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Abstract

Thermo-poromechanical modeling of saturated clay soils considering bound water
dehydration.

Mohammadhossein Sojoudi, Ph.D.

Concordia University, 2023

The non-isothermal deformation of clay soils is a critical concern in energy and environmental-
related geotechnics, given the complex microstructure and mineral composition of clay-related
geomaterials. Investigating their thermo-mechanical behaviors poses significant challenges that
previous studies have often overlooked. Specifically, distinguishing between thermal plastic strain
and clay dehydration strain has received little attention.

To address these gaps, a novel constitutive model is proposed for describing the thermo-
elastoplastic behaviors of water-saturated clayey soils. The model incorporates the effects of
temperature variation and mechanical loading on elastoplastic strains and dehydration behavior.
The thermo-mechanical behavior is quantified using thermodynamics laws and unconventional
plasticity principles. Additionally, a finite element method (FEM) model is employed to simulate
the thermo-hydro-mechanical (THM) responses of water-saturated clay soils. This FEM model
accounts for temperature variation effects on bound water dehydration and corresponding thermo-
poromechanical strains. By incorporating unconventional plasticity, the elasto-plastic behavior is
more accurately described. The validation process for this FEM model involves laboratory results
on various clay soils with different geological origins, demonstrating a reasonable agreement
between the model's predictions and experimental data. Notably, the numerical results highlight
the impact of bound water dehydration on the generation of excess pore pressure in clay soils
during heating.

Expanding beyond the realm of theoretical models, a research project is underway to assess the
geomechanical performance of a potential borehole thermal energy storage system (BTES) in a
Canadian subarctic region. To quantify the poromechanical impact, a two-dimensional finite
element model (FEM) is created to simulate a BTES system, encompassing the borehole and the
surrounding soil formation. The model aims to analyze the effects of cyclic temperature variations
and bound water dehydration on the short-term ground response and pore water pressure

development. Our results indicate the importance of considering bound water dehydration in

il



characterizing the ground heave process during the short-term BTES operation in an
overconsolidated formation. The simulated ground expansion behavior is due to the high excess
pore pressure generated during thermal storage, which is accompanied by the release of in-situ
effective stresses. The neglect of bound water dehydration will underestimate the magnitude of

ground heave during a short-term BTES operation.
Keywords: Thermo-hydro-mechanical (THM) coupling, Subloading yield surface, Clay-bound

water dehydration, Finite element method (FEM), Borehole thermal energy storage (BTES)

systems.
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Chapter 1

1 Introduction

1.1 Context and Inspiration for the Study

Clay soils play a crucial role in the realm of energy storage systems and environmental
geotechnics. Clay soils exhibit a complex microstructure and mineral composition, which pose
significant challenges when studying their thermo-mechanical behaviors. While previous studies
have shed light on this intricate thermo-poromechanical behavior. However, many studies have
overlooked the crucial differentiation between thermal plastic strain and the strain resulting from
clay bound water dehydration. Describing the complicated thermo-elastoplastic behaviors of

clayey soils under non-isothermal conditions requires a groundbreaking research endeavor.

A noteworthy application of a comprehensive grasp of the thermo-mechanical characteristics of
clay soils lies in Thermal Energy Storage (TES) systems. Such system garnered significant
attention in today's energy systems, aligning with the global shift towards sustainability and
renewable energy sources [1, 2]. In some subarctic regions of Canada, villages heavily rely on
fossil fuels for both electricity and heat production, resulting in substantially higher production
costs compared to southern areas. To address this challenge, the concept of using seasonal borehole
thermal energy storage (BTES) has emerged as a strategic solution to enhance energy and food
security in off-grid communities located in circum-arctic countries, particularly when the winter
season's solar energy is insufficient to meet local demands [3, 4]. BTES projects aim to store heat
in low-permeability layers rich in clay soils to minimize heat loss. However, the thermo-hydro-
mechanical (THM) behaviors of clay soils are pivotal factors in the design and stability of these
BTES projects. Figure 1-1 shows the schematic view of borehole stability problems in a BTES

project in a clay soils.



Risk of borehole failure because of thermo-hydro-
mechanical behavior of clay soils.

Figure 1-1 Borehole stability issues related to a thermal energy storage project in a clay soil

formation. (Background image is from www.img2go.com.)

The poromechanical behaviors of clay soils are intricately tied to their saturation state, and even
for water-saturated clay soils, the interplay between clay minerals and water introduces complexity
in temperature dependence. A comprehensive understanding and accurate modeling of this THM
behavior necessitates a multidisciplinary approach. Past experimental data has revealed that
heating often leads to irreversible contraction deformation in clay soils, especially in
unconsolidated geomaterials [5—7]. Over time, several thermo-mechanical coupled constitutive
models have been developed to predict the non-isothermal poro-mechanical behaviors of clayey
soils, typically grounded in the fundamental laws of thermodynamics [8—11]. Nevertheless, limited
attention has been paid to accounting for the impact of clay-bound water dehydration, which
should be treated as a distinct deformation mechanism [12, 13]. The increase in temperature within
a water-saturated clay-rich geomaterial can lead to the transformation of clay-bound water into

free water, resulting in dehydration-induced pore changes and deformations [14—-16].



The intricacies of these behaviors have introduced significant complexity into the precise modeling
of clay soils. Nevertheless, it is imperative to develop suitable descriptions of these behaviors to
ensure their accurate incorporation in thermal energy storage projects and other non-isothermal

initiatives.

1.2 Objectives and scope

The primary goal of this thesis is to propose a constitutive model capable of explaining the
thermo-hydro-mechanical responses of clay material under thermo-mechanical stress, while
accounting for the influence of bound water dehydration. To achieve this goal, the subsequent tasks

have been addressed:
1- Developing and assembling the codebase for the proposed numerical model.
2-Verifying the model's simulations through comparison with existing experimental data.

3-Investigating the impact of bound water dehydration on the alterations in stress and strain within

the soil.

The second aim of this thesis involves implementing the proposed numerical model into the
couple THM finite element method to account for the geometry, formulating and compiling the
finite element code, verifying the model outcomes using experimental test data, and assessing the

influence of bound water dehydration on soil behavior.

The third goal of this thesis aims to offer practical perspectives on numerically simulating
boreholes within BTES systems. This objective was realized by integrating our suggested FEM
model to examine how the cyclic temperature fluctuations impact the stability of boreholes in the

subarctic region of northern Canada,

1.3 Original contribution

This thesis contains original contributions in three main areas: 1- Development of a constitutive
model based on the fundamentals of thermodynamics. 2- Integration of the model into the FEM.

3- Exploration of the model's applicability in the subarctic region of Canada. The following are



the notable achievements presented in this work (In Figure 1-2, the schematic flowchart

illustrating the contributions of the thesis is presented):

1- Proposing a constitutive model that accounts for the impact of bound water dehydration on the

thermo-elastoplastic behavior of clay soils.
2-Incorporation of the proposed model into FEM using the Galerkin discretization method.

3-Verification and validation of the model through comparison with experimental data in

simulation.

4-Examining the geomechanical performance of a potential BTES system in a Canadian subarctic

region.

Plasticity Wus

—— Dependent
framework y ;
v behavior
Function of l Stress-strain
OCR variables

Bound water
dehydration

4

A comprehensive thermo-elastoplastic
constitutive model.

4

Numerical implementation of constitutive
models into FEM.

v

Investigating borehole stability in a BTES
systems during temperature variations.

Figure 1-2 Flow chart showing the contribution of the thesis.



1.4 Thesis organization

This thesis follows a manuscript-based format, with three of the six chapters comprising journal
article manuscripts that have either been published or under review, as detailed in the list of
publications. With the exclusion of this particular chapter, the thesis is structured in the subsequent

manner:

Chapter 2 offers an extensive review of existing literature, elucidating the specific issues at hand

and outlining the suggested analytical and numerical resolution.

Chapter 3 focuses on presenting the relationships and numerical validations of the proposed
thermo-poro-elastoplastic constitutive model for clay soils. This model is based on the principles
of thermodynamics and incorporates unconventional plasticity principles. Within the model, the
capture of irreversible strain is achieved through the utilization of the subloading surface plasticity

framework.

Chapter 4 of the thesis focuses on the implementation of the proposed constitutive model into the
finite element method (FEM) and its validation through high temperature triaxial tests and high
temperature oedometer tests. The details of this implementation and verification process are

discussed in this chapter.

Moving on to chapter 5, it delves into the application of the presented FEM framework for
simulating the behavior of borehole thermal energy storage (BTES) in northern Quebec. The
simulation covers a period of 3.5 years and considers the effects of temperature variations. The

findings and insights obtained from this investigation are presented in this chapter.

Chapter 6 is dedicated to the conclusion and recommendations for future work. It provides a
summary of the research findings and suggests potential areas of further exploration and

development.



Chapter 2

2 Literature review

2.1 Introduction

In this chapter, we provide a concise overview of earlier research efforts focused on modeling and
characterizing the THM properties of clay soils. This overview is organized into three distinct
sections. Firstly, we examine the methodologies for describing the geomechanical behavior of clay
soils and the significance of considering bound-water dehydration. Secondly, we delve into prior
studies that explored the implementation of constitutive models in FEM simulations. Finally, we
scrutinize BTES project simulations, designs, specifications, and their practical applications in

subarctic regions.

2.2 Multiphysics simulation of clay soils.

Over the past few decades, numerous experiments have demonstrated the significant impact of
temperature variations on the mechanical behavior of clay soils [17, 18].Changes in temperature
have multiple effects on the mechanical and hydraulic characteristics of water-saturated clay soils,
which represent major concerns in geotechnical engineering. The Thermo-Hydro-Mechanical
(THM) behaviors of clay soils play a pivotal role in various engineering projects, such as nuclear

waste disposal [19] and underground geothermal utilization and storage [20].

Previous experimental findings indicate that the THM behavior of clay soil correlates with the
Over-Consolidation Ratio (OCR). When clay soil is heated, its particles expand. However, an
increase in temperature reduces the strength of adsorbed layers, leading to a decrease in the
distance between clay particles. Under normally consolidated conditions, this behavior alters the
equilibrium between Van der Waals attractive forces and electrostatic repulsive forces, resulting
in grain rearrangement and shrinkage. Conversely, in highly over-consolidated clay soil heated
conditions, it primarily undergoes reversible thermal expansion. Studies by [6, 21] suggest that the

inclination of the soil toward dilation and contraction, as well as the intensity of the



reversible/irreversible parts of the deformation during heating and cooling cycles, relate to clayey

material types, OCR, and plasticity.

Despite extensive research, the precise thermo-poro-mechanical behavior of clayey materials
remains a subject of ongoing debate, without a comprehensive consensus. On one hand, numerous
experimental and numerical studies suggest that increasing temperature may reduce the strength
of clayey materials, with some cases even reporting thermal failure [18, 22]. On the other hand,
research by Zhang et al. (2012) [1], Laloui and Cekerevac (2008) [8], and Kuntiwattanakul et al.
(1995) [9], indicates that increasing temperature can enhance the shear strength of clay soils.
Understanding and simulating this complex behavior of clayey soil has garnered significant

attention over the past few decades.

The Plasticity-based approach and the thermodynamic-based approach are two prominent methods
widely used in modeling and characterizing the THM behavior of clay soils. In the Plasticity-based
approach, the focus lies on capturing clay's mechanical response through plasticity theories,
enabling the simulation of deformation, shear strength, and stress-strain behavior. On the other
hand, the Thermodynamic-based approach takes a more holistic perspective by considering the
thermodynamic principles governing clay behavior, incorporating concepts such as energy
dissipation and entropy production. These approaches are not mutually exclusive but rather
complementary, offering researchers and practitioners valuable tools for analyzing and predicting

the behavior of clay soils in a wide range of geotechnical and environmental contexts.

Furthermore, it is essential to emphasize the critical importance of considering bound-water
dehydration in clay material simulation. Bound-water molecules play a fundamental role in clay's
behavior, influencing its volume change, stiffness, and strength properties. Thus, incorporating the
effects of bound-water dehydration into simulations is essential for achieving an accurate and

reliable description of clay material behaviors.

2.2.1 Plasticity-based approach

The plasticity-based method, as its name suggests, is founded on the principles of plasticity and
continuum mechanics. Within this framework, the THM (Thermo-Hydro-Mechanical)

characteristics of geomaterials heavily hinge on factors such as yield surfaces and hardening laws.



Precisely and suitably accounting for temperature fluctuations, stress-strain rates, and the
development of yield surfaces constitute the pivotal elements of this approach. Over the last few
decades, numerous scholars have employed this approach to elucidate the thermo-mechanical

properties of geomaterials [22, 24-27].

Zhang et al. (2012) [9], introduced an innovative constitutive model rooted in the plasticity
framework to characterize the intricate thermo-mechanical responses of clay soils. Within this
model, they introduced a straightforward notion called "equivalent stress" to account for the impact
of temperature fluctuations on soil hardening. In this concept, they posited that the volumetric
strain induced by temperature variation is equivalent to the volumetric strain resulting from an

increment in equivalent stress. This concept is shown in Figure 2-1.
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Figure 2-1 Volumetric strain caused by real stress and equivalent stress [9](8 is temperature).

In1989 Hashiguchi [28], introduced an innovative plasticity concept, departing from traditional
approaches, to better capture the mechanical properties of geomaterials. Unlike conventional
plasticity, this framework incorporates the elastoplastic domain within the interior of the yield
surface. Consequently, this model can describe elastoplastic behavior starting from the soil's initial
stress conditions. To achieve this, Hashiguchi proposed the concept of a surface, referred to as the
"subloading yield surface," which maintains a similar shape to the normal yield surface and always
passes through the current stress points. In Figure 2-2 the subloading surface and normal yield

surface is presented.



Normal-yield
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Figure 2-2 Normal yield and subloading yield surfaces [29].

Although the plasticity-based model and the innovations applied to it have provided a strong
platform for numerically modeling the behavior of clay soils, the primary drawback of this
approach is its inability to adhere to all the fundamental laws of thermodynamics. Constitutive
models that violate the laws of thermodynamics cannot effectively simulate THM behavior in most

cases, they can only describe THM behavior under certain predefined conditions [30].

2.2.2 Thermodynamic-based approach

Describing the soil behavior based on the thermodynamic theory and fundamental laws of
thermodynamics is an approach that is widely used by researchers. In this approach, the thermo-
mechanical behavior of the geomaterials is described based on the concepts of elastic potential
energy, free energy, physical conservation laws, first and second principles of thermodynamics,

and entropy balance equations.

Furthermore, both laboratory and field measurements have demonstrated the significant influence
of temperature fluctuations on clay soil properties [31]. It has been observed that thermal
disturbances can result in lasting deformations within these soils [6, 32—-36]. Substantial
experimental evidence indicates that heating can induce irreversible deformations along drained

stress paths, especially in loosely consolidated clayey soils [37].
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To predict the non-isothermal poro-mechanical behaviors of clayey soils, several thermo-
mechanical coupled constitutive models have been developed. These models typically incorporate
temperature-dependent yield surfaces to describe the thermo-mechanical response [5, 7, 21, 32,
38, 39]. A comprehensive review of these advanced thermo-mechanical models for saturated clays

is provided by Hong et al. 2013 [40].

In addition to the thermo-mechanical models, there are other thermo-elastoplastic models that
incorporate thermodynamic principles [8, 9]. These models apply a series of thermodynamic
constraints on constitutive model variables, such as stress, strain states, and strain evolution laws
[10]. The overall framework of most thermodynamic-based models is similar to classical
phenomenon-based elastoplastic models [11]. An advantage of using phenomenon-based
elastoplastic models is that many of the model parameters can be determined through temperature-

controlled triaxial tests.

However, one limitation of these models is the inadequate consideration of dehydration-induced
strain (conversion of clay-bound water to free water). The constitutive modeling of dehydration-
induced strain in clayey soils has been specifically addressed by Hueckel in 1992 [41] and Hueckel
in 2002 [42].The study of dehydration in saturated clayey soils has gained recent attention [12, 13,
43, 44]. Researchers have focused on understanding the effects of bound water dehydration on the

mechanical behavior of clayey soils.

2.2.3 Bound water dehydration

The liquid phase in water-saturated clay soil is divided into the free and bound water forms. This
division happened because of the electrochemical interaction between clay particles and water [45,
46]. Free water is the amount of water that fills the clay pores and is known as bulk water in soil
skeleton; bound water is another form that is absorbed by the clay minerals and plays an important

role in the THM behavior of clayey materials. These two water forms are illustrated in Figure 2-3.
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Interlayer space, clay-bound water

Free water

External surface, clay-bound water

Figure 2-3 Illustration depicting free water and bound water in clay-water composites.

When clay soil is heated, the bonding between water and the clay minerals is weakened and some
amount of bound water can transfer to free water. This transformation behavior creates a

deformation in the soil which is named as dehydration strain. [12, 16, 47, 48].

