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Simulation of thermal drains using a new constitutive model for thermal volume change of
normally consolidated clays
Radhavi A. Samarakoon, M.S.!, and John S. McCartney, Ph.D., P.E., F.ASCE?

Abstract This paper focuses on the thermo-hydro-mechanical behavior of clay surrounding a
thermal drain. A new constitutive model for prediction of thermal volume change of clays is
presented that incorporates an improvement to existing models by capturing the effect of initial
effective stress on the thermal volume change of normally consolidated clay observed in
element-scale tests. A numerical framework with the proposed constitutive model was used to
simulate the coupled effects of heat transfer, fluid flow and volume change in clay surrounding a
thermal drain. The simulated results were validated using experimental data from a large-scale
laboratory experiment on a thermal drain under different thermal and surcharge loads. The
results indicate that the required surcharge can be reduced when using a thermal drain in lieu of
a conventional vertical drain and a significant increase in the rate of consolidation is observed
when using a thermal drain. The proposed constitutive model allows better prediction of thermal
volume changes of normally consolidated clays as a function of depth which is important to
understand the efficient application of in-situ heating for ground improvement.
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1. Introduction

The use of thermal drains has been proposed as an approach to improve the mechanical
properties of normally consolidated soft clays (Abuel-Naga et al. 2006; Pothiraksanon et al. 2010;
Samarakoon and McCartney 2020a, 2021). A thermal drain combines a vertical drain used for
radial consolidation of soft clay layers with a geothermal heat exchanger. The geothermal heat
exchanger consists of a closed-loop, “U”-shaped pipe that transfers heat to the ground by
circulating heated fluid through the pipe with a heat pump at the ground surface. The thermal
drain itself can either be a prefabricated thermal drain consisting of a plastic strip with internal
channels to support vertical water flow encased within a geotextile filter that is pushed into the
clay, or a cylindrical borehole installed with a casing and backfilled with sand. The motivation for
using thermal drains is twofold. First, the heating of the soft clay will lead to an increase in excess
pore water pressure due to differential expansion of the pore water and soil solids (Mitchell and
Campanella 1968; Ghabezloo and Sulem 2009; Ghaaowd et al. 2017). The thermal drain provides
a drainage path for the pressurized water, and the consolidation process will result in contraction
of the clay layer. Second, the increase in temperature will cause a reduction in water viscosity,
which will result in an increase in hydraulic conductivity of the clay and an increase in the rate of
consolidation (Houston et al. 1985). Thermal drains are best suited for normally consolidated
and lightly overconsolidated clays, as heavily overconsolidated clays are expected to expand and
contract elastically during heating and cooling, respectively (e.g., Baldi et al. 1988, Laloui and
Cekerevac 2003; Abuel-Naga et al. 2007a, 2007b), although an increase in hydraulic conductivity
would still be encountered in all clays. A typical deployment of thermal drains with a surface

surcharge is shown in the schematic in Fig. 1.
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An increase in the rate of consolidation as well as the magnitude of the ultimate surface
settlement have been confirmed in calibration chamber experiments on thermal drains in soft
clay layers that included comparisons with conventional drains (Abuel-Naga et al. 2006;
Artidteang et al. 2011; Salager et al. 2012). The performance of thermal drains used in
combination with a surficial surcharge load as part of the preconsolidation of a soft clay site was
also investigated by Pothiraksanon et al. (2010). They applied a change in temperature of
approximately 60 °C over the course of 200 days to a clay layer having a thickness of 8 m with a
sand surcharge of 6 m, and observed a total settlement of approximately 400 mm for a thermal
drain and 240 mm for a prefabricated vertical drain. An advantage of thermal drains over
conventional vertical drains is that a surficial surcharge may not be necessary due to the thermal
pressurization of the soft clay associated with heating of the drain. Bergenstahl et al. (1994)
applied a change in temperature of approximately 60 °C to a 10 m-thick layer of clay over the
course of 8.5 months using geothermal heat exchangers without vertical drains or the use of a
surcharge and observed a thermally-induced settlement of 37 mm which was linked to the
generation and dissipation of thermally-induced excess pore water pressures.

