AT, > 0, tensile stresses are developed under combined load (77 = 2, 3, 4) at the bottom half of the
pile for xe/xs1 = 0.5 (Figure 5-5(a)). For AT, < 0, the stress in the pile remains compressive in all the

cases under different combined loads (Figure 5-5(b)).
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Figure 5-5 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile subjected to a mechanical load and different thermal loads (AT, > 0) for @) xs/x =

0.5, and b) xs./xs1 = 2 when other parameters are kept constants, (Gs»/Gs1 = 2, aso/ a1 = 1)
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Figure 5-6 Normalized vertical stress profile plotted against the normalized pile length for an

energy pile subjected to a mechanical load and different thermal loads (AT, < 0) for a) xe/x =

1.5, and b) xs2/x:1 = 2 when other parameters are kept constants, (Gs2/Gs1 = 2, aso/ a1 = 1)

The effect of the thermal conductivity of soil on the normalized stress in the pile is shown in
Figure 5-7 where different normalized stress profiles for different soil thermal conductivity values are
plotted against the normalized depth (other soil properties are kept constant). For AT, < 0, stress at the
head of the pile increases as xs»/xs1 increases. The stress in the bottom half of the pile does not depend

much on xs/xs1. For AT, > 0, the normalized stress profile is almost similar for all s/ x:.
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Figure 5-7 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile for different ratios of thermal conductivity of soil for =4 for a) AT, < 0b) AT, >0

when other parameters are kept constants, (Gs/Gs1 = 2, aso/ a1 = 1)

5.3.2.3 Effect of the shear modulus (Gs) of soil

The strength of soil in different layers influences the vertical stress developed in the energy
pile under mechanical and thermal loads. The term Gs2/Gs; is considered in the analysis for different
soil strengths in two different layers. The normalized vertical stress distribution in the pile (including
the effect of different soil strengths through the term Gg./Gs1) along its normalized strength is shown in
Figure 5-8 and Figure 5-9 for AT, >0, and AT, < 0, respectively. Other soil properties are kept constant
as mentioned in Figure 5-8 and Figure 5-9. For AT, > 0, when the bottom soil layer is much stiffer than

the top layer, tension develops in the bottom quarter length of the energy pile under high thermal loads.
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Figure 5-8 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile subjected to a mechanical load and different thermal loads (AT, > 0) for a) Gs:/Gs1 =

0.5, and b) Gs2/Gs1 = 5 when other parameters are kept constants, (as2/as1 = 1, kol K1 = 1)
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Figure 5-9 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile subjected to a mechanical load and different thermal loads (AT, < 0) for a) Gs/Gs1 =

0.5, and b) Gs,/Gs1 = 5 when other parameters are kept constants, (as2/as1 = 1, sl ks1 = 1)
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The effect of the shear modulus of soil on the normalized stress in the pile is shown in Figure
5-10 where different normalized stress profiles for different shear modulus ratios of soil (Gs2/Gs1) are
plotted against the normalized depth (other soil properties are kept constant). For AT, < 0, stress at the
head of the pile remains unaffected by the values of Gs2/Gs1 where the maximum stress at the mid-span
of the pile increases with the increase of Gs»/Gs1. For AT, > 0, the normalized stress profile is almost

similar for all Gs»/Gs;1 except that at high thermal load tension develops at the bottom part of the pile.
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Figure 5-10 Normalized vertical stress profile plotted against the normalized pile length for an
energy pile for different ratios of the shear modulus of soil for n =4 for a) AT, < 0b) AT, >0

when other parameters are kept constants, (as2/as1 = 1, ksl ks1 = 1)

5.4 Summary

A parametric study on an energy pile embedded in single-layer and two-layer soils and
subjected to mechanical and thermal load is conducted using the present analytical framework. The
vertical/axial stress which is mostly affected by the temperature change in the pile is observed in the
study for different thermal loads and different soil properties. The temperature change and applied axial
load at the head of the pile are correlated with a dimensionless parameter 7. The stress in an energy
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pile is different than that of a conventional pile which is always under compression because of the
superstructure load. It is observed that a tension zone can develop in the energy pile under different
circumstances with different thermal loads and soil properties (both mechanical and thermal). For
single-layer soil, a tension zone can develop in the range of 0.5L,-0.75L,, at the bottom part of the pile
for different values of temperature decrease. Also, for two-layer soil when the thermal conductivity of
the bottom layer is half of the top layer or when the shear modulus of the bottom layer is much higher
than the shear modulus of the top layer, the tensile zone of the same length as mentioned earlier can
develop in the pile. Therefore, for single-layer and two-layer soil with these conditions, the
development of tensile stresses needs to be considered, and the pile should be designed accordingly.
Also, it is observed that, in the case of a temperature increase in the pile, the axial stress at the pile head
increases, and in the case of a temperature decrease the axial stress at the pile head decreases or remains