The development of this strain at the microscopic level presents challenges in gaining a
comprehensive understanding of dehydration behavior. Furthermore, quantifying dehydration

strain poses another significant challenge.

Li and Wong in 2017 [12] proposed an explanation for the thermally induced strain observed in
soft mudrocks. They suggested that this strain arises from the expansion of solid minerals, the
release of interlayer bound water, and thermal plastic strain. However, implementing their
mechanistic model in constitutive modeling tools such as phenomenon-based elastoplastic models

is not straightforward.

To address this challenge, Zhang and Cheng in 2017 [43] introduced the Tsinghua ThermoSoil
model, which offers a new approach to simulate the coupled thermo-mechanical behavior of clayey

soils. This model incorporates a double-entropy concept that captures the effects of energy
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dissipation at the microscopic level on continuum behavior. It also considers the exchange between
bound and free water. However, compared to phenomenon-based elastoplastic models, the
Tsinghua ThermoSoil model requires a more complex procedure to determine the relevant

parameters for numerical modeling.

In light of these considerations, it becomes clear that there is a compelling need to introduce a
novel constitutive model. This model should effectively describe the THM behavior of clay soils
by incorporating the principles of thermodynamics. Furthermore, it should possess the capability
to consider the impact of bound water dehydration strain while being founded upon unconventional

plasticity principles.

2.3 Implementation in Finite Element Method (FEM)

The finite element method (FEM) is a numerical technique widely used for solving complex
engineering problems, including the analysis of soil behavior. This implementation enables the
analysis of large-scale systems and the prediction of the response of soil under various loading and

environmental conditions.

In the context of thermo-elastoplastic behaviors of saturated clayey soils, the FEM plays a crucial
role in solving the governing equations derived from the thermodynamic-based model. The FEM
discretizes the soil domain into finite elements, where the constitutive equations are applied to
each element to calculate the stress and strain fields. By considering the effects of temperature,
degree of saturation, and stress, the FEM can provide valuable insights into the soil's behavior and

its response to different environmental conditions.

Temperature fluctuations have a profound influence on the poromechanical characteristics of
geomaterials. In the realm of non-isothermal geotechnical projects such as geothermal energy
storage and carbon neutrality-focused storage, comprehending the intricate thermo-
hydromechanical (THM) processes is paramount [44, 49]. Nonetheless, accurately describing the
interplay between thermal, hydraulic, and mechanical factors in clay soils remains a subject of

contention within the geotechnical engineering community [50-52].

The poromechanical behaviors of clay soils are heavily influenced by their saturation state. Even
in the case of water-saturated clay soils, the intricate interaction between clay minerals and water

introduces complexities in terms of temperature dependency. Thus, a multidisciplinary approach
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becomes imperative in fully comprehending and precisely modeling THM behavior. Extensive
prior experimental data suggests that heating tends to induce irreversible contraction deformations

in clay soils under drained stress conditions, particularly for unconsolidated geomaterials [5—7].

A series of theoretical investigations were conducted to explore the plastic behavior induced by
temperature in clay soils [37]. These models primarily describe the thermo-mechanical behaviors
by utilizing yield surfaces that are dependent on temperature [6, 21, 32, 38, 53]. A comprehensive
review of these advanced thermo-mechanical models for saturated clays can be found in [40, 54].
However, limited attention has been given to the consideration of the impact arising from clay

bound water dehydration, which should be treated as a distinct deformation mechanism [12, 13].

The increase in temperature within a water-saturated clay-rich geomaterial can result in the
transformation of clay bound water into free water, leading to dehydration-induced changes in pore
structure and deformation [14—16]. Geologists studying abnormal pore water pressure generation
in basin modeling [14, 47, 48, 55] and pore water geochemistry in smectite-rich geological
formations [56]. have predominantly investigated clay bound water dehydration. Hueckel, a
pioneer in geotechnical engineering, extensively explored thermally driven dehydration in clay

soils and its associated elastic and reactive plastic deformations [41, 42, 57].

It is important to note that different types of clay bound water adhere to the external surface of
clay particles or the interlayer nanoscale pore space [58]. The dehydration processes of these
different types of clay bound water are dependent on temperature and pressure conditions;
however, previous studies often did not differentiate between them. Recent advancements in the
geotechnical community have primarily focused on the dehydration of bound water adhered to the
external surface of clay particles [43, 44, 59, 60], which occurs within a relatively lower
temperature range (20°C to 90°C) and is more relevant to shallow geothermal energy engineering
projects. These derivations are mainly based on the energy concept and necessitate a complex
procedure to obtain related parameters for numerical modeling. Therefore, there is still a need for

a versatile, straightforward, and comprehensive model for practical engineering applications.

In the modeling of thermal-hydro-mechanical coupled processes in clay soils, considering bound
water dehydration, the convection term in the energy balance, which was previously neglected,
becomes significant. The numerical implementation of the unsteady advection-diffusion equation

requires stabilization [61]. In this study, the streamline upwind Petro-Galerkin (SUPG)
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stabilization method, which was proposed by Brooks and Hughes [62] is employed for achieving
stability.

2.4  Advancements in Modeling Thermo-Hydro-Mechanical Behaviors

The literature within the realm of energy systems and thermal storage has witnessed significant
developments in response to the ever-increasing demand for sustainable energy solutions. In 2017,
a substantial 75% of the world's electricity was derived from thermal power sources, relying on
fuel-driven heat for turbine operation [63]. However, as the global commitment to decarbonization
intensifies, the transition from fossil fuels to renewable heat sources like geothermal energy,
hydrogen fuel, and solar thermal energy has emerged as a crucial paradigm shift [64]. This shift
bears the promise of not only meeting energy demands but also fostering a more environmentally

friendly and sustainable energy landscape.

This transition towards renewable thermal sources has catalyzed the rise of Thermal Energy
Storage (TES) systems in modern energy infrastructure [1, 2, 65]. The integration of intermittent
renewable sources such as wind and solar power has propelled TES into a pivotal role, ensuring
the efficient management of energy supply and demand. Among various TES variants, Borehole
Thermal Energy Storage (BTES) systems have gained prominence [66]. BTES leverages shallow
Borehole Heat Exchangers (BHE) to store and release thermal energy, using soil and rock as
effective mediums [67-69]. BTES's adaptability across geological formations and cost-
effectiveness in installation compared to alternative TES systems position it as an ideal choice for

seasonal storage [70-73].

However, the construction costs associated with BTES underscore the necessity for rigorous
numerical simulations to ensure both economic viability and thermodynamic efficiency.
Computational methods that analyze the thermal, hydraulic, and mechanical behavior of boreholes
within BTES systems are vital in this context. Notably, a multiphysics approach that considers
ground heat transfer, pore water pressure variations, and mechanical changes stands out for its
enhanced accuracy compared to the commonly used parameter fitting models [68]. Extensive
research has been devoted to optimizing BTES modeling, often relying on Ingersoll's infinite-line

source model for heat transfer within BHEs.
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Numerous scholars have contributed to the optimization of BTES modeling in recent decades.
Zeng et al. (2002) [74], introduced a quasi-three-dimensional framework for representing the
thermal network within a borehole field, emphasizing the significance of axial heat transfer in
varying heat exchanger configurations. De Paly et al. (2012) [75], introduced an innovative
optimization approach for energy extraction from enclosed shallow geothermal systems, focusing
on workload optimization as a proxy for flow rate optimization. Bayer et al. (2014) [76], extended
mathematical optimization techniques to enhance ground elements in shallow geothermal energy

systems, encompassing both heating and cooling applications.

While research has illuminated heat and fluid flow in soil, robust property models for assessing
soil behavior under heat transfer and pore water pressure variation remain underdeveloped.
Changes in temperature significantly impact the poromechanical characteristics of geological

materials, particularly clay soils, prompting further investigation [50-52].

Researchers such as Cekerevac and Laloui (2004) [6] and Abuel-Naga et al. (2007) [32] have
examined thermal effects in clay soils behavior. However, the influence of dehydration of bound
water and the conversion of clay-bound water to free water upon temperature increase[13—16, 58]

[23—27] on soil deformation have not been well addressed in their research.

Li and Wong (2017) [12], have performed a series of experimental tests to highlight the effects of
dehydration strains. They found that distinct types of clay-bound water cause different
deformations, which make the soil behavior more complicated. They also mentioned that the
dehydration of the outer layer of bound water in clay minerals can occur at relatively low
temperatures, starting from 30 °C. However, it necessitates a substantial amount of time for excess
pore pressure induced by this process to dissipate in low-permeability soil formations. In theory,
thermal disturbances tend to cause short-term ground heave as a response, particularly if there is

no significant plastic deformation involved.

Currently, there is a lack of research addressing the impact of such thermal-mechanical
disturbances on soil behavior. The role of bound water dehydration in the overall ground
deformation remains unexplored. This is especially relevant in Canadian subarctic regions where

the soil has undergone significant consolidation during the glacial period, leading to uncertainties
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regarding the potential magnitude of deformation during BETS operations in off-grid
communities.

Recently Sojoudi and Li (2023) [59] have attempted to address these gaps. They introduced a
thermodynamic-based model for the dehydration of bound water on clay particle surfaces but have

not yet incorporated this model into the FEM for comprehensive analysis.

In Chapter 4 of this thesis, we presented a FEM-based numerical platform for simulating soil
behavior while considering the effect of bound water dehydration. The results have been compared
with experimental data, and a reasonable agreement has been achieved. Consequently, in Chapter
5, we used the proposed numerical model to simulate a borehole in a BTES system in the Canadian
subarctic region. The results provide significant information for the execution and design of BTES

projects in subarctic areas, as well as for further research in these systems.
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Preface to Chapter 3

Over the past decades, articulating the accurate thermo-hydro-mechanical behavior of clay soils
has presented a formidable challenge. Due to its intricate character, the formulation of an
encompassing framework has remained elusive. In this chapter, we undertake the task of not only
reviewing antecedent research endeavors but also introducing a more pragmatic and
comprehensive poro-elastic-plastic model rooted in the foundational principles of
thermodynamics. This model demonstrates the capability to account for the influence of bound
water dehydration on soil's thermal strain. The comparative analysis between the results obtained
from the model simulations and empirical observations yields commendable outcomes. These
achievements substantiate the robustness of the model's formulation, underscore its potential for

further refinement, and highlight its capacity for progressive advancement.
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Chapter 3

3 A thermodynamic-based model for modeling thermo-
elastoplastic behaviors of saturated clayey soils considering
bound water dehydration'

3.1 Abstract

The non-isothermal deformation of soft mudrocks or clay soils is one of the most critical issues in
energy and environmental related geotechnics. Clay-related geomaterials hold complex
microstructure and mineral composition, which brings difficulty in investigating their thermo-
mechanical behaviors. Previous studies pay little attention to the difference between a thermal
plastic strain and the strain from clay dehydration. In this study, a new constitutive model is
proposed for describing the thermo-elastoplastic behaviors of clayey soils under water-saturated
condition. The effect of temperature variation and mechanical loading on elastoplastic strains and
dehydration are investigated. The thermodynamics laws and the unconventional plasticity are
applied to quantify the thermo-mechanical behavior. The irreversible strain is captured by using
Cam-Clay plasticity and subloading yield surface concept. The dehydration strain is described by
utilizing a novel method based on generalized thermodynamics approach and Helmholtz free
energy function. The internal variables, and the first and second laws of thermodynamics are
applied in the model. The hardening rule is established by implementing the laws of physical
conservation, energy dissipation, and plastic flow. The proposed model is validated using specially
designed thermal consolidation tests on laboratory prepared heavily consolidated clayey soils and

some published data of clayey soils with different geological origins.

Keywords: Thermo-mechanical process, Subloading yield surface, Energy methods, Clay-bound

water Dehydration.

1A version of this manuscript has been published in Journal of Rock Mechanics and Geotechnical Engineering
(2023).
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3.2 Introduction

The thermo-elastoplastic behaviors of clay-related geomaterials are critical for energy projects
like deep disposal of nuclear waste [18, 39], geothermal energy exploitation and storage [31, 44,
49, 77-79]. Non-isothermal laboratory and field measurements demonstrate that the properties of
clayey soils are highly dependent on applied temperatures [31], and thermal disturbance can induce
permanent deformations [6, 32—-36]. Extensive experimental data reveal that heating tends to result
in irrecoverable deformation in clays under a drained stress path, and the effects are pronounced
for unconsolidated clayey soils [37]. A series of thermo-mechanical coupled constitutive models
has been developed to predict the non-isothermal poro-mechanical behaviors of clayey soils. These
models usually describe the thermo-mechanical behaviors using temperature-dependent yield
surfaces [5, 7, 21, 32, 38, 39]. A complete review of these types of advanced thermo-mechanical
models for saturated clays is presented by Hong et al. (2013) [40]. There are other thermo-
elastoplastic models shedding light on thermodynamics laws [8, 9], where a series of
thermodynamic restrictions is applied on constitutive model variables, such as stress and strain
states, and strain evolution laws [10]. The final framework of most of thermodynamic-based
models is same as the classical phenomenon-based elastoplastic models [11]. The advantage of
using the phenomenon-based elastoplastic models is that most of the model parameters can be
obtained by utilizing temperature-controlled triaxial tests. One of the major limitations of these
models is that the dehydration strain (clay-bound water turns to free water) cannot be considered
properly. Constitutive modeling of dehydration-induced strain in clayey soils is primarily
highlighted in Hueckel (1992) [80] and Hueckel (2002) [42]. Dehydration in saturated clayey soils
draws more attention recently [12, 13, 44, 81].

In this sense, Li and Wong (2017) [12] proposed that the thermally induced strain in soft
mudrocks or dense clayey soils is due to the expansion of solid minerals combined with interlayer
bound water, the dehydration of clay-bound water, and thermal plastic strain. However, the
mechanistic model by Li and Wong (2017) cannot be easily implemented in constitutive modeling
tools like the phenomenon-based elastoplastic models. The Tsinghua ThermoSoil model provides
a novel concept for simulating the coupled thermo-mechanical behavior of clayey soils, where a

double-entropy approach capturing effects of energy dissipation at the microscopic level on
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continuum behavior is applied [81]. The exchange between the bound and free water is considered
in the Tsinghua ThermoSoil model. Compared to the phenomenon-based elastoplastic models, this
model also requires a more complicated procedure to obtain related parameters for numerical
modeling. In this context, a new thermo-elastoplastic constitutive model is presented using theories
from thermodynamics and unconventional plasticity. The dehydration strain is described using a
novel method based on generalized thermodynamics approach and Helmholtz free energy
function. The irreversible strain is captured using Cam-Clay plasticity and with the subloading
yield surface concept. Specially designed thermal consolidation tests on laboratory prepared
heavily consolidated clayey soils are designed for model validations. The proposed model is also

validated using published data on some natural clayey soils retrieved from different sites.

3.3 Thermodynamic bases for constitutive model

The accuracy and complexity of the thermodynamic-based models are directly related to the
chosen internal variables and the definition of free energy functions of the soil. Appropriate
description of evolution law, flow rule and yield function for a specific material is considered as a
main challenge in proposing a constitutive thermodynamic-based model. This can be achieved
through the fundamentals of thermodynamics by using the first and second laws of
thermodynamics. The internal energy (e) is linked with the increment of work (W) and heat
supplies (Q) by the first law of thermodynamics:
de=8W +50 (3.1)

The thermodynamics work 8/ done on the system can be mechanical work, fluid flow, or

chemical work. The component of heat supply dQ to the system is constrained by the second law
of thermodynamics:

as> 2 (3.2)

T
where § is entropy, and 7 is temperature.
Eq. (3.2) is always true for a reversible process. For an irreversible one, the variation of entropy
is larger than the right-hand side of Eq.(3.2). In the case of a small deviation from equilibrium, the

irreversible process can be treated as a series of individual equilibrium [82, 83] :
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LY
T (3.3)

08 >0

dS >

where the 8(2% describes the entropy exchange of the system and the S’ is the variation of

entropy due to dissipation with the interior of the system. Substituting Eq.(3.3) into Eq.(3.1) will
generate the following relation:
W > de—TdS + T3S’ (3.4)
The thermodynamic state of material can be defined in alternative ways through different
conjugate variables and related to different energy functions (e.g. internal energy, Helmholtz free
energy, enthalpy, and Gibbs free energy). These four different energy functions are related to each
other by Legendre transformations [84]. The Helmholtz free energy is a thermodynamic potential
of non-thermal work and is given by # =e—T7S . By using the Legendre transformation of internal
energy and using the definition of Helmholtz free energy, the Clausius-Duhem inequality in terms

of heat flux (¢) can be expressed as
S |
0,6, ~p¥+ST)~—qV,T>0 3.5
T

where o, is the total stress tensor, £, is the rate of the strain tensor, and p is total density.