An issue that is critical to consider in the simulation of thermal drains in the field is the
variation in expected thermal volume change as a function of depth in the clay layer. There is a
growing set of data indicating that the thermal volume change in normally consolidated clays will
change with its effective stress state (Samarakoon et al. 2018; Samarakoon and McCartney
2020b; Samarakoon et al. 2022). Furthermore, field-scale and laboratory studies (Bergenstahl et
al. 1994; Abuel-Naga et al. 2007b; Uchaipichat and Khalili 2009; Ghaaowd et al. 2017) as well as

poroelastic theories (Campanella and Mitchell 1968, Ghabezloo and Sulem 2009) show different
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thermal pressurization effects at different effectives stresses and void ratios during undrained
heating of normally consolidated clays. The magnitude of thermal volumetric strains observed in
the literature is relatively small, with an average of 1% volumetric strain occurring during a
change in temperature of 60 °C. However, even a slight increase in thermo-plastic volumetric
strain at a given depth will result in a significant improvement in clay mechanical properties as
shown by Ghaaowd and McCartney (2021) and Ghaaowd et al. (2022) for pile pullout capacity
and Samarakoon et al. (2022) for undrained shear strength of kaolinite specimens. Therefore, it
is evident that the effect of effective stress state plays a critical role when simulating thermal
drains in normally consolidated clays. To that end, the goal of this study is to develop a new
constitutive model to predict the thermal volume change of normally consolidated clays which
can be applied to studying the behavior of thermal drains. The model will be calibrated using data
from thermal triaxial tests and used to simulate results from tank tests on thermal drains.
2. Background on Thermo-Mechanical Modeling of Saturated Clays

Several thermo-mechanical models have been developed by researchers to predict the
thermal volume change of clay (Hueckel and Borsetto 1990; Cui et al. 2000; Laloui and Cekerevac
2003; Abeul-Naga et al. 2007a, Abuel-Naga et al. 2009). In general, the thermal volume change
is dependent on the stress history. For overconsolidated clays, elastic expansion is expected upon
heating with a tendency for contraction at higher temperatures, whereas for normally
consolidated clays, plastic contraction can be observed. In some instances, lightly
overconsolidated clays may also show contractive behavior (Baldi et al. 1988, Abuel-Naga et al.
2007b). Hueckel and Borsetto (1990) proposed a parabolic yield surface expression in the T-p’

plane based on the evolution of preconsolidation stress with temperature which required the
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determination of multiple material parameters. At stress states below the yield limit, thermal
strains will be elastic. If the yield limit is approached either by mechanical or thermal loading,
plastic thermal strains will be generated, and the yield surface will move to the right due to
thermal hardening resulting in a larger elastic zone.

Other studies have proposed different thermal yielding curves to capture trends observed in
experimental data. For example, Cui et al. (2000) proposed a simplified relationship for the yield
surface where an exponential expression was used as follows:
pc'(T) = pc' (To)exp (—aoAT) (1)
where p/(To) is the apparent preconsolidation stress at room temperature, p./(T) is the
preconsolidation stress at temperature T, and ap is a material parameter. To better account for
the effects of overconsolidation ratio (OCR) on volume change at high temperatures, Cui et al.
(2000) introduced a second vyield limit within the framework of Hueckel and Borsetto (1990).
Specifically, the contractive behavior observed in overconsolidated clays at higher temperature
was captured by this model.