constant.
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Chapter 6

Summary and Recommendations

6.1 Summary

In this thesis, a continuum-based semi-analytical framework for the analysis of the energy pile
that takes into account the three-dimensional pile-structure interaction is proposed. In Chapter 1, the
literature review on the thermo-mechanical response of energy piles with research gaps and objectives
are presented. In Chapter 2, a semi-analytical framework for an energy pile that is embedded in multi-
layered soil and subjected to mechanical axial load and thermal load is developed using the variational
principle by minimizing the potential energy of the pile-soil continuum where both the pile material
and soil are considered to behave as a linear elastic material. The present analytical framework produces
accurate results with less computational time. In Chapter 3, a semi-analytical framework for the same
energy pile is developed where the soil is modeled as an elastoplastic material. The analysis framework
for the energy pile in elastoplastic soil is developed from the laws of thermodynamics with the energy
potential and dissipation function where the plastic behavior of soil is taken into account through the
dissipation potential. The derived analytical framework is used for elastoplastic soil response with the
Drucker-Prager constitutive model. The results from the present analysis are verified with available test
results from the literature and with the results from the numerical analysis. The Drucker-Prager
constitutive model does not take into account the effect of temperature on the stress-strain response of
the soil. As a result, this constitutive model is most suitable to model the thermo-mechanical behavior
of sand and an energy pile in sand can be analyzed using the present framework with the Drucker-
Prager constitutive model. In Chapter 4 of the thesis, the present analytical framework for energy pile
is elastoplastic soil is used to analyze energy pile in clay with a thermo-mechanical constitutive model
that takes into account the change in the mechanical response of clay due to temperature change because
the thermo-mechanical behavior of clay is highly dependent on the temperature. The thermo-
mechanical model has been developed using the hyperplasticity formalism that satisfies the laws of
thermodynamics. The results from the present framework with elastoplastic clay that is represented by
the thermo-mechanical constitutive model is verified with available experimental and numerical results

from the literature. In Chapter 5, parametric studies are conducted on the developed vertical stresses in
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an energy pile in single and two-layer soils under different loads to calculate the nature of stresses along

the length of the pile for different soil and loading conditions.

6.2 Conclusions

The major conclusions are

1)

2)

3)

The framework developed in Chapter 2 for energy piles in single or multi-layered elastic soils
can predict the vertical response of the pile in terms of vertical settlement, strain, and stress
under mechanical and thermal loads with acceptable accuracy in a fast and efficient manner
considering the three-dimensional pile-structure interaction. A modification in the soil shear
modulus needs to be made in this analysis.

The analysis method with elastoplastic soil behavior developed in Chapter 3 produces the
vertical response of an energy pile in different soils under all the loading conditions quite
accurately incorporating the nonlinear mechanical behavior of soil. The modification in the
shear modulus of soil required in Chapter 2 is not required in the improved elastoplastic
framework. This elastoplastic framework is further used to include the thermo-mechanical
behavior of clay by using a temperature-dependent clay constitutive model in Chapter 4 that
predicts the experimental results available in the literature quite accurately. Therefore, the
semi-analytical models developed in the thesis can assess the thermo-mechanical response of

energy piles accurately and is also computationally fast.

The parametric study in Chapter 5 shows that depending on the soil layering and loading
conditions tensile zone may develop in the pile where the combined axial stress is tensile. This

needs to be considered during the structural design of the energy pile.

6.3 Recommendations for future work

Based on the limitations of the current research work, the possible extensions of the present

research work are as follows:

1)

2)

The present research work assumes no slippage or separation between the pile and the soil.
However, slippage may influence the nonlinear response of the energy pile foundation.
Therefore, the analysis can be modified considering the slippage between the pile and the soil.
The pile-soil interface behavior may be affected by the differential temperature change in the

pile and the soil. That can be added in the present analytical framework.
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3)

4)

The study includes the thermo-mechanical constitutive behavior of clayey soil. The water that
is present in the voids between the soil particles can transfer the heat by convection. Therefore,
the analysis can be repeated with a thermo-hydro-mechanical soil constitutive model with
additional heat transfer mechanisms.

In the present study, the temperature change in the soil is calculated with the formula given by
Zeng et al., (2002) which was developed for a finite-length heat source in homogeneous soil.
A more advanced heat transfer model can be used in the present framework to calculate the

temperature change in the soil which can be added as a subroutine in the existing algorithm.
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Appendix A

Al. Residuals:
Al.1 Ri1:

The residual equation for the state variable (strain) is given by equation (4.7) as,

09, (6n+l)

R ——
! 06

+AAr (o, i) - (A1)

n+1

In equation (A.1), the Gibbs free energy (g:) potential is given by (Einav & Puzrin, 2004)

p™ —(2-m, ) ppy"™ o' %(2ap,—ng,p)
K, (2-m)(1-m)pE™ 6G,pl™p™  6G,p%" pi™"