Clausius-Duhem inequality is particularly significant in determining whether the constitutive
relation of a material is thermodynamically allowable or not. Moreover, this inequality links the
Helmholtz free energy to the rate of strain &, .

As is shown by Voyiadjis and Abu Al-Rub (2003) [85], the Helmholtz free energy ¥ can be

expressed as a function of the thermo elastic strain g;° , temperature (7), and internal state variable

for accumulative plastic strain (H). In this study, we added an extra internal variable named

Deh

dehydration strain ¢ to the Helmholtz free energy:

) (3.6)

We assume that under thermo-mechanical loading, the total thermal strain increment of the soil

Te Deh

[/

V=¥ T H,e

is decomposed into components of thermo-elastic <g;e> , thermo-plastic (g;p) , and dehydration strain

D

&5 °h) increments:
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&y = g‘UT,C + g‘;p + g‘;jDCh (3.7)

The dehydration strain (assumed to be isotropic) is induced by the change in amount of clay-

bound water during temperature variation. More explanation on dehydration related strains is

presented in Section 3.3. By using the chain rule and time derivation of Helmholtz free energy
with respect to its state variables, the formula is implied as

oW .. 0¥ . 0¥ . 0¥
AR N S R L (3.8)

E ..
ag;e Y 8T 6H agheh

By substituting Eq.(3.8) into Eq.(3.5), and making use of Eq.(3.7), the following thermodynamic

inequality is postulated:

o, —p

j Te iy i Deh
oe oT

oY oY . oY . oY 1
&l +o-i/é;p +ai,éDeh -p| —+S|T-p—H-p &P -—qV.T20 (3.9)

i ' ' OH de T
Based on Eq. (3.9), and according to the validity of Clausius-Duhem inequality for all possible

loading histories, the thermodynamics conjugate forces with state laws of the model are given:
0¥ oW 0w

oV
~r S:___F:p_ PDeh:p—
oere’ or’ oH ogPh

i

o, =p (3.10)

where F'is the conjugate force of the internal state variable for accumulative plastic strain, and

P™" is the conjugate force for the dehydration strain.

With Egs. (3.9) and (3.10), the total dissipation function can be written as

. o¥ 1
. Te -Tp - Deh
é +o & —FH+| o — 6. le. ——qV.T=>0
Te i [} ( i p@gDCh l]] i Tq‘ ! (311)

where the identity tensor &, is used to link the dehydration strain with the strain tensor.

In this paper, it is assumed that clayey soil is involved in thermo-elastic, thermo-plastic and
bound water dehydration-induced deformations under a thermo-mechanical loading condition. To

describe the energy change and dissipation associated with each process, the Helmholtz free

energy is treated as a function of thermo-elastic %™, thermo-plastic ¥, and dehydration %"
parts. It is assumed that each process has a specific and distinct mechanism contributing to the
total deformation of the soil:

=" Ty + P (H, T)+ P " (P, 1) (3.12)

i’
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where ¢ is the elastic strain.

Based on the definition of Helmholtz free energy and according to Eq.(3.4), the thermo-elastic,
thermo-plastic, and dehydration components of total Helmholtz free energy can be achieved by

taking the integral of the work done by each part:

E e
p¥ (e, T) =I o,de;" :[’“T”"J Vv (T) (3.13)
ps”T"(H,T)=f FdH{ Fo(w—o)exp( z ]J v (T) (3.14)
v -0
plPDeh (gDeh’T) = ¢, _TSb :J' PDehdSDeh (315)

where v*(T) and v"(T) are the Arrhenius-type temperature terms for elastic and plastic
components of Helmholtz free energy. Darabi et al. (2012) [86] proposed the following equation

to describe v¢(T) andv*(T):

vC(T)—vp(T)—exp\‘—é‘Ll—%]‘ (3.16)

where 5 is a parameter representing the temperature coupling term; £, is the fourth-order
stiffness tensor; F'is the conjugate force of the internal state variable for accumulative plastic strain
with function presented in Section 3.1; Fy is the initial value of F; w and o are the slope of the
normal consolidation line in Inv—1In p plane and the slopes of swelling lines inlnv —In p plane,
respectively; e, and s°stands for the internal energy and the specific entropy of clay bound water,

respectively.
Darabi et al. (2012) [86] showed that the energy dissipation rate can be decomposed into thermo-

elastic, thermo-plastic, dehydration, and thermal components as
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Deh Deh
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" =-—qV,Tr>0
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The Cauchy stress is the conjugate force of the thermo-elastic strain tensor, and the following

Te

. oY . . e . .
relation o, - p =0, 1s supposed to fulfill the non-negative nature 77 ' In this study, since only
os,
i

. . . . . o¥ .
reversible dehydration behavior is considered, the amount of ¢, — P By 18 also equal to null
oe

similar to the thermo-elastic component. The evolution of thermo-plastic strain and accumulative
plastic strain rate can be described by the thermo-plastic rate of energy dissipation 77", the

Lagrange plastic multiplier 4 , as well as the normal yield surface function /' [87]:

" =cé) —FH>0 (3.18)
Q=10"-if (3.19)
92 02, (3.20)
oo oF

Accordingly, plastic strain and hardening variables are expressed by

L L L (3.21)
‘ 60‘17 oF

3.4 A new thermo-elastoplastic model
As mentioned above, we assumed that the total thermal strain is equal to the summation of

thermo-elastic, thermo-plastic, and dehydration strains. Each of these strain equations and relations

will be presented in this section.
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3.4.1 Thermo-elastic strain and thermo-plastic strain

The thermo-elastic behavior is obtained based on the hypotheses of elasticity theories and linear
relationships between the thermodynamic conjugate forces and the variation of thermo-elastic

strains:

e O'[jve(T)
&, = (3.22)

E ik

In the proposed model, thermo-plastic deformation is calculated based on the subloading surface
concept of the elastoplasticity framework [88]. The normal yield surface and a subloading surface
are applied in this framework. The normal yield surface is the same as the conventional yield

surface, while the domain inside its interior is not regarded as purely elastic (Figure 3-1).

g

Normal yield surface

m Subloading yield surface

Figure 3-1 Sketch showing normal yield and subloading yield surfaces of the modified Cam-
Clay model in p-¢q plane.

The subloading surface always passes through the current stress point while keeping a similar
shape to the normal yield surface. The ratio of the length of an arbitrary line connecting two points
on two yield surfaces is called the similarity ratio. The similarity ratio is comparable to the ratio
of the sizes of these surfaces. This similarity ratio is also named as normal yield ratio, R. The
conditions, R =0, 0 <R <1, and R = 1, correspond to the null stress state, the sub-yield state, and

the normal yield state, respectively. Compared to traditional plasticity models, the use of
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subloading yield surface results in smooth and nonlinear stress-strain curves, which describes the

behaviors of clayey soils more accurately [88—90]. The function of subloading surface is described

as
f(6)=RF(H,T) (3.23)
Differentiating Eq.(3.23) gives:
T
SO o - rarer| L (3.24)
oo, ' oH  or

The evolution of the normal yield ratio is given by Hashiguchi et al. (2002) [88]:
dR=U|e?| (&) #0) (3.25)
where U is given by
U —>to (R=0)
U=0 (R=1) (3.26)
U<0 (R>1)
These conditions ensure that the subloading surface goes toward the normal yield surface during
the loading process. The conditions given in Eq.(3.26) can be expressed as
U=-ulnR (3.27)
where u is a material parameter.

According to Egs. (3.10) and (3.14), the hardening function is introduced as

F(H,T):pM/ =[l%exp[ " JJVP(T) (3.28)
o0H w-o

oF F oF ¢
o o2y (3.29)
oH w-o oT 1T

Substituting Egs. (3.25) and (3.29) into Eq. (3.24) yields

[_af (G>] d%zung-;p"mRL F mém} (3.30)
v -o T,

80,»,«

According to Eq. (3.21) and the associated flow rule, the plastic strain is given by
£ AN (3.31)

i

where N is the unit normal vector, and it can be written as
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Substitution of Eq. (3.31) into Eq. (3.30) leads to:

. N'do O8RFT

A= VY (3.33)

where MP and M" are expressed as:

h _
M’ :[L ] w(No) (3.34)
R wy-o
M' =T, [UF+ REn J (3.35)
w-o

_ H

ho=— 3.36
7 (3.36)

According to Hashiguchi et al. (2002) [88], the loading criterion is given by

tr(NE€) >0 —€" 20 (3.37)

tr(NEE) < 0 —" =0 '

where E is the elastic matrix.

3.4.2 Dehydration strain

Water in saturated clayey soils is presented as free water and bound water. The difference is due
to the electrochemical interaction between clay particles and water. As shown in Figure 3-2, free
water is the amount of water that fills the clay pores and is known as bulk water in the soil skeleton,
while bound water is absorbed by the surface of clayey minerals and plays a significant role in the

thermo-hydro-mechanical behavior of clayey materials.



28

Interlayer space, clay-bound water

Free water

External surface, clay-bound water

Figure 3-2 Sketch showing free water and bound water in clay-water composites.

When clayey soils are heated, the bonding between water and surface of clayey minerals is
weakened, and some of bound water transforms into free water under certain temperature and
pressure conditions. This transformation of water composes the deformation in the soil skeleton
and produces dehydration strain [12, 15, 16, 48]. This strain naturally develops in a microscopic
scale which causes difficulties for an appropriate understanding of dehydration behaviors.
Quantitative description of dehydration strain in clayey soils draws considerable attention from
geotechnical and geological communities [12, 60, 91]. It should be noted that clay-bounded water
sticks to the external and internal surfaces of minerals (Figure 3-2). The dehydration of both types
of bound water is reversible if there are no chemical reactions or smectite-illite transformations,
but the mechanisms associated with temperature, pressure, and time conditions are different. A
general conclusion drawn from the literature shows that the first layer of interlayer-bound water
becomes free water at a temperature of about 60 °C [12, 48]. While the dehydration of clay bound
water along the external surface can start at 7= 20 °C [60]. A detailed description of this point is
addressed in the discussion section.

In this context, an approach for describing the dehydration strain is presented based on the

assumption that some parts of the soil’s free energy relate to the variation of bounded water content

Deh

(#7). This component of free energy is considered as a function of the volume fraction of bound

water n,, and its value can be altered with the variations in soil temperature and mechanical
loading.
Li and Wong (2017) [12] suggested that the dehydration strain can be expressed as a variation

of bound water volume over total volume of the soil:
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e = g (3.38)

where v, is the volume of bound water, and v is the total volume of the soil.

Accordingly, the dehydration strain can be linearly related with its conjugate force [12, 13].
According to Egs. (3.10) and (3.38), the following linear relation between the dehydration strain

and its conjugate force is postulated:

Deh
Deh oY

& =y

(3.39)

ony,
where «; 1is a coefficient controlling bound water to free water transformation.

According to Eq.(3.15) and Zhang (2017) [13]’s work, the following equations are derived:

e, =Tv, +39 (3.40)
Sb
v, = (3.41)
Py

b
8 = pon, (e, 1 (pymy)) (3.42)

’ o(pyny)

where s° and p, are the specific entropy and density of bound water, respectively; and ¢ is

defined as

@) = [, (Pom)(E) " + E(E)) (£)°] (3.43)

fb (pbnb) = Bb (pbnb )kb (344)
€ (S r € c ¢ (53 (S 83

E;=¢,+B.T;6 =, /ez_'iei/' .6 =& —?é'ii (3.45)

where s is a power exponent (taken as 1 in this study), B, is bound water’s thermal expansion
coefficient. £is a material constant; B, and k, are parameters governing the effect of bound water

on the soil deformation modulus. By using Eqgs.(3.40) —(3.45), the derivation of Helmholtz free

energy over the changing of bound water density are derived as

8w P kg1, (ky—2) /e~ B2 By .e\2
=B, (ky —D(py) () ()T +E(E)) (&5)7] (3.46)

ony
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In this study, the dehydration strain is reversible, which is like a nonlinear thermal-elastic
behavior. However, dehydration strain may turn out to be irreversible under certain temperature,
pressure, and chemical conditions [79]. Treating the dehydration strain separately can provide the

opportunity to make such strain components flexible to different environmental conditions.

3.5 Model validations

In the proposed constitutive model for clayey soils, six mechanical parameters (v, m, Fo, , o,
u ) and five dehydration related parameters («, ,5 , By, By, , K, &) are required. Values of
Poisson’s ratio (v) and the slope of the critical state line (m) can be obtained from traditional
drained triaxial tests. Parameter Fj is the pre-consolidation pressure, which can be obtained from
one-dimensional (1D) consolidation tests. y and o are the slope of the normal consolidation line
and the slope of the rebound curve in the Inv —In p plane, respectively. The parameter u is used
for adjusting the curvature of the stress—strain diagram.

The value of «,, can be obtained using the following equation proposed by Zymnis et al. (2018)
[60]:

Gy 1 oM,

tyy = - — (3.47)
L J M, ot

1-G, 2
2

Where Gs is the specific gravity at room temperature (20 °C); p,and p, are the densities of free

oM

w

water and oven-dried solid minerals, respectively; M, is the mass of solid; and

is the change

of mass of water with temperature.

The value of 5 can be identified by comparing creep tests at different temperatures. The value
of §, can be estimated based on soils’ clay fraction and mineralogical composition [12, 44, 60].
B, can be obtained by carrying out an isotropic compression test. Values of K and &£ can be

derived by from critical state parameters [13]. A series of experimental results of smectite-quartz
mixtures with different clay fractions, Boom clay, Bangkok clay, and Kaolin clay was applied to

validate the proposed model. It should be noted that we have specially designed the thermal
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consolidation tests on laboratory using smectite-quartz mixtures to examine the dehydration

process in saturated dense clayey soils. Data on other samples were from the literature.

3.5.1 Thermally induced volumetric strain

3.5.1.1 Reconstituted mudrock

We designed high temperature 1D consolidation tests using an oedometer on two dense clayey
soil samples to investigate the deformation behaviors. To prepare heavily consolidation clayey
soils samples, we poured water-saturated (fluid is brine) smectite-quartz mixtures into an
oedometer cell and applied a vertical stress of 10 MPa in a week for consolidation. Two samples
with clay fractions of 20% and 45% (by weight; marked as SQ1 and SQ2) were prepared using the
above-mentioned approach. The prepared samples showed similar swelling properties with that of
natural soft mudrocks [58]. After consolidation, samples were unloaded to a consolidation stress
of 3 MPa yielding an overconsolidation ratio (OCR) of 3.3. Figure 3-3 shows the experimental

setup of the high temperature 1D consolidation test.

Loading piston

Thermometer (stress controlled)
Teflon disc Steel beaker
= 4
Water table - .
/,,\\ Heating tape
/ T i—,_ v (temperature
" controlled)
Electrical =
charge B

Thermo couple| |

v ~.
Odometer (steel) Teflon disc
With internal steel disc and

filter paper

(a)
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(b)

Figure 3-3 Experimental details for the high temperature oedometer test: (a) Schematic of setup;

and (b) Insulated consolidation cell under a loading frame.

During the test, a heating tape was used to provide heating with thermocouples mounted on the
steel beaker for temperature regulation (Figure 3-3a). A thermometer was used to monitor water
temperature. To prevent heat loss, we applied insulating material around the beaker. Displacement
and loading data were collected by a data acquisition system. During each test, we carried out two
heating cycles. In the first cycle, a temperature up to 45 °C at a heating rate of 8 °C/h was applied
and the sample was cooled to the room temperature overnight. In the second cycle, the samples
were heated to 73 °C at a heating rate of 17 °C/h. A calibration test on a stainless-steel sample
(with known thermal properties) was also conducted to determine the thermally induced
deformation from the equipment. The present setup does not have a pore pressure monitoring
facility; thus, the evaluation of thermally induced pore pressure and dehydration behaviors will be
indirectly evaluated based on the deformation behaviors of samples with different clay fractions

and different applied temperatures.
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Dehydration of interlayer water

> 8QI, (22-45)°C
801, (22-73)°C
T 8Q2,(22-45°C
= T 8Q2.(22-73)°C

Steel, (22 - 73)°C

Position (mm)

Time (h)
Figure 3-4 Monitored position changes of soil samples’ top surface during heating tests.

Measured deformation behavior of samples SQ1 (clay fraction = 20%) and SQ2 (clay fraction
= 45%) are displayed in Figure 3-4. It took around 3 h for soil samples to reach the expected
temperature. In the heating cycle of 7 = 45 °C, both samples continuously display expansion
behavior, which shows that thermally induced excess pore pressure is easily dissipated at a heating
rate of 8 °C/h and no dehydration among the interlayer space of clay particles occurs at temperature
of 45 °C. In the heating cycle of 73 °C, the sample SQI still shows a thermal expansion behavior.
It is due to the reason that the low clay fraction sample SQ1 has a high permeability and a silt
framework-supported structure. Under a water drained condition, thermally induced pore pressure
is not easily accumulated in high permeability samples even if there is a high heating rate. For a
low clay fraction sample, clay dehydration is not significant because clay-water composites are
well protected by surrounding non-clayey minerals. By contrast, sample SQ2 shows significant
thermal contraction behavior after 2 h heating (Figure 3-4). There are two mechanisms
contributing to the contraction behavior in sample SQ2. In the initial stage from =2 h to 4 h, the
observed contraction behavior is mainly from the dissipation of thermal pore pressure since sample
SQ2 has a low permeability and a high heating rate (17 °C/h) is applied. In the stage from 1 =4 h
to 8 h, there is a slower deformation rate compared with that in the initial stage. This contraction
might be due to the dehydration of interlayer bound water. A pore pressure monitoring device
should be added to the experimental setup to validate such statement. Figure 3-5 shows a complete
heating-cooling cycle of sample SQ2, indicating that the induced deformation due to clay

dehydration is reversible. The observation is consistent with the experimental results by Bish
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(1988) [92] and Vidal and Dubacq (2009) [16]. The result also confirms that no thermal plastic

deformation occurs to the sample with an OCR of 3.3.
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Figure 3-5 Monitored position evolution curve of the top surface of sample SQ2.

Thermally induced deformation from the facility can be estimated based on measured data in
Figure 3-4 and the thermal expansion coefficient of stainless steel. A value of 1.5x107°/°C for
stainless steel was used herein [93]. The axial thermal strains are calculated and displayed in Figure
3-6 after deformation calibrations. Both samples show nonlinear thermal expansion behavior. The
sample SQ2 displays a larger thermal expansion than that from sample SQ1. The main reason is
the expansion behavior of interlayer clay-bound water involved in the clay-water composites [12].
For investigating the capability of proposed model, the comparison between experimental data and
results for the axial thermal strains of samples versus temperature variation are also included in
Figure 3-6. The material parameters listed in Table 3-1 are applied to predict this soil behavior.

The measured trend of contraction behavior at temperatures beyond 45 °C is well captured.



Table 3-1 Parameters involved in proposed model.
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SQ1 SQ2 Boom Bangkok  Kaolin
clay clay clay
Mechanical v ) 0.1 0.1 0.1 0.37 0.3
m () 0.9 0.89 0.9 0.8 0.85
b4 ) 0.05 0.05 0.2 0.17 0.104
0 ) 0.01 0.012 0.001 0.009 0.001
u () 25 25 25 30 40
0y (MPa) 3 3 1-6 0.3 0.6
Thermo- Qps (°c™h 0.03 0.035 0.05 0.01 0.0357
dehydration
Po °c™h -0.0008 -0.0008 -2%10°3 -2%10°3 -5*10°3
By, (Pa) 0.003 0.004 0.003 0.0009 0.0001
Ky (m*/Kg) 0.045 0.06 0.4 0.02 0.01
& ) 0.7 0.7 0.7 0.3 0.28
é () 4.5 4.2 5 3 3.3
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Figure 3-6 Measured and modeled thermal deformation behaviors of smectite-quartz mixtures.

3.5.1.2 Boom clay

Del Olmo et al. (1996) [35] presented the thermal strain measurements of drained heating-
cooling tests on Boom clay samples with different OCRs. The volumetric thermal strain was
estimated from the volume of expelled water during heating. Boom clay is abundant in the smectite
group, and its plasticity index is about 50%. It has a porosity of 40%, and the water content is
24%—-30%. The proposed model was applied to simulate this thermal strain behavior. The
comparison between measured and modeled results is displayed in Figure 3-7. The thermal
contraction behavior for Boom clay at low OCRs (= 1 and 2), and thermal expansion behavior at

a high OCR (= 6) are well simulated with the proposed model.
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Figure 3-7 The modeled results and measured data for the thermal volumetric behavior of Boom

Clay (adopted from Del Olmo et al., 1996 [35]).

3.5.2 Temperature-controlled triaxial compression behavior

3.5.2.1 Bangkok clay

Experimental results on Bangkok clay is also used to validate our proposed model. Abuel-Naga

(2006) [94] conducted a series of drained triaxial loading tests on Bangkok clay at different

temperatures. Figure 3-8 demonstrates the test results and the model predictions for drained triaxial

tests under a confining pressure of 300 kPa at 7= 25 °C and 90 °C.
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Figure 3-8 Modeled results and measured data of drained triaxial compression tests on normally
consolidated (NC) Bangkok Clay at different temperatures: (a) Stress-strain curves; and (b) Axial

strain-volumetric strain curves (P; = 300 kPa, measured data is from Abuel-Naga, 2006 [94]).

Figure 3-9 exhibits the mechanical behaviors of Bangkok clay during drained triaxial tests under
a confining pressure of 300 kPa, temperature of 70 °C, and different consolidation conditions. As
shown in Figure 3-8, the model predictions display an appropriate increase of deviatoric stress and
volumetric strain with temperature elevation under the NC condition. In Figure 3-8b, although the
model prediction cannot completely match with the experimental data, it generally captures the
trend of drained behaviors of soft Bangkok clay at different temperatures. In Figure 3-9a and
Figure 3-9b, the effect of OCR on the decrease of deviatoric stress and volumetric strain are

simulated, and an appropriate match with test data is achieved.
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Figure 3-9 The modeled and measured results of drained triaxial compression tests on NC and
OC Bangkok clay at 7= 70°C: (a) Stress-strain and (b) Axial strain - volumetric strain
(measured data is from Abuel-Naga, 2006 [94]).

3.5.2.2 Kaolin clay

Cekerevac and Laloui (2004) [6] carried out a series of triaxial compression tests on Kaolin clay

under different temperatures and OCRs. In their test, samples are isotropically consolidated to a
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stress of 600 kPa at room temperature firstly, and subsequently unloaded to achieve stress states
with different OCRs. Under a drained condition, the temperature of the sample is increased slowly
to obtain 22 °C and 90 °C, respectively. Figure 3-10 displays the comparison of measured results
and the model. It shows that the model predictions match with the test results. The decrease in the
volumetric strain and failure of stress due to the OCR increase are simulated accurately. The
thermal hardening phenomenon during temperature variations is another aspect that is

appropriately predicted by the model.
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Figure 3-10 Plots of modeled results and experimental data of drained triaxial compression tests
on NC and OC Kaolin clay: (a) NC; (b) OCR =2 and (c) OCR = 3 (measured data is from
Cekerevac and Laloui, 2004 [6])



3.6 Discussion

3.6.1 On clay-bound water

Physically bound water due to capillary pressure is not involved in the present study. This study
focuses on the chemically bound water, which is tightly bounded. As shown in Figure 3-2, clay-
bound water is presented in the external and internal surfaces of clayey mineral platelets. The
dehydration of both types of bound water is reversible, but the required pressure and temperature
conditions are different. Under the water-saturated condition, the clay-bound water in smectite’s
interlayer space requires special temperature and pressure conditions to remove [15, 16]. The
effects of smectite dehydration are considered in the geopressured development, pore-water
freshening, and smectite-to-illite transformation [14, 15, 48]. There are three layers of bound water
adhered to the interlayer space of the smectite internal surface, and one layer of bound water is
approximately 1.5 A in its thickness. The temperature required to deplete the bound water is
dependent on the applied pressure condition and water activities. A summary of measured results
of interlayer bound-water thickness and temperature from the literature value are presented by Li
and Wong (2017) [12], in which a stepwise function is needed to quantify the nonlinear
relationship. The result also shows that the first layer of interlayer bound water becomes free water
at a temperature of about 60 °C. However, it should be noted that the flow rate through nano-pore
space of smectite interlayers is much less than that in the micro-pore space. In addition, the bound
water in the smectite interlayer has a lower viscosity than that of free water, which also contributes
to a lower drainage rate [95]. Thus, the dehydration of interlayer water is mostly related to a long-
term time-dependent study on a geological time scale. The quantity of interlayer bound water is
usually estimated from the volume content of smectite [55, 96].

Contrastingly, the bound water on the external surface is abundant in all types of clayey
minerals. A broken of the equilibrium between the van der Waals attractive forces and the
electrostatic repulsive forces is considered responsible for this type of dehydration behavior. This
type of bound water is mostly involved in generating the diffusion of double-layer in a clay-water
system. Such dehydration should be considered in a quasi-static geomechanical analysis. The
experimental data by Zymnis et al. (2018) [60] indicate that the dehydration can start at 7= 20 °C.
At temperatures from 20 °C to 38 °C, the thickness of this type of bound water has a linear

relationship with temperature [60].

42
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3.6.2 Dehydration-induced strain

Both dehydration and plastic yielding can induce contraction behavior in clayey soil or soft
mudrock. Dehydration and plastic yielding induced contractions were usually merged in
previously developed constitutive models. However, it should be noted that dehydration is
reversible when there is no chemical reaction induced mineral changes [42, 92]. In order to
quantity the contraction part from dehydration, the characteristics of irreversible contraction due
to plastic yielding should be focused on. The effect of OCR on thermally induced plastic strains

of some fine-grained geomaterials has been highlighted by previous studies (e.g. Del Olmo et al.,

1996 [35]; Abuel-Naga et al., 2007 [32]). A summarized relationship between &' and OCR is

presented in Figure 3-11. The results of £™ are from samples with different clayey minerals and

the measurements are under different temperature cycles. Thus, a normalized value £™ /g2, is

used in Figure 3-11. Adopting strains after heating-cooling cycles can obtain the irreversible
plastic strains. Generally, the thermal plastic strain (contractive is treated positive) decreases
nonlinearly with OCR and a critical value OCR = 3.3 is marked. At the NC condition (OCR = 1),
the samples have the maximum irreversible contraction in the magnitude upon heating. For OC
condition, very small irreversible contraction or even dilation can be generated. Upon heating, the
anisotropic expansion of clay aggregates will generate local shear stress [12], which brings thermal
plastic strains when induced shear stresses touch the yield limit. It is conclusive that thermal tests

will not generate significant plastic strains in clays soils at an OCR of 3.3.
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Figure 3-11 Measured relationship between thermal plastic strain and OCR of geomaterials with

different geological origins (modified after Li and Wong, 2017 [12]).

Thus, our previous thermal consolidation tests were conducted at an OCR of around 3.3, which
can highlight the contractive deformation due to dehydration. Under such condition, plastic strain
is negligible. Thus, we were able to notice the reversible deformation behaviours as shown in
Figure 3-5.

It should be mentioned that this amount of dehydration-induced strain is only attributed to the
removal of bound water adhered to clayey minerals’ external surface. A removal of interlayer
water results in a major volumetric change; thus, it is necessary to consider the dehydration of
interlayer water for a long-term creep analysis. In addition, the relationship drawn in Figure 3-11
is based on tests of fine-grained geomaterials at temperatures below 90 °C. The critical OCR can
be different when a higher temperature condition is applied. A different critical OCR value can
also be obtained for the geomaterial with a certain degree of cementation that is sensitive to the

temperature disturbance.
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3.7 Conclusions

We proposed a new thermo-elasto-plastic constitutive model to describe the coupled thermo-
mechanical behavior of water-saturated clayey soils under the drained stress-path condition. The

main conclusions are as follows:

(1) Subloading surface plasticity and thermodynamics laws can be employed to describe the
nonlinear thermo-mechanical behavior, where the selected mechanical framework considers
the elasto-plastic domain inside yield surface. The proposed model well characterizes the
smooth elastic-plastic transition behavior of clayey soils.

(2) The possibility of treating plastic strain and dehydration-induced strain behavior separately
is demonstrated, while maintaining the basic thermodynamic laws. The capability of the
model is verified using several clayey soils with different geological origins and stress
histories. The present model only considers the dehydration of bound water adhered to the
external surface of clayey minerals. However, treating the dehydration strain separately
provides the opportunity to make such strain component flexible to different environmental
conditions.

(3) The new model has the advantage in phenomenon-based plasticity for the convenience of
obtaining model parameters as well as the advantage in mechanism-based thermodynamics
for interpretation of different stages of dehydration process. However, the present model is
not suitable for characterizing a time-dependent behavior. An investigation of dehydration
due to the removal of interlayer bound water on the overall time-dependent response of soil

behavior is recommended for a future study.

3.8 List of symbols

B, Parameter for clay bound water and soil modulus

e Internal energy



ijkl

46

Fourth-order stiffness tensor

Conjugate force of the internal state variable for accumulative plastic strain

Initial value of F

Normal yield surface

Internal state variable for accumulative plastic strain

Another parameter for clay bound water and soil modulus

Unit normal vector

Volume fraction of bound water phase.

Slopes of swelling lines inlnv —In p plane

Conjugate force for the dehydration strain

Heat flux vector

Similarity ratio

Soil entropy

Specific entropy of bound water

Temperature

Monotonically decreasing function of R

Material parameter

Total volume of the soil



Py

Ps

Py

Volume of bound water

Helmholtz free energy

Thermo-elastic part of Helmholtz free energy
Thermo-plastic part of Helmholtz free energy

Dehydration part of Helmholtz free energy

Total strain rate

Thermo-elastic strain rate

Thermo-plastic strain rate

Dehydration strain

Total density

Density of bound water.

Density of solid minerals

Density of free water

Slope of the normal consolidation line
Temperature coupling term

Objective function

Rate of energy dissipation

Lagrange plastic multiplier
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Py

Coefficient for bound water conversion

Power exponent

Thermal expansion coefficient of bound water.

Material constant

Poisson’s ratio
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Preface to Chapter 4.

Implementing a constitutive framework into FEM to characterize the Thermo-Hydro-Mechanical
responses of geological materials through coupled simulations remains an essential step in
numerical analysis. Proposing appropriate mass, momentum, and energy balance equations,
rewriting the equations in weak form, applying discretization methods to the weak form,
addressing the challenges of appropriate THM coupling coding, and employing proper stability
methods are among the most outstanding challenges when implementing a poro-elastoplastic
framework into FEM. Within this chapter, we have integrated our devised numerical model into
the FEM to replicate the soil's response when subjected to thermal loading. The validation of the
model was carried out by comparing the simulated outcomes against existing empirical data from

high-temperature triaxial and high-temperature odometer tests.
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Chapter 4

4 Finite element modeling of thermal-hydro-mechanical
coupled processes in clay soils considering bound water
dehydration.?

4.1 Abstract

This paper presents a new finite element method (FEM) model to simulate the thermo-hydro-
mechanical (THM) responses of water saturated clay soils. The model can account for the effects
of temperature variation on bound water dehydration and the corresponding thermo-
poromechanical strains. The governing equations, including mass balance, momentum balance,
and energy balance, are derived based on the principles of continuum mechanics for porous media.
The impact of bound water dehydration on THM behavior is incorporated into the coupled THM
equations. The model is equipped with an unconventional plasticity for more accurate description
of elasto-plastic behavior. To solve the non-linear system of equations, a modified Newton-
Raphson method is employed. The model is validated using laboratory tests on various clay soils
with different geological origins and reasonable agreement is achieved. The thermally induced
contraction behavior of clay soils at a low overconslidation ratio and thermally induced expansion
behavior at a high overconslidation ratio are well simulated. During heating, the effect of bound
water dehydration on the generation of excess pore pressure in clay soils is highlighted in our

numerical results.

Keywords: thermo-hydro-mechanical coupling, bound-water dehydration, clay soils, finite

element method, unconventional plasticity.

2 A version of this manuscript has been submitted to the journal of Acta Geotechnica (2023).



51

4.2 Introduction

Temperature variation has a significant impact on the poromechanical behavior of geomaterials.
An understanding of complex thermo-hydromechanical (THM) processes is crucial in non-
isothermal geotechnical projects like geothermal energy extraction and storage for carbon
neutrality [44, 49]. However, accurately describing the thermal, hydraulic, and mechanical
interactions in clay soils is still a topic of debate in the geotechnical engineering community [50—
52]. Poromechanical behaviors of clay soils are highly dependent on the saturation state. Even for
a water-saturated clay soil, the interaction of clay minerals with water makes the temperature
dependency complicated. A multi-disciplinary approach is required to fully understand and
accurately model the THM behavior. Extensive previous experimental data indicates that heating
tends to result in irrecoverable contraction deformation in clay soils under a drained stress path, in
particular for unconsolidated geomaterials [5—7]. A series of theoretical studies were conducted to
investigate the thermally induced plastic behavior in clay soils [37]. These models mainly describe
the thermo-mechanical behaviors using temperature-dependent yield surfaces [6, 21, 32, 38, 53],
and a complete review of these types of advanced thermo-mechanical models for saturated clays
is presented in [37, 40]. Nevertheless, little attention was given to consider the impact from clay
bound water dehydration, which should be treated as a separate deformation mechanism [12, 13].
The temperature elevation in a water-saturated clay rich geomaterial may transfer the clay bound
water to free water and bring dehydration induced pore changes and deformation [14, 16, 47]. Clay
bound water dehydration was mostly studied by geologists working on abnormal pore water
pressure generation in basin modeling [14, 47, 48, 55] and pore water geochemistry freshening in
smectite rich geological formations [56]. Hueckel was one of the pioneers in the domain of
geotechnical engineering who investigated thermally driven dehydration in clay soils and related
elastic and reactive plastic deformations [41, 42, 57]. It should be noted that there are different
types of clay bound water sticking to the external surface of clay particles or to the interlayer
nanoscale pore space [58]. The dehydration processes of different type of clay bound water are
dependent on the temperature and pressure conditions, however, most previous studies did not
treat different types of clay bound water separately. Recent progresses in geotechnical community
mainly focus on the dehydration of bound water adhered to the external surface of clay particles
[44, 59, 60, 81], which occurs in a relative lower temperature range (20 °C to 90°C) and is more

relevant to shallow geothermal energy engineering projects. Their derivations are mainly based on
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the energy concept and require a complicated procedure to obtain related parameters for numerical
modeling. A versatile, straightforward, and inclusive model is still needed for engineering practice.
In the modeling of thermal-hydro-mechanical coupled processes in clay soils with the
consideration of bound water dehydration, the convection term in the energy balance, which was
usually neglected, turns to be important. The unsteady advection-diffusion equation will require

stabilization during numerical implementation.