9,=- (A2)

where po and o are the initial mean and deviatoric stress, respectively; prer is the reference mean
effective stress which is generally considered 1kPa. The derivative of g1 with respect to stress (on+1) is

a tensor that is obtained by applying the chain rule for derivative calculation as,

09, 09, %, % &

(A.3)
0o., Op oo, O 0o,
where
(1-my) (1-my) 2 2

% - —p o ~ ns1 ng) ?On - cll n, (A3a)
ap K ( ) pref ) 6Gs pgef pO ’ p( : 5)

® _1 (A.3b)
a6n+l 3

2

B 2“ % (A.30)
oq  6Gp™ [P™ Py

A :l is (A.3d)
do,.. 2\ J,
where
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S=o6—-pl
1
J2=§SZS
1
=—1r
P=3 (o)
gq= 3‘]2

The flow rule (r) can be described in true stress space as,

r=r, P &
06, 00,
Al.l Rz

(A.4)

(A5)

(A.6)

(A7)

(A.8)

The residual equation for the hardening variable (pre-consolidation pressure) is given by equation

(4.9) as,
n+l

R, = pc—;—exp[“—e‘)Agvp —yAT)
cT A-

where

A&} = AAr,

A2. Components of J matrix:
A2.1 Ji1:

The Ji1 tensor can be described as

.- oR, _ o°g, AA or
" 06, 06,06, 06,

The calculations for different coefficients of J;1 are shown below;
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(A.13)

(A.133)

(A.14)



¢, _0°9y p o 9 p o9 , 0% &4 dp

L0 a4 &g

a6n+1acn+l - ap2 a6n+1 a6n+1 apaq acn+l a(“$n+1 aqap a6n+l a6n+1

(09 9 [ 9
aq oo, \ 0o, ,,

o', ___p™  n(n+1)q’

op* K.pi™  6G,pl™p?

o'y, 0’9, 2n.q

opog  ogdp  6G,pl") p™Y

0’9, 2
oq*  6G,pl ™ p"

0 (g )__\B (llT—lllT]—issT
06,., 06, ) 2./3, 3 2J3

or o, op o, o, 0 (6q

= +
9
ds,,, 06, 06, 00, 06, dc,,,, \ 00

p __P p

é6,, op 0o, &q do,,,

or or, op +8I’ oq

%=%8—A+%@+(252+2/}2A2)
op OAop OB op

or

P2 — _4A8A(g-

PN (a-4p)

op

or

— —4B(p-C

oB (p=C)
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aq 2 66n+l a6n+1

(A.15)

(A.153)

(A.15h)

(A.15¢)

(A.15d)

(A.16)

(A.17)

(A.17a)

(A.17b)

(A.17¢)

(A.17d)



Z—_—M(1-
5 =M(-a)
8rp )
L =_28A
oq p

9 _ 49 q

é6,., opos.,, 0q06,,

or or, op O, &g
_— +_

or ar aA

3= —2A?
op 8A6p P
or

—Y_4A(a-

oy (a-25p)
%=2A2

aq

A2.2 J12:

The Ji2 which is a tensor can be described as

R, r
J12 6 n+l A 8n+l
OPr OPer
The calculations for Ji» are shown below;

or 8rp op N 8rq oq
Pyt opl de,,,  OpY Go,,

6rp 8r oA ar oB ar ocC
+

+
apn+l aA aanrl aB apl’Hl aC apn+l

GA)/

apm—l 2

B _May
aanrl 2
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(A.17¢)

(A.17f)

(A.18)

(A.18a)

(A.18b)

(A.18c)

(A.19)

(A.20)

(A.21)

(A.21a)

(A.21b)



—=-2B?

oC

oC Y
o 2

arq arp oA

oplt oA ply’
A2.3 Jizs:

The Ji3 tensor can be described as

oR
Jp=—rte=
13 a(AA) r
A2.4 Jo:

The J,; tensor can be described as

OR 1+e 1+e or
J,, =—2 =—exp(}L OAArp—,uATj(ﬂ_;jAAacp
n+1

A2.5 J2:

The component, J,; can be described as

or
= aF:il = 1n —exp(1+e° AAT, —,uATj(lJreo jAA 2
ach ch A A-kK ach

A2.6 J2z:

The component, J,3 tensor can be described as

oR 1+¢ 1+e
Jyy=—-"~~=—ex © AAT, — uAT r
#9(AN) p(ﬂ,—x p THA j(l—/{jp

A2.7 J31:

The Js; tensor can be described as
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(A.21c)

(A.21d)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)
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oo, 06,
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aA_2A(q Ap)° -2AB

oy 2 2
—~ =2B(p-C) —2A°B
oB (p )

N _op2fn
E—ZA (q ﬁp)

A2.8 J3z2:

The component, Js; can be described as

R, _ 0y

32

v oply

o _y oAy By XL

opy' oAdpyT B apy'  aC aply’

cT

oy 2

—/ =-2B -C
oC (p )
A2.9 Jza:

The component, Js3 can be described as

Oy oA oy B
oA dp B op
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