In this study a coupled thermo-hydro-mechanical (THM) finite element framework for describing
clay soil behavior considering bound water dehydration is developed. The proposed model is
capable to consider the bound water dehydration and its corresponding strain under temperature
variation. The model is equipped with an unconventional plasticity for more accurate description
of elasto-plastic behavior. Non-isothermal triaxial test results on Boom clay with different
overconsolidation ratios (OCRs) and high-temperature oedometer test results on compacted
smectite-quartz mixtures are used to validate the developed finite element package. Role of pore

water pressure development due to thermally induced dehydration was investigated.

4.3 Bound water dehydration

Clay-bound water is a prominent feature of clay-water composites, which is aligned in different
scales of pore space of clay soils (Figure 4-1). Bound water can be found adhered to the external
surface of clay particles or in the interlayer pore space [97, 98]. Dehydration in clay soils can cause
a volume loss of geomaterials and the associated thermal strains. The process of dehydrating both
types of bound water is reversible and accompanied with different pressure and temperature
requirements [12, 16]. The interlayer water is associated with the smectite group containing 2:1
platelet. Li and Wong [12] presented a summary of measured interlayer bound-water thickness
and temperature relations, which indicates a minimum temperature of 55 °C for the occurrence.
Additionally, the release of interlayer bound water is predominantly associated with a long-term
duration and wusually accompanied with diagenetic transformation (e.g., smectite-illie

transformation) [99].
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Platelet of 2:1 clay

mineral Interlayer space, clay-bound water
(c.g., smectlt\

Flow of free water

%’/‘ Free water

Platelet of 1:1 clay
Grain re-arrangement mineral
(plastic strain) ‘ / (e.g., kaolinite)

\

External surface, clay-bound water

Figure 4-1 Sketch showing free water and bound water in clay-water composites.

In contrast to the interlayer bound water, the bound water adhered to the external surface of clay
particles is abundantly present in all types of clayey minerals. This dehydration mechanism occurs
due to a disruption in the balance between attractive van der Waals forces and repulsive
electrostatic forces. Such dehydration plays a crucial role in generating the diffusion of double-
layer in a clay-water system and is highly involved in most non-isothermal geotechnical
engineering projects. Experimental findings by Zymnis et al. [60] suggest that this type of external
surface bound water starts dehydrating at a temperature below 22°C. Yao et al. [100] applied the
nuclear magnetic resonance (NMR) technique to investigate the influence of temperature and pore
water concentration on the pore water status in clay soils with temperatures ranging from 0°C to
50°C. They concluded that the bound water (termed adsorptive water) content decreases with an
increase in temperature and the decreasing trends for soils with different pore water concentrations

are distinct.

Zhang and Cheng [81] have explained that the bound water content of clay soil w, has an
exponential relation with temperature and a,; (w, cexp(-aT) ). They proposed a simplified

function for describing the variation of bound water content with temperature based on the mass

balance equation:
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Wy, = W, i SXPl—ae (T =T, T[° C] 4.1)

Ini

where w, 1; is the bound water content at the initial temperature, o is a constant that controls the

conversion of bound to free water per each unit rise in temperature, 7 and 7 are the current

Ini
temperature and initial temperature in Celsius degree respectively. Even though there is only a
small amount of bound water adhered to the external surface of clay particles, a thermally driven
dehydration can potentially contribute to the mass increase of free water. Thus, an increase in
excess pore pressure is expected if the extra amount of free water is not dissipated in time. In
addition, dehydration may trigger some sliding among particles and result in grain re-arrangement
(plastic strain). The deformations due to the volume loess of bound water and the grain re-

arrangement induced plastic strain should be quantified separately.

4.4 Governing equations

In this section, the fundamental partial differential equations that govern the proposed THM
(Thermo-Hydro-Mechanical) coupled model for clay soils are presented. Water-saturated soils are
made up of solid particles, water films that are bound to solid particles, and fluid that can move
through the pore space. To distinguish between these three phases, subscripts "s", "b", and "f" are

employed to represent the solid, bound water, and fluid phases, respectively.

4.4.1 THM coupled equations.

The saturated soil system is governed by three primary equations: the linear momentum balance
equation, the mass balance equation, and the energy balance equation. In addition, the bound water
content variation is taken into consideration, which is related to the degree of water saturation as
a function of temperature. The stress-strain behavior of the solid skeleton is also described by a
constitutive law, thereby supplementing the governing equations. The mass balance equation for
the soil particles, free water, and bound water can be expressed as:

d(nypy)

——=+V- (n,p,v,) =0 4.2)
ot

0 oT
M+V' (nfpfvf)_phnbahf — =0 (43)
ot ot
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dn p,) or
# + V- (nypyvy) + Py, P 0 (4.4)

where n ,n; and », are the volume fractions of the soil, free water and bound water phases
respectively; v, and v, are soil particles and free water velocity respectively; p,, o and p, are

densities of soil particles, free water and bound water respectively; T is the temperature.

The volume fraction of phases can be written according to the soil porosity 7, degree of saturation

of free water s, and bound water s, :
ng+ng =n, sp+s, =1 4.5)

ngtngtny =1, ng=1-n, np =Sen,n, =Syn (46)

S

It should be noted that the bound water occupies some pore space but it does not contribute to the
fluid flows. Previous studies have indicated the use of a corrected porosity (effective porosity) in
quantifying the permeability of clay related geomaterials with the information of total porosity and
clay contents [55, 96]. Accordingly, based on Darcy’s law, the momentum conservation equation

of the fluid phase can be expressed in terms of fluid and solid velocity:

Kk
a=n(vp—v,)=—" (%' —p2) 4.7)
H;

. . . £. .
where q is the volumetric flow rate per units of surface area; p' is the pore water pressure, k is

the intrinsic permeability, s, 1s the dynamic viscosity of water and g is the gravity.
Substituting Eqs. (4.7) and (4.6) into Eq. (4.3) yields:

o(s.np,) oT
#-FV- (P + V- (ppsenv)—p,n.a,, E =0 (4.8)

Accordingly, the summation of Egs. (4.8) and (4.4) provides the mass balance for the fluid and

bound water phases as:
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0
M+V« (peq) + V- (oS0 vs)+M+V‘ (s,np,v,) =0 (4.9)
ot ot

. . o . : . Di(0) 0(e)

By applying the Lagrangian derivation with respect to a moving solid [ —— = Y +V(e)- v,], a
Dt t

. . D.(e ) . D, (e .
moving fluid [ () = w+V(-)' v, ], and the moving bound water, [ b )s &+V(o)~ v, ],

Dt ot ot

respectively, the Eqs.(4.2) and (4.9) can be rewritten as:

B 2 p =V v, =0 (4.10)

1-m——=p,
D D

t t

D, p; Dn D.s D, p, Dn D.s
St g s°f bFb g g
Sen + PpS; —4 +np; —== + oV q+ ppspVe v +sn + P, S, — +np, —=b + PpSpitVe vy :0(4.11)

t t t t t t

By using Eq.(4.10) and assuming the incompressibility of solid grains, the evolution of the porosity

with respect to the solid deformation velocity can be described as [101]:

D DT D DT
L (e p = = (=) v, — (- ), = (4.12)
Dt Dl t Df

(1=n)

Similarly, by assuming the incompressibility of the free water and bound water, the variation of

their densities over variation of time can be drived as:

D, p D,T

2P DT (4.13)
Dt Dt

L Dol 1B,p, b,r (4.14)
D

where g,, p; and g, are the thermal expansion coefficient of the soil particles, free water and

bound water phases respectively.

Substituting Egs.(4.12), (4.13) and (4.14) into Eq.(4.11) the following governing equation is

obtained as:
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T
n(l—p—b)ai+(sf+ W v —((s, + )ﬁs(l—n)+ﬁfsfn+M)8—+v q=0 (4.15)
d

Pr t Pr Pr Py ot

PuSp PpSp

Total strain can be decomposed into components of elastic strain, plastic strain, and thermal elastic

strain:

£=¢+¢ +¢ (4.16)

It should be noted that thermally induced plastic strain can be treated as a part of plastic strain

when the temperature aspect is explicitly considered [102].

The thermal elastic strain can be expressed in terms of deformation induced by temperature

variation as:

1
3

T
ol Ty (4.17)
ot

where g, is the equivalent thermal expansion coefficient of a porous media given by:

ﬂ'r = (1 - n)ﬂs + nSfﬂf + nSbﬁb (418)

In this study we used the Terzaghi’s effective stress principle,

!

=6 —p'l (4.19)

wherel is an identity matrix, ¢ and o are the total Cauchy stress and the effective stress tensors
respectively. The linear momentum balance equations of the whole system in the quasi-static

condition can be expressed as:
V- -p'I)+ p g=0 (4.20)
where p, is the bulk density of the solid-bound water-fluid mixture,

P =(L=n)p, +nS,p, +nS,p, 4.21)
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The energy balance equation for three phases can be presented as [101]:
oT
(PC) ety o1 +V- (prepq- T—AxVT) =0 (4.22)

The effective heat capacity and effective thermal conductivity for multiphase porous can be

described as:
(PC)egr = (1 =n)pye, + NSy pre;y + NSy pycy, (4.23)
ﬂ’eff = /1s1-n : ansr : /11?% (4.24)

where c,,c,,c,and 4, 4,4, are the specific heat capacities and the thermal conductivities for

solid, fluid and bound water phases, respectively.

According to the foundamentals of soil mechanics the following equation can be written for the

degree of saturation of bound water [103]:

S, _ d=mpsw, (4.25)

np,
where w, is the bound water content by weight calculated by m, /m, .

By substituting Eq (4.1) into Eq (4.25) the degree of saturation of bound water s, can be rewrite

as:

5, = a- n)pswb’lni eXp[_abf (T - Tini )] (426)

Accordingly, by using the chain derivation, the variation of s, over the variation of time can be

derived as:
% — %G_T (4.27)
Ot oT ot

By derivating the Eq. (4.26) and applying the chain derivation, the following can be achieved:
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ai _ "% (1=1) P Wy, i eXPl=y (T = T)] ﬂ

= 4.28
ot np, ot ( )
Using Eq. (4), the variation of degree of fluid saturation over time can be expressed by:
o8, _ Ay (1= 1) PgWy, i eXpl—tpe (T = Tj)] ﬂ (4.29)

ot np, ot

4.5 Thermo-Plasticity

We use the subloading surface plasticity framework [88] to quantify the thermo-plastic behavior

herein. This framework introduces two surfaces, a normal yield surface and a subloading surface

(Figure 4-2), to describe the mechanical behavior of geomaterials.

Normal-yield surface
f(o)=F(H,T) ~

(o)
Current stress

v

Subloading surface”
f(o)=RF(H,T)
Figure 4-2 Sketch showing normal yield and subloading yield surfaces in a temperature

hardening situation, modified after [104].

The normal yield surface is the conventional yield surface, and the subloading surface is movable,
which always passes through the current stress point and maintains a similar shape to the normal
yield surface. By using two yield surfaces to describe mechanical behavior of clay soils, the interior
of the yield surface is not purely elastic, thus provides a more accurate and consistent description

of the elastoplastic behavior when compared to the result from a conventional plastic constitutive
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model [59, 88-90]. To consider the thermal impact, the normal yield surface function can be

written as a function of similarity ratio R, hardening parameter H, and temperature 7:
f(o)=RF(H,T) (4.30)

The similarity ratio R is known as the length of an arbitrary line connecting two points on normal
yield surface and subloading surface. Based on the magnitude of R, three conditions will be

considered as the following:

R=0 null stress state
0<R<1 sub-—yield state 4.31)
R=1 normal yield state

A fully differentiation of Eq. (4.30) gives:

[ o (")} 4o, = FdR + R {a—FHJ 4.32)

0 o, oH

By considering the hardening parameter as a function of the plastic strain rate, the variation of the

similarity ratio can be given as [88]:

drR=U || (&) = 0) (4.33)
where U has the following indication:

U —to (R=0)

U=0 (R=1) (4.34)
U<0 (R>1)

The conditions stated in Eq. (4.34) can be taken as requirements that guarantee the subloading
surface moves towards the normal yield surface as the loading process occurs. It can be expressed

as:

U=—ulnR (4.35)
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where u is a material parameter.

Applying the modified Cam-Clay model as the normal yield surface [88], the hardening function
can be determined using the temperature-dependent isotropic hardening relation proposed by

Laloui and Cekerevac [5]:

F=F, exp(lH )\‘ -y, In(1+ )J (4.36)

T,-273

where F, is the preconsolidation pressure at an initial temperature 7, , H is the hardening parameter
taken as the volumetric plastic strain &’ herein; 4 and x are the slopes of the normal
consolidation line and unloading-reloading line, respectively; y, is the thermal softening

coefficient. When a soil is subjected to a very high OCR, the chance of generating thermal-plastic
yielding behavior is still very limited even though the subloading surface plasticity concept has
been applied. The use of the similarity ratio R will make the generated plastic strain a negligible

amount when the soil is under a very high OCR.

The variation of hardening function over variation of hardening parameter can be derived as:

oF F
-~ - (4.37)
0H A-«
Substituting Egs. (4.33) and (4.37) into Eq. (4.32) yields:
a T
[ &} do, =uljér|F +R(LHJ (4.38)
do, | A-K
According to the associated flow rule, the plastic strain is given by.
&N (4.39)

where /4 is the positive proportionality factor, and the N is the is the normalized outward normal

of the subloading surface which can be written as:
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§_ Y@ / o/ (o) (4.40)
oo, 0o,
ij ij
Substitution of Eq. (4.39) into Eq. (4.38) leads to:
— N'do
A= o (4.41)
where M is expressed as:
M’ _(3+ d J (Vo) (4.42)
R A-«kx
_ H
h=— 4.43
Z (4.43)
According to Hashiguchi et al. [88] the loading criterion can be based on:
tr(NE€) >0 —¢° # 0
S . (4.44)
tr(NEE) <0 —" =0

where E represents the tensor matrix of elasticity.

4.6 Finite-element solution

The finite-element discretization approach utilized in this research is created by employing the
governing partial differential equation system in an integral context. To reach this objective, it is
crucial to establish their weak forms. This can be achieved with the weighted residual method and

the Galerkin technique [50, 105].

4.6.1 Initial and boundary conditions

With regards to the problem at hand, where the primary variables or unknowns are the
displacements of the soil skeleton (u), pore water pressure ( p'), and temperature (7), the initial

conditions can be specified in the following manner:
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u=u, p'=p, T=T, att=0inQandonT (4.45)

where Q is the close domain of volume with the boundary I". Accordingly, the boundary

conditions could be presented as the following.

Dirichlet boundary condition:

u=u onI"
pf = l—7f on ]—‘g (4.46)
T=T onl}

Neumann boundary condition:

6-n=t onlY
q.n=g" onI% (4.47)
qQ .n=q¢" +A(T-T) onT}

where t is the traction boundary condition; n is the outward normal direction; g' and g" are the
water and heat fluxes at the boundary, respectively; 4, and 7, are the thermal conductivity and
temperature of the surrounding environment with the following condition:

r,ur,=r

FAr o (4.48)

where I' ) and I'), represent the Dirichlet and Neumann boundary conditions, respectively.

4.6.2 Variational formulation

By incorporating Equations (4.19) and (4.47) into the equilibrium Equation (4.20), it is possible to
derive the constrained Galerkin weak formulation of momentum balance as stated below [101,

105, 106].

j Vo:o szJ' QYo ng+_|' ®- tdl (4.49)
Q Q 4
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where @is the weight function. As Lewis and Schrefler [105] have suggested, one approach to
computationally incorporate the non-linear behavior into the equilibrium equation is through time
differentiation. By taking the arbitrary velocity sv as a weighing function and applying the

divergence theorem, the Equation (4.49) can be rewrite as:

[ 6 v ovaa=] X2 5y 40, . svar (4.50)
Q o Ot T,

By substituting Equation (4.29) into Equation (4.15), and then multiplying the resulting equation

by an arbitrary pressure op , the weak form of the mass balance equation can be obtained by

integrating over the entire domain Q as:

P
Py(1= =) = D)ty W 1y expl=aty (T = T)]
PpSphyn or

P PpSp
—( + (s, + —=2)B,(1—-n) + .s;n + ——=——) —05 pdQ
L Py Lo oy ot (4.51)

o (5, + 2229 spaa-[ vsp. L w'aa+[ vep. L pegdQ=—{ 7'6par
Q Py Q Ky Q My [
The energy balance equation, in problems related to heat transport, represents a transient
advection-diffusion equation, which may necessitate stabilization during numerical
implementation. Diersch and Kolditz [61] suggested that in cases where convection is the primary
mechanism of heat transfer, numerical instabilities may arise as spurious oscillations near areas
with sharp gradients and boundary layers. To prevent this nonconvergence and instability, it is
necessary use a stabilization method. In this study, the streamline upwind Petro-Galerkin (SUPG)
stabilization method (proposed by Brooks and Hughes [62]) is applied for stabilization. The
method introduces an upwind perturbation along the calculated streamlines to the Galerkin

formulation. Accordingly, the energy balance equation of the proposed model can be discretized

using the SUPG method by selecting an appropriate arbitrary weighing function 67" as below:

ST =8T+d

(4.52)
d =1pc;q- VOoT
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where 67 is the continuous weighting function, d is a discontinuous streamline upwind correction
and 7 is an upwind parameter. We used the relation proposed by Galedo et al. [107] to describe

this upwind parameter:

r=— "o (coth(p)--1) (4.53)
2 ”Pfch” D

where /1,is the maximum element length of the mesh,

is the Euclidean norm, and p, is the local

Peclet number which can be expressed as:

_ ”pfch h,

4.54
= (4.54)

where A is the overall thermal conductivity of the media.

By multiplying the weighing function Eq. (4.52) into Eq. (4.22), and integrating it over the domain

Q, the weak form of energy balance equation can be written as:

[ (pc)effaa—T(ST*dQJrj e VIST dQ+| VoT' - A VTdQ=—| g"sT"ar (4.55)
Q t Q Q rh

4.6.3 Numerical implementation

The governing equations are to be solved for three field variables: displacements, pore water
pressure, and temperature. Choosing basis functions for these variables and applying to the
Galerkin formulation, the space-discretized form of the nonlinear coupled system of equations in

a compact manner can be expressed as:

cX  KX=F (4.56)
dt
where C is the coefficient matrix, K 1is the stiffness matrix, F is the external load vector, and X

is the vector of unknowns.
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In order to solve the system of equations, we can utilize the generalized trapezoidal method, also
referred to as the generalized midpoint rule, to discretize the equations in time. This involves

estimating the rate of change of the unknown vector X within the time interval of (¢,,7,,) [105]:

X,., =(1-0)X, +0X,, (4.57)
x| XX, (4.58)
dt )., At

where € is a time integration parameter with the variation between 1 (fully implicit) and zero

(fully explicit) 0, and At is the time step length.

Adopting a fully implicit time integration scheme will yield the final form of the fully coupled
thermo-hydro-mechanical discrete equations. This form of Eq. (4.56) can be solved iteratively by
the Newton-Raphson method. We implemented the above algorithms into our in-house developed

THM coupled 2-D FEM code written in MATLAB.

4.7 Model validations

This section includes numerical examples that aim to confirm and support the proposed THM
model's validity. The initial example serves as a validation of the THM model by analyzing high
temperature triaxial tests on Boom clay with various OCR values. The subsequent example
presents high-temperature oedometer tests on heavily consolidated smectite-quartz mixture

samples.

4.7.1 Description of material parameters

Details of the testing conditions and thermo-hydro-mechanical parameters are provided in Table

1, where F, is the preconsolidation pressure at an initial temperature 7, o, 1s the confining
pressure; p! . is the initial pore water pressure; n,is the initial porosity; E is the elastic modulus;
vis the poison ratio; £, f; and f, are the thermal expansion coefticient of solid, fluid and bound
water respectively; A, 4 and A, are the thermal conductivity of solid, fluid and bound water

respectively; ¢g,¢;, and c, are the specific heat capacities of solid, fluid and bound water
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respectively; k is the intrinsic permeability; x; is the dynamic viscosity of fluid which here is
water; W, ;.. s the initial bound water content; y, is the thermal softening coefficient; ¢ is the

constant that describes the mass of free water converted from per unit mass of bound water per
each unit rise in temperature. Zymnis et al. [44, 60] proposed a relation for obtaining the value of

a,, as below:

_1ow,
w, 0T

Qe =

(4.59)
Figure 4-3 demonstrates the nonlinear relations between bound water content and temperature for
soils with different values of «,; . As per illustrated, a higher value of ¢, ends up with a

dehydration at a higher rate.
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Figure 4-3 Bound water content versus temperature for different value of ¢ .
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Table 4-1 THM material properties of clay soils for numerical tests (THM parameters of Boom

Clay soil samples are from [12, 59, 108]; properties of water-saturated smectite-quartz mixtures

(SQ1 and SQ?2) are based on [12, 59]; all of the dehydration parameters are according to Zymnis

et al. [44, 60]).

Boom SQ1 SQ2
Clay
Mechanical Fy (MPa) 6 10 10
Ocon (MPa) 1-6 3 3
pis (MPa) 0 0 0
ng ) 0.35 0.254 0.258
E (Pa) 2*107 1*¥10° 1.2*10¢
v ) 0.1 0.1 0.1
Thermal- Bs °c™h 4%10°3 2%10°3 2%10°3
Hydralic
Properties Bs. Bo (°c™) 2.7*%10*  2.7*¥10*  2.7*10*
As (W/m/K) 0.65 0.7 0.9
Ag Ay (W/m/K) 0.6 0.6 0.6
Cs (J/kg/K) 800 700 700
Cs, Cp (J/kg/K) 4180 4180 4180
k (m? 2%1071 1¥10"°  6.5*%10%
P (Pa.s) 1*1073 1*1073 1*1073
Wh Ini ) 0.04 0.013 0.03
Yt ) 0.4 0.2 0.25
Qpf (°c™h 0.05 0.03 0.035

4.7.2 High temperature triaxial tests

Del Olmo et al. [35] presented the volumetric thermal strain measurements of heating-cooling tests
on Boom Clay samples with different OCRs and under a fully drained stress path condition. All
the samples were consolidated to maximum preconsolidation pressure of 6 MPa and unloaded to

achieve different OCRs. A heating-cooling cycle was applied subsequent with a temperature range
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of 22°C to 95°C. The results of the test have been used for the verification of the proposed THM
model. The numerical test is generated by using an axisymmetric simulation with a radius of 25
mm and a height of 100 mm, with 10 elements in the X direction and 40 elements in the Y direction
(Figure 4-4). The bottom boundary of the sample was fixed in both vertical and horizontal
directions, and the left side lateral boundary was fixed only in the horizontal direction. A FEM
mesh sensitivity was conducted to make sure that the select mesh size generates a converged
numerical result. A drainage with a constant pore pressure of 0 MPa is provided to both ends. Since
the applied heating rate was not provided in Del Olmo et al. [35], we used a low heating rate that
no significant thermal pore pressure was built up in the sample. The applied parameters for the
numerical tests are included in Table 4-1. Most THM parameters of Boom Clay soil samples can
be retrieved from the literature since there were a list of publications working on this set of
experimental data [12, 59, 108]. The dehydration parameter is based on the work by Zymnis et al.
[1] and the similarity in clay mineral composition and fractions. Figure 4-5 displays a comparison
between the modeled results and experimental data at various confining pressure conditions. The
thermally induced contraction behavior at low OCRs (= 1 and 2), and thermally induced expansion
behavior at OCR of 6 are well simulated with the proposed THM model. For the case with an OCR
of 6, there is a slight irreversible plastic expansion behavior shown in Figure 4-5. Even though the
sample is simulated to be under an isotropic loading condition, the bottom side is fixed with
constraints in all directions. Thus, some local parts of the sample can still be subjected to a
thermally induced shear stress state due to the sample end effect. As discussed by Li and Wong
[12], a thermally induced shear stress in a sample with an OCR over 3.5 tends to end up with some

plastic dilation behavior.



Y 4 Axisymmetric axis

Pore water pressure = 0 MPa 1IMPa - 6 MPa
at both ends ﬂ
=
Temperature variation
== 22°C-95°C
100 mm IMPa — 6 MPa
=
L =]
4 X
1 |
I 1
50 mm

70

Figure 4-4 Axisymmetric finite element mesh and boundary conditions of numerical tests

Volumetric strain (%)

3.5

25

on Boom Clay soils.

T T
Modeled, OCR =1
= ©- -Measured, OCR = 1
Modeled, OCR =2
= |- -Measured, OCR =2
Modeled, OCR =6
- -#- -Measured, OCR =6

| Contraction

Expansion

40

50

60 70 80 90

Temperature ( ‘c )

Boom Clay soils.

Figure 4-5 Comparison of simulated and measured data for the thermo-mechanical behavior of
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4.7.3 High temperature oedometer tests

This section explores the precision of the proposed numerical model by validating with the high
temperature odometer tests on the smectite-quartz mixtures. Water saturated smectite-quartz
mixtures with clay fractions of 0.2 and 0.45 (designated as SQ1 and SQ2) were prepared for the
tests. The samples were initially consolidated under a vertical stress of 10 MPa and unloaded to a
stress level of 3 MPa to create an OCR of 3.3. Upon the competition of mechanical consolidation,
two cycles of heating tests were conducted on each sample. During the first cycle, the sample was
gradually heated to a temperature of 45°C using a heating rate of 8°C/hr. In the second cycle, the
maximum temperature was increased to 73°C and a heating rate of 17°C/hr was applied. The
experimental setup is displayed in Fig. 6a, and more detailed description of the experiment can be
found in our accompanying published article [59]. The experimental set does not contain a pore
pressure monitoring device. Instead, the deformation of samples was monitored by the device
equipped in the MTS uniaxial compression system. Nevertheless, some calibration was conducted
to accommodate the thermally induced formation for the facility. During the calibration, a
stainless-steel sample (with known thermal properties) was used to determine the thermally
induced deformation from the equipment. A vertical stress of 3MPa was also applied to the
stainless-steel sample and the maximum temperature was increased to 73°C by a heating rate of

17°C/hr. Two cycles of heating-cooling tests were conducted to check the repeatability.

(a)
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Figure 4-6 Plots showing (a) the experimental setup, and (b) axisymmetric finite element mesh

and boundary conditions for the numerical test.

We also use our developed FEM code to simulate the thermo-mechanical responses of laboratory
prepared smectite-quartz mixture samples. The corresponding THM properties are presented in
Table 4-1. Figure 4-6b shows the chosen mesh for SQ1 and SQ2, which are axisymmetric square
meshes with dimensions of Imm x Imm. According to our experimental data, a height of 49.5mm
and diameter of 76.2mm are set for SQ1, and a height of 40.3mm and diameter of 76.2mm for
SQ2. The temperature variation is imposed to the surface of model and the top and bottom ends of
sample are permeable with a constant pore pressure of 0 MPa. The displacement boundary
conditions specify that the vertical and horizontal displacements of the bottom boundary are fixed,
while the lateral boundaries are free to move vertically but are fixed horizontally. A monitoring
point (P1) is selected to better demonstrate the evolution of bound water saturation and thermally
induced pore pressure. Figure 4-7 displays a comparison of the simulated thermo-mechanical
responses and experimental data for SQ1 and SQ2 samples. The nonlinear thermal expansion
behavior was well simulated using our FEM package. It should be noted that the thermal plastic
behavior is significant for the studying smectite-quartz mixture samples since the heating was

conducted under a stress condition with OCR of 3.3. Major nonlinearity is a resultant of bound



73

water dehydration. Figure 4-8 presents the evolution of simulated degree of saturation of bound
water (Sp) during the high temperature oedometer tests at the monitoring point P1. When the
temperature was raised from 22°C to 73°C during the test, the degree of saturation of bound water
(Sb) decreased for both samples. Furthermore, due to a smaller amount of bound water in SQ1
(smaller clay fraction), the degree of saturation of bound water at the start of the test was lower
than that of SQ2. A detailed description of bound water evolution and pore pressure development

is addressed in the subsequent discussion section.
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Figure 4-7 Simulated and measured nonlinear thermo-mechanical behaviors of highly compacted
smectite-quartz mixture (SQI1, clay fraction = 0.2; SQ2, clay fraction = 0.45), the positive sign is

treated as expansion herein.
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Figure 4-8 Curves showing the variation of degree of saturation of bound water (Sb) with time

for samples SQ1 and SQ2 at the monitoring point (P1).

4.8 Discussions

4.8.1 Impact of bound water on deformation behavior

In order to investigate the significance of considering bound water dehydration in characterizing
the thermo-mechanical behavior of highly compacted clay soils, we also carried out numerical
tests for smectite-quartz samples (SQ1 and SQ2) by neglecting bound water dehydration (setting
initial bound water content to 0). The results were summarized and illustrated in Figure 4-9, where
the previous numerical results from the section 3.7.3 were also included. The curves indicate that
a neglecting of dehydration produces a linear thermal expansion behavior, which is within
expectation since we applied a linear elastic law in characterizing the linear thermal expansion
behavior of solid minerals. The consideration of bound water dehydration ends up with more
precise outcomes. It is also possible to use a nonlinear thermal expansion coefficient to quantify
such nonlinear thermal expansion behavior [37, 38]. However, the nonlinear physical mechanism
is not as clear as using the concept of bound water dehydration. In addition, bound water

dehydration is potentially contributing to water mass balance change and bringing pore pressure
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increase. Thus, it is necessary to treat the THM response of bound water separately like in the

proposed model.

Axial thermal strain (%)

-0.05

0.35

0.3

0.25

0.2

0.15 1

0.1

0.05 -

Modeled with bound water,SQ1, 22°C - 73°C
= = = *Modeled without bound water,5Q1, 22°C - 73°C ||
O Measured,SQ1,22°C-73°C

20 30

40 50 60 70 80

Temperature ( ‘c )

(2)

Axial thermal strain (%)

o
w
@

o
w

o
)
@

o
S

o
o

o
o

©
o
a

o

Modeled with bound water,SQ2, 22°C - 73°C

= = = *Modeled without bound water,SQ2, 22°C - 73°C [1

O Measured,SQ2, 22°C - 73°C

o

1<}
o
S

30

40 50 60 70

Temperature ( Cc )

(b)

80

Figure 4-9 Comparison of model simulation with and without bound water for (a) SQ1, and (b)

SQ2.

4.8.2 Impact of bound water on pore pressure development

To explore the impact of bound water and applied heating rates on the formation of pore water

pressure, we carried out numerical tests on SQ2 under two different heating rates and with different

bound water considerations. The results of the monitoring point P1 are summarized and presented

in Figure 4-10.
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Figure 4-10 Simulated pore pressure generation in monitoring point of SQ2 under different

heating rates.

Our results indicate that a heating rate of 17°C/hr produces negligible pore water pressure (less
than 1.5 kPa) in the center of the sample (SQ2). It confirms with our previous statement that a fully
drained condition was fulfilled for the numerical tests. However, under a higher heating rate
(34°C/hr), significant pore pressure was built up in both samples, regardless of whether bound
water dehydration was considered. Moreover, the simulation that accounted for bound water
dehydration produced a higher pore water pressure, as the conversion of bound water to free water
has a significant impact on the formation of pore water pressure during heating. This result is
different from the findings presented in Ma and Hueckel [57], which indicates that a consideration
of dehydration promotes the pore pressure dissipation in a clay soil. However, it should be noted
that the result by Ma and Hueckel [57] is based on an assumption that all of bound water including
the interlayer space of smectite minerals is involved in the dehydration process. As is presented in
Eq. (4.6) and Figure 4-1, the bound water in a smectite-rich geomaterial can take up a substantial
amount of the pore space when the inter-layer bound water is accounted. If all the bound water is
involved in the dehydration process, a significant permeability increase will be triggered due to
the increase in the hydraulic effective porosity. Thereby, the results by Ma and Hueckel [57] show
that the bound water dehydration accelerates the pore pressure dissipation process. In the present

study, only the dehydration of bound water adhered to the external surface of clay minerals is
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considered, thus the contribution to the hydraulic effective porosity is limited [96]. Nevertheless,

an update of permeability with the evolving of time steps is necessary when modeling the pore

pressure development for a field scale problem with significant porosity changes in the soil

formations.

4.9

Conclusion

In this study a finite element formulation for simulating the fully coupled thermo-hydro-

mechanical (THM) responses of clay soils is presented with highlighting the bound water

dehydration behavior. Several conclusions are drawn as bellows:

The theoretical underpinnings of the THM coupled finite element model are rooted in the
principles of porous media theory, where the soil is regarded as saturated with free water
and bound water. The model incorporates mass balance, momentum balance, and energy
balance equations, where the mass balance equation is well adjusted by the consideration
of bound water dehydration. The conversion of bound water to free water represents a
critical concept that regulates the reversible thermo-mechanical strain that should be
handled separately.

The nonlinear equations that govern the system are formulated and discretized in time and
then solved using an in-house developed FEM code. The thermo-plastic behavior of clayey
soils can be described by employing the subloading surface plasticity framework. The
chosen mechanical framework considers the elasto-plastic domain within the yield surface.
The proposed model effectively captures the seamless transition between elastic and plastic
behavior. The thermo-plastic constitutive law can be conveniently implemented into our
THM coupled FEM framework.

The proposed THM model simulations have provided a reasonable agreement with
experimental data and although there exists limited experimental data on the effect of
bound water variation on clay soil behavior under thermal loading, the THM model offers
a valuable framework for assessing the thermo-mechanical response of clay. Our numerical
results indicate that dehydration will exert a significant impact on the generation of excess

pore pressure in clay soils during heating.



4.10 List of symbols

Cs

Cr

Cp

Ny

Ny

Specific heat capacity of solid.

Specific heat capacity of free water.

Specific heat capacity of bound water.
Preconsolidation pressure.

Gravity.

Hardening parameter.

Maximum element length of the mesh.
Intrinsic permeability.

Normalized outward normal of the subloading surface.
Soil porosity.

Volume fractions of the soild phase.

Volume fractions of the free water phase.
Volume fractions of the bound water phase.
Outward normal direction.

Pore water pressure.

Local Peclet number.

Volumetric flow rate per unites of surface area.

Water flux at the boundary.
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qr Heat flux at the boundary.
R Similarity ratio.
S¢ Degree of saturation of free water.
S Degree of saturation of bound water.
T Temperature.
Tini Initial temperature.
T, Temperature of the surrounding environment.
t Traction boundary condition.
u Material parameter.
Vs Soil particles velocity.
1Z; Free water velocity.
Wy, Bound water content.
Wh Ini Bound water content at the initial temperature.

Constant that controls the conversion of bound to free water per each

o unit rise in temperature.

Bs Thermal expansion coefficient of the soil phase.

B¢ Thermal expansion coefficient of the free water phase.
Bo Thermal expansion coefficient of the bound water phase.

B Equivalent thermal expansion coefficient.



Ve

Us
Ps
Pt
Pv
Peff

(PC) eft

Thermal softening coefficient.

Total strain.

Elastic strain.

Plastic strain.

Thermal elastic strain.

Slopes of the unloading-reloading line.
Effective thermal conductivity.
Thermal conductivity of solid.
Thermal conductivity of free water.
Thermal conductivity of bound water.
Slopes of the normal consolidation line.

Positive proportionality factor.

Thermal conductivity of the surrounding environment.

Dynamic viscosity of water.

Density of soil particles.

Density of free water.

Density of bound water.

Bulk density of the solid-bound water-fluid mixture.

Effective heat capacity.
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Total stress tensor.

Effective stress tensor.
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Preface to Chapter 5

Exploring the application of the proposed FEM-based THM model framework constitutes a
fundamental phase within numerical simulations. Assessing the stability of the model under
thermo-mechanical loading conditions across various time spans and mesh sizes is imperative, as
it ensures the dependability and credibility of the suggested THM model. In this chapter, we
modeled a borehole in a BTES system and its surrounding soil formations in a Canadian subarctic
region. Following model validation, we carried out a series of simulation analyses to investigate
the effect of bound water dehydration on soil behavior, the influence of temperature variation
ranges on the deformation of the surrounding soil, and the repercussions of different time spans on

model performance.
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Chapter 5

5  Thermal-hydro-mechanical modeling of short-term ground
responses due to the borehole thermal energy storage
operations in a Canadian subarctic region’

5.1 Abstract

Seasonal borehole thermal energy storage (BTES) has been recommended as a strategic
technology to make an energy transition in the off-grid communities of circum-arctic countries.
However, the running of BTES can create thermal disturbance to the surrounding soil formation
and bring a thermal-hydro-mechanical coupled process in the ground, potentially triggering geo-
hazards. This thermal-hydro-mechanical coupled process is particularly significant in less
permeable formations, where the clay bound water is abundant. The role of clay bound water on
the poromechanical responses of soil ground during BTES operation have not been investigated
previously. This study aims to numerically assess the short-term impact of poromechanical
response of a ground soil due to the thermal disturbance during BTES operations in a Canadian
subarctic region. The research entails the creation of a two-dimensional finite element model
(FEM) for a BTES well embedded in a clay soil formation and the thermally induced dehydration
of bound water on the deformation and pore pressure development of the ground soil is examined.
Our numerical results demonstrate the significance of considering bound water dehydration in
characterizing the ground heave process during the short-term BTES operation in an over-
consolidated soil formation in the subarctic region. The ground expansion behavior is due to the
high excess pore pressure generated from thermal disturbance. The surface heave is mainly from

a poroelastic impact leveraging the release of some in-situ effective stress during pore pressure

3 A version of this manuscript has been submitted to the journal of Renewable Energy (2023).
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built up. The neglect of bound water dehydration will underestimate the magnitude of ground

heave.

Keywords: THM coupling, borehole thermal energy storage (BTES), FEM, Bound water

dehydration, pore pressure, ground heave

5.2 Introduction

During the last decades, Thermal Energy Storage (TES) has gained considerable attention in
modern energy systems, aligning with the global transition towards sustainability and renewable
energy [1, 2] . In some subarctic regions of Canada, villages rely on fossil fuels to produce both
electricity and heat, with production prices several times more than those in the South. Therefore,
developing new technologies to meet the energy needs of these communities is of paramount
importance to reduce both the high financial costs and environmental impacts of logistically
complex fuel shipments [109]. Seasonal borehole thermal energy storage (BTES) has been
suggested as a strategic technology to increase energy and food security in the off-grid
communities of circum-arctic countries, given that winter season solar energy is insufficient for
local needs [3, 4]. BTES is a system that stores and retrieves heat through shallow borehole heat
exchangers. It employs soil and rock as a thermal medium for storing thermal energy [67—69].
BTES stands as a widely favored option for seasonal storage due to its versatility, applicability
across diverse formations, and its cost-effectiveness in installation compared to other TES systems.
The substantial costs linked to BTES construction emphasize the need for numerical simulations
to ensure both economic viability and thermodynamic efficiency. Thermal injection in the BTES
projects involves a range of temperature variations in the surrounding soil formations, which may
affect the stability of the boreholes and the operational life of the projects [110-112]. As is shown
in Figure 5-1, a BTES project tends to store heat in low permeable layers that are rich in clay soils
to minimize heat loss. The thermal-hydro-mechanical (THM) coupled processes in the surrounding
soil formation can significantly influence the stability of the ground and the boreholes in BTES
projects. Therefore, it is crucial to have a precise and comprehensive understanding of the

geohazard associated with this behavior.
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Figure 5-1 Sketch showing the thermal disturbance in soils surrounding a Borehole Thermal

Energy Storage (BTES) system.

Extensive theoretical and numerical studies were conducted to investigate the thermal-mechanical
responses of clay soils under temperature variations [32, 37, 49]. The developed mechanical
models were implemented into numerical programs for carrying out THM analysis for shallow
geothermal energy projects [113—116]. However, minimal emphasis was placed on acknowledging
the influence arising from the dehydration of bound water in clay minerals, a phenomenon that
should be regarded as an independent deformation mechanism [12, 13, 44, 59, 60]. According to
Liand Wong [12] the dehydration of the external layer of bound water in clay minerals can happen
under a relatively low temperature (starting from 30 °C). However, it requires a considerable
drainage time to dissipate the induced excess pore pressure for a low permeable soil formation.
Theoretically, the thermal disturbance tends to contribute to a ground heave as a short-term
response if there is no significant plastic deformation involved (Figure 5-1). Currently, there is a
lack of studies to explore the impact of such thermal-mechanical disturbance on the ground soil.
The role of bound water dehydration on the overall ground deformation behavior has not been
investigated. In particular, for a Canadian subarctic region, soils are mostly heavily consolidated
during the glacial period, and there is a lot of uncertainty about the possible deformation magnitude

during BETS operations in such off-grid communities.

In this study, we carried out a numerical study to examine the performance of a potential BTES
borehole located in a Canadian subarctic region. To achieve this, a novel fully THM-coupled finite
element framework, built upon prior research by Sojoudi and Li (2023) [59] and Norouzi et al.

(2019) [36], has been employed. The proposed model can consider the effect of bound water
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dehydration on ground deformation and quantify possible plasticity behavior based on a

subloading yield surface framework.

5.3 Governing equations

In BTES projects, an accurate description of THM-coupled behavior in the involved soil formation
is an essential step. In this study, we propose a comprehensive thermo-hydro-mechanical
framework based on the fundamentals of continuum mechanics. In the proposed formulation, the
effect of bound water dehydration on the overall THM-coupled responses is considered. With clay
bound water content and its degree of saturation, the mass balance equation of a water-saturated

soil can be written as:

0

—(nsps)+V- (n,pgvg) =0 .1
ot

0 i

) +V- (. ppv) = P12, a—T =0 (5.2)
ot ot

0 orT
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where pg, prand p, are densities of soil particles, free water and bound water respectively; n,n,

and », are the volume fractions of the soild, free water and bounding water phases; v, and v, are
soil particles and free water velocity; . is a coefficient controlling the conversion of bound to

free water per each unit rise in temperature, and 7 is the temperature.

By combining Egs.(5.2) and (5.3) and substituting Eq.(5.1) into the resulting equation, the

following governing equation is derived:
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where n is porosity, B,, g, and g, are the thermal expansion coefficients of the soil particles, free
water and bound water respectively; s;and s, are degree of saturation of free water and bound

water respectively; q is the volumetric flow rate per unit of surface area.

According to the fundamentals of soil mechanics the following relation can be achieved which
relates the degree of saturation of bond water to the soil porosity, densities of soil particles,

densities of bound water, and bound water content.

1-
s, _ (=mpswy (5.5)
np,
where
n=n;+n (5.6)

The bound water content value w, can be obtained from the relation proposed by Zemnis et al.

2019 [44] as below,
Wy =Wy i eXpl—ay (T =T, T[° C] (5.7)

where w, . is the bound water content at the initial temperature, 7 and 7, are the current

temperature and initial temperature in Celsius degrees respectively.

By taking time derivation of Eq. (5.5), substituting Eq.(5.7) and according to the water-saturated

condition (s; +s, =1), the variation of degree of fluid saturation over time can be expressed as,

0S; G (1=1) Ps Wy i Xpl—tye (T — Ty or
ot npy ot

(5.8)

The linear momentum balance equation of the whole system in terms of Terzaghi’s effective stress

principle can be expressed as:

V-e'-p' D+ p, g=0 (5.9
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where o is the effective stress tensor, p' is the pore water pressure, I is the unit tensor, p,; is
the bulk density of the solid-bound water-fluid mixture and g is the gravity vector.
The total strain are given as components of elastic strain, plastic strain, and thermal elastic strain:
§=¢ +&"+¢" (5.10)

It should be noted that thermally induced plastic strain can be treated as a part of plastic strain

when the temperature aspect is explicitly considered [102].
The thermal elastic strain rate can be quantified by:

. 1 _or
g€ =—p —I 5.11
3ﬂT > (5.11)

where g, is the equivalent thermal expansion coefficient of a porous media given by:

ﬂ'r = (1 - n)ﬂs + nSfﬂf + nSbﬁb (512)

To describe the plastic behavior, the subloading surface plasticity framework proposed by
Hashiguchi et al.[28, 29] is applied therein. This plasticity model is built on the concept that the
interior of the yield surface consists of an elastoplastic domain. To effectively describe this
elastoplastic interior, the model incorporates two yield surfaces: the normal-yield surface and the
subloading surface. Notably, the subloading surface always passes through the current stress

points, offering a comprehensive characterization of the material's behavior.

The diffrentiation form of subloading surface can be wtrite as,

{6’((")] do, = F- dR+R (a—F j (5.13)
oo, oH

i

where o, is the stress tensor, R is the similarity ratio, which corresponds to the length of an

arbitrary line that connects two points on the normal yield surface and the subloading surface and

H is the hardening parameter. As is validated by Sojoudi and Li [59], the subloading surface based
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plasticity model can better characterize the nonlinear deformation behavior of overconsolidated
soils, which is involved in the present study site. A detailed formulation of the plastic model is

included in our previous publication [59].

According to Cacace and Jacquey [101], the energy balance equations of the system can be

presented as,
oT
(pc)effE+V' (presq- T—A.;VT) =0 (5.14)

where (pc), and A, are the effective heat capacity and effective thermal conductivity,

respectively. ¢, is the specific heat capacity of the fluid phase.

The implementation of the proposed THM model into FEM is performed based on the work of
Norouzi et al. [36]. To incorporate the model into FEM, the aforementioned equations were first
reformulated in the weak form. Subsequently, the Galerkin method was applied to discretize them.
Following the discretization process, the equations were implemented into our in-house developed

MATLAB code.

5.4 Simulation of BTES systems in a Canadian subarctic region

This study aims to evaluate the effectiveness of the suggested numerical model by simulating a
BTES system under conditions resembling those found in the Canadian subarctic region. One of
the subarctic regions in the need of providing sustainable energy for life and development is
Kuujjuaq, the regional capital of Nunavik which is in the Inuit territory of Quebec, Canada. For
such off-grid communities, all the villages in Kuujjuaq rely on fossil fuels to produce both
electricity and heat, and the provision of a sustainable alternative source of renewable energy plays
a significant role. Relevant studies have shown the validity of using BETS as an alternative and
sustainable heat production approach for drinking water needs [4]. However, the geomechanical
aspect of examining the ground response has never been studied. We used our in-house developed

FEM package to carry out a THM-coupled analysis for the studying site.
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5.4.1 Material properties

In the target BETS site, most soil formations are formed as marine sediments and glacial tills,
which were deposited during the glacial period [3, 117]. A series of hydro-thermal
characterizations were conducted previously to explore the geothermal potential [4, 109, 118].
However, there is a lack of geomechanical database so far. The soils can have a wide range of
geotechnical characteristics due to their variable composition and deposition process. In addition
to compositions, the stress history is also crucial to analyzing geomechanical properties. The stress
history of such marine sediment is complex and is closely related to the glacial process. Previous
studies indicate that soils in the study area are over-consolidated due to the large pre-consolidation
pressure during the glacial period [119]. Related thermo-hydro-mechanical properties of the
studying soil are summarized by Ren [119] and are presented in Table 5-1. The material properties
result is not aligned with a BETS site in running. Instead, it can be treated as a possible case study

for a potential BETS project.

Table 5-1 Related THM properties of the studying soil formation for numerical modeling.

Property Unit Value
Mechanical F, (Pa) 500x10°
v ©) 0.1
M ) 12
K ©) 0.017
2 ) 0.155
Thermal- Bs (°c™h 3%x10°
Hydralic
Properties Be By °c™h 27x10°
A (W/m/K) 1.57
Ao 2y (W/m/K) 0.6
Cs (J/kg/K) 1359
s, Cp (J/kg/K) 4180
k (m?)  3.5x10°8

e (Pa.s) 1*¥1073
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In Table 5-1, F, is the pre-consolidation pressure at an initial temperature 7,; ovis the poison

ratio; M is the slope of the critical state line; K and A are the slope of swelling and compression
lines for elastoplasticity, respectively; A, A¢ and 4y, are the thermal conductivities of solid, fluid
and bound water respectively; c, ¢f, and ¢y, are the specific heat capacities of solid, fluid and bound

water, respectively; k is the intrinsic permeability; s, is the dynamic viscosity of water; wy p; is

the initial bound water content; yr is the thermal softening coefficient. The parameters for bound
water related properties are retrieved from Sojoudi and Li [59]. The value of ay is based on

common values applicable to clay soils as suggested by Zymnis et al. [44, 60].

5.4.2 FEM modeling

We carry out a FEM modeling to examine the short-term response (3.5 years) of a potential
borehole thermal energy storage system. The borehole is subjected to two different temperature
variations, one is in the cyclic range of 1°C to 60°C, and the other one is in the temperature range
of 1°C to 30°C. The impact of temperature changes in the borehole on the THM responses of the
surrounding soil is analyzed. As a preliminary study, a single borehole is simulated. The
dimensions of the soil were set at a radius of 20 m and a height of 40 m. The sketch of the modeled

BTES is shown in Figure 5-2.
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Figure 5-2 Sketch showing the geometry of the modeled BTES well and the applied temperature

cycles.

As depicted in the figure, on top of the ground, the active layer that is sensitive to seasonal
temperature variations is removed. Instead, a surcharge of 20 kPa is applied on the soil surface.
An insulation layer is usually applied to prevent heat exchange between the storage medium and
the active layer. The rest studying depth interval holds a stable ground temperature over the years.
According to the investigation by Miranda et al. [118], an initial temperature of 1°C is applied to
the studying site. Additionally, it should be noted that the soil formation being modeled is
significantly over-consolidated and is assumed to have a pre-consolidation pressure of 500 kPa
generated during the glacial period [119]. Since the soil formation has a buried depth of up to 40

meters, the overconsolidation ratio (OCR) values vary along the buried depth.

In numerical modeling, the selection of an appropriate meshing technique greatly influences the
accuracy of the results. In this study, a non-uniform meshing technique has been adopted to
enhance the precision of the model outcomes while reducing computational costs. The mesh has
been designed with a finer resolution near the borehole and a coarser resolution for regions farther
away from it (Figure 5-3). We have carried out a mesh sensitivity study to make sure the applied
mesh size generates a stable result. The model is generated while considering that the bottom
boundary is prevented from any horizontal or vertical movements, and the horizontal displacement
is fixed at the side boundaries. Additionally, the bottom and surface edges are permeable, while
the side edges act as impermeable boundaries to represent the possible drainage impact from a

borehole nearby.
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variation 1°C - 60 °C and 1°C - 30 °C.
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Figure 5-3 Boundary conditions and meshes used for the THM coupled FEM analysis.

To examine the impact of temperature fluctuations on the response of the soil surrounding the
BTES, a cyclic temperature load, resembling the one depicted in Figure 5-2, is applied to a soil
profile. To depict the effect of thermal loading on temperature distributions, displacements, pore
pressures, and stresses within the soil profile, six monitoring points are selected to demonstrate the

results (Figure 5-4).
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Figure 5-4 Selected six key monitoring points for analyzing the simulation results.

5.4.3 Results and analysis

Figure 5-5 illustrates the temperature development of areas located at varying distances from the
borehole with three distinct buried depths. We have considered monitoring points P1, P2, P4, and
P6 for a better demonstration. The results indicate that as the distance from the borehole increases,
the soil experiences lower temperature levels (Figure 5-5a). Since we keep a uniform temperature
variation along the borehole, the depth does not have an impact on temperature distribution (Figure
5-5b). As is shown in Figure 5-6, the influence of temperature variation on the soil profile quickly

diminishes as the distance to the borehole increases.
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Figure 5-5 Simulated temperature development at different monitoring points: (a) P1 and P2, (b)

P4 and Pé6.
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(a) (b)

Figure 5-6 Simulated temperature (unit of °C) distribution profiles by the end of 3.5 years: a)
Maximum 7" = 60°C, b) Maximum 7" = 30°C.

In Figure 5-7 and Figure 5-8 , the vertical displacement versus time at the monitoring points of P1,
P2, and P5 for two different temperature ranges are presented. These figures illustrate that a higher
storage temperature leads to a much larger vertical displacement (expansion). Furthermore, the
result from the first heating cycle reveals that the soil at the surface with an over-consolidation
ratio (OCR) around 25 demonstrates a significant expansion behavior (Figure 5-7). By contrast,
the soil at a depth of 32m (with an OCR around 2) exhibits small contraction behavior during the
initial stage (Figure 5-8). This is due to the considering of thermal-plastic strain in our modeling,
which is similar to some previous studies highlighting that thermally induced plastic strain can
happen to a slightly consolidated soil [12, 22]. Nevertheless, the ground is experiencing a general
trend of expansion behavior. A maximum ground heave of 35 mm is expected for the case with a

maximum operation temperature of 60°C.
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Figure 5-7 Simulated vertical displacements (positive indicates expansion) at the top surface of

the soil (monitoring points P1 and P2) under two different temperature ranges (1°C to 60°C and

1°C to 30°C).
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Figure 5-8 Curves showing simulated displacements at P5 for two different temperature ranges.

Figure 5-9 presents the comparison of pore water pressure change at the borehole and within a 5-

meter distance from the borehole for points at the depths of 16 meters and 32 meters, respectively.
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The monitoring points of P3, P4, P5, and P6 are considered to show the variations. Figure 5-9
provides further evidence, showing that a wider temperature range results in increased creation of
pore water pressure, with one possible outcome being attributed to the dehydration of bound water.
The curves also demonstrate a continuous increase in pore water pressure over time. An increase
in pore water pressure is accompanied by a reduction of effective stress. Thereby, the overall
thermal expansion behavior of the ground presented in Figure 5-7 should be mainly from the

development of excess pore water pressure due to thermal disturbance.
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Figure 5-9 Simulated pore pressure development at different monitoring points: (a) P3 and P4,

(b) P5 and P6.

5.5 Discussions

5.5.1 Impact of bound water dehydration on displacement and pore water
pressure

As is shown in the governing equation, Eq.(5.4), bound water dehydration is likely to contribute

to pressure generation and bring changes in the effective stress. To investigate the effect of bound

water dehydration on pore water pressure development and ground deformation, we also

conducted short-term modeling of the borehole without considering the bound water dehydration

process for the case with a temperature range from 1°C to 60°C. The obtained results were then

compared with the case that considers bound water dehydration (Figure 5-10).
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Figure 5-10 Comparison of simulated vertical displacement at P1 for cases with and without

considering bound water dehydration, maximum 7" = 60°C.

As is demonstrated in Figure 5-10, the consideration of bound water dehydration has resulted in a
higher magnitude of displacement (about 5 mm) at P1. The deformation of the surface reflects the
total ground response to the thermal disturbance. As mentioned previously, the induced pore
pressure changes should be the major reason for having ground expansion behavior. We also focus
on two monitoring points at different depths (P3 and P5) to identify the difference in generated
pore pressures for cases with and without considering bound water dehydration. Figure 5-11
illustrates the impact of bound water dehydration on thermal pore pressure development, which
demonstrates that the bound water dehydration is potentially exerting a very significant impact on

pore pressure elevation during the BETS running process.
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Figure 5-11 Comparison of simulated pore water pressures for cases with and without

considering bound water dehydration, maximum 7" = 60°C: (a) at point P3, (b) at point P5.

5.5.2 Effective stress path analysis and the role of plastic strain

The effective stress path can be used to examine the possibility of generating plastic yielding
during thermal storage in the ground. We retrieved the simulated total stress and pore pressure data
at key monitoring points (P3 and P5) and calculated the effective stresses. The effect stress path
curves were plotted in the deviatoric-mean effective stress plane for the case with a maximum
temperature of 60°C and were shown in Figure 5-12 Since P3 and P5 are located at two different

depths, they have distinct initial stress states. During the thermal storage, shear stresses are
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developed due to the thermal disturbance. A reduction of mean effective stress is an indication of
an increase in pore pressure. The results also reveal that the stress variations are comparable for
these two distinct depths. To examine the possibility of generating plastic deformation in these
points, we also include the initial yield surface of the plastic model. As is shown in Figure 5-12,
the stress paths are far from any yielding point based on a traditional plasticity framework.
However, we’ve applied a subloading yield surface framework, thus the point with a higher initial

stress is still possible to generate some plastic strain as was indicated in Figure 5-8.

600
Initial yield surface
csL

- 500 ¢ Stress path at P3, depth = 16 m,T=1"C - 60°C
o - = = - Stress path at P5, depth = 32 m,T=1"C -60°C
X
= 400 .
0
0
o
® 300
o
S
© 200
>
(0]
&

100

\ \\
0 1 h 1 AN
0 100 200 300 400 500

Mean effective stress (kPa)

Figure 5-12 Curves showing the effective stress paths at key monitoring points, CLS = critical

state line.

In order to demonstrate the role of plastic strain on the overall ground response, we also carried
out numerical modeling without adopting the plastic model. The result of vertical displacement on
the topic surface at P1 is displayed along with the previous result in Figure 5-13. The curves
indicate that plastic strain exerts a very limited impact on the ground deformation for a short-term
analysis (within 3 years). As time goes longer, the plastic strain tends to contribute to a
consolidation settlement. Thereby, the plasticity should be included for a long-term analysis to

examine the risk ground settlement due to BETS operations.
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Figure 5-13 Simulated vertical displacements at P1 for cases with and without considering

plasticity.

In this study, we don’t have laboratory data on the thermo-poromechanical behavior of soil
samples from the study site. We just carried out a preliminary THM analysis to highlight the
importance of considering bound water dehydration while evaluating the potential of ground
heaving during BETS operations in a highly consolidated soil formation. The laboratory
characterization of the thermo-elastic-plastic deformation behavior of soil samples from the

studying site is our ongoing work.

5.6 Conclusions

This study provides some preliminary numerical analysis on the short-term THM responses of an
over-consolidated marine sediment ground due to BTES operations in Kuujjuaq, Quebec, Canada.
The aim is to demonstrate the way of considering bound water dehydration in clay soil formation

during thermal storage. Several conclusions are drawn as the following:
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Based on the FEM modeling results of cases with two different maximum storage
temperatures, we notice that a maximum storage temperature of 60°C tends to yield a
considerable vertical displacement (a ground heave up to 35 mm). By contrast, the vertical
displacement for the case with a Maximum 7 of 30°C is much less. The difference in two
cases with different storage temperatures is resembled by the results on simulated pore
pressures at key monitoring points. Even though the borehole is subjected to a cyclic
temperature variation boundary, a continuous pore pressure increase in the ground is
expected.

Our simulations highlight the importance of considering bound water dehydration in
characterizing the ground heave process during the short-term BTES operation in an
overconsolidated formation in the Canadian subarctic region. The simulated ground
expansion behavior is due to the high excess pore pressure generated during thermal
storage, which is accompanied by the release of in-situ effective stresses. Neglect of bound
water dehydration process will underestimate the amount of ground heave during a short-
term BTES operation.

For such overconsolidated soil formation, the plastic deformation exerts little impact on
the short-term poromechanical behavior. However, the plastic deformation should be well
considered in a long-term analysis as it may contribute to a ground settlement.
Considerable laboratory geotechnical characterizations are needed to quantify the plastic

deformation behavior more accurately.
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Chapter 6

6  Conclusions, limitations, and recommendations for future
work

6.1 Conclusion

In this thesis, a new theoretical framework is proposed to study the interconnected thermo-
mechanical responses of clayey soils saturated with water under drained stress-path conditions.
The aim is to understand the behavior of these soils in terms of temperature, elasticity, and

plasticity.

The proposed framework is then incorporated into a finite element formulation to effectively
simulate the fully coupled thermo-hydro-mechanical behaviors of clay soils. The main focus of

the research is to gain insight into the complex dynamics of bound water dehydration.

Furthermore, the thesis examines the behavior of borehole thermal energy storage (BTES) systems
using a thermal-hydro-mechanical coupled finite element approach. The study specifically
investigates the impact of cyclic temperature variations on these systems, which are deployed in

glacial till regions of northern Canada and have an operational lifespan of 3.5 years.
Based on the obtained results, several significant conclusions can be drawn from this study.

1- By incorporating subloading surface plasticity and principles of thermodynamics, we can
effectively capture the intricate nonlinear thermo-mechanical behavior. This approach adopts a
mechanical framework that considers the elasto-plastic domain within the yield surface, providing
a comprehensive characterization of the smooth transition between elasticity and plasticity in

clayey soils.
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2- We have successfully demonstrated the feasibility of independently treating plastic strain and
dehydration-induced strain, all while adhering to the fundamental laws of thermodynamics. The
validity of the proposed model has been verified using diverse clayey soils originating from
different geological sources and experiencing distinct stress histories. It is important to note that
our current model solely accounts for the dehydration of bound water adhered to the external
surface of clayey minerals. However, by treating dehydration-induced strain as a separate
component, we open up opportunities for adaptability to varying environmental conditions. The
newly introduced model offers notable advantages in terms of phenomenon-based plasticity,
facilitating the convenient determination of model parameters. Additionally, it harnesses the power

of mechanism-based thermodynamics to interpret the various stages of the dehydration process.

3- The THM coupled finite element model is grounded in the principles of porous media theory,
which considers the soil as saturated with both free water and bound water. The model incorporates
equations for mass balance, momentum balance, and energy balance. Notably, the mass balance
equation is adjusted to account for bound water dehydration. The conversion of bound water to
free water plays a crucial role in governing thermo-mechanical strain and is treated as a distinct
aspect. The nonlinear equations governing the system are formulated, discretized in time, and
solved using our in-house developed FEM code. The thermo-plastic behavior of clayey soils is
effectively described by employing the subloading surface plasticity framework. Within this
chosen mechanical framework, the elasto-plastic domain is considered within the yield surface.
The proposed model adeptly captures the smooth transition from elasticity to plasticity.
Implementation of the thermo-plastic constitutive law into our THM coupled FEM framework is

straightforward and convenient.

4- The FEM model simulations demonstrate reasonable agreement with experimental data.
Although there is limited experimental data on the impact of bound water variation on clay soil
behavior under thermal loading, our THM model offers a valuable framework for assessing the
thermo-mechanical response of clay. Based on our numerical results, it is evident that dehydration

significantly influences the generation of excess pore pressure in clay soils during heating.

5- Some preliminary results for the field application for BETS simulation are obtained. The impact

of heating and cooling cycles on pore water pressure varies depending on the location. In close
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proximity to the boreholes, the pore pressure increases throughout both heating and cooling cycles.
This phenomenon can be attributed to soil deformation near the borehole and the dehydration of
bound water caused by temperature elevation. The transformation of bound water into free water
leads to increased pore pressure. During the cooling cycle, pore pressure continues to rise due to
soil contraction. In areas further away from the boreholes, where temperature fluctuations are
minimal, pore water pressure variation is primarily governed by displacement behavior. The slight
temperature changes in this region have a lesser impact on pore pressure, with displacement

behavior being the primary influencing factor.

6- Elevated operating temperatures exert a more pronounced influence on displacement, thermal
strain, and pore water pressure. Regardless of the temperature range considered (1°C - 60°C or 1°C
- 30°C), deformations remain within a few tens of millimeters. Thermal expansion, contraction,
and consolidation lead to both heave and settlement in the upper layer, resulting in uneven

deformation across the entire till layer.

7- In the case of highly consolidated soil formations, plastic deformation has a minimal effect on
the immediate poromechanical behavior. Nonetheless, it is essential to account for plastic
deformation in long-term analyses, as it can potentially lead to ground settlement. To gain a more
precise understanding of plastic deformation behavior, extensive laboratory geotechnical
characterizations are required. Based on the preceding information, this thesis offers a
comprehensive framework for describing the THM behavior of geomaterials. This framework
holds the potential to be applied by consulting firms, engineers, and governmental bodies across
projects where soil temperature fluctuations play a pivotal role. This applicability extends over a
diverse spectrum of engineering endeavors, spanning from thermal energy storage projects to

underground thermal infrastructures.

6.2 Limitations

This study is based on certain assumptions and limitations, with the most significant ones

outlined below:

1- The analysis focuses on soil under non-isothermal conditions with temperatures above

zero and does not account for the presence of ice lenses and their impact on soil behavior.
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2- The study is specifically designed for 2D finite element methods, and the model is not
extended to 3D modeling.

3- The model considers the effects of temperature variations on the dehydration of the
external surface of bound water in clay soils. However, it does not address the

dehydration of interlayer bound water.

4- The proposed study is tailored for fully saturated soils, and the model is not equipped to

simulate the THM behavior of unsaturated soils.

6.3 Recommendations for future work

The focus of this thesis is a particular aspect of modeling the coupled thermo-hydro-mechanical
behavior of clay soils, specifically its application in borehole thermal energy storage (BTES)
systems. However, there are extensive opportunities for further investigation in the realms of both
experimentation and numerical analysis. To expand the horizons of this research, the following

recommendations are proposed:

e The current constitutive model presented in this thesis is specifically designed for fully
saturated clay soils. However, enhancing the model to accommodate unsaturated
conditions would be valuable.

e In this research, the use of explicit integration for describing plasticity has been adopted
due to its simplicity and the progress made in subloading surface plasticity. However, there
is an advantage in expanding the model simulation to incorporate implicit integration.

e The existing body of experimental research on the effect of bound water dehydration
caused by temperature variation is limited. Conducting precise THM tests to thoroughly
investigate the precise impacts of this phenomenon is strongly advised due to the scarcity

of such studies.
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