An isotropic thermo-plastic yield limit was introduced by Laloui and Cekerevac (2003) with a

logarithmic yield surface expression as follows:
T
"(T) =p./(Ty) |1 —yl — 2
pc'(T) pc(o)[ VOQ(TO)] (2)
where y is a material parameter. Abuel-Naga et al. (2007a) adopted the same relationship as
that proposed by Laloui and Cekerevac (2003) in Eq. (2) for the loading yield limit, but used a

similar approach to Cui et al. (2000) with two different yield limits referred to as the thermal and

loading yield limit respectively.
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Anissue encountered in applying the different thermo-mechanical models listed above is that
normally consolidated clays will all have the same thermal volume change regardless of the initial
effective stress state, a finding that contradicts experimental studies on the thermal volume
change of soft clays (Samarakoon et al. 2018, 2022) as well as the trends in thermally induced
excess pore water pressures of normally consolidated soil with different initial effective stresses
(Abuel-Naga et al. 2007b; Uchaipichat and Khalili 2009). The isotropic yield mechanism proposed
by Laloui and Cekerevac (2003) is shown in Fig. 2 (a) in the T-p’ plane along with a thermal loading
path for a normally consolidated clay in red. When a normally consolidated clay (initially on the
yield curve) is subjected to an increase in temperature from Typ to T; at constant mean effective
stress, the LY curve will shift to the right. As a result of this thermal hardening phenomenon, the
clay will undergo a contractive thermo-plastic volumetric change. This is represented in the e-In
p’ plane by a shift in the normally consolidated line to the left at temperature T: as shown in
Fig. 2(b). Regardless of the initial mean effective stress of the normally consolidated clay, the
same thermal volume change will be predicted by the model.

The reason for this shortcoming of available thermo-mechanical constitutive models in being
able to capture the observed thermal volume change data from the literature perhaps lies in the
approach by which the effect of temperature on the yield curve is defined, where the yield curve
is defined by mechanically loading overconsolidated clays after heating to different temperatures
and identifying the apparent preconsolidation stress (Eriksson 1989, Boudali et al. 1994, Sultan
et al. 2002). These studies found that the slopes of the recompression curve before yielding as
well as the compression curve after reaching normally consolidated conditions were independent

of temperature. Only a few studies have characterized the thermal volume change of soft clays
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under multiple mean effective stresses (Abuel-Naga et al. 2007a; Samarakoon et al. 2018, 2022).
Given that the volume change predictions for normally consolidated soils were made based on
these observations, the existing models have an inherent issue in predicting the volume change
for normally consolidated clays, which remains the same irrespective of the effective stress state
(Fig. 2(b)).
3. Proposed framework for thermal volume change of normally consolidated clay

Based on the experimental evidence of thermal volume change of saturated normally
consolidated clay in Samarakoon et al. (2022), a new thermo-elasto-plastic mechanism is
required to accurately represent the thermal behavior of saturated clay at different initial mean
effectives stresses. Volumetric strain can be generated due to mechanical and/or thermal
loading. At stress states below the yield stress the strains will be elastic whereas plastic strains
will be obtained at stress states at the yield limit. Based on the experimental observations, a new
framework is proposed to obtain plastic volume changes under thermal loading at different initial
isotropic stress states.
3.1. Thermo-elastic strains

Although the focus of this study was on the plastic volume changes of saturated normally
consolidated clay subjected to thermal loading, the thermo-elastic relationships are presented
for the completion of the proposed model. The thermo-elastic strain (7€) generated by thermal
loading is obtained by the following relationship:
del® = adT (3)
where a is the drained volumetric thermal expansion coefficient of clay and T is the temperature.

o can be determined using thermal volume change results of highly overconsolidated clays or
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from heating cooling cycles applied to normally consolidated clays with a slow cooling rate. Cui

et al. (2000) considered a to be a constant parameter whereas other researchers defined the

coefficient a as a function of temperature and the effective stress (Laloui 2001; Abuel-Naga et al.

2007a). The elastic strains generated due to mechanical loading are obtained as follows:
k_dpr

deg =
1+ey p/

(4)
where kis the slope of the recompression line, p’ is the mean effective stress, and ey is the initial
void ratio.
3.2. Thermo-plastic strains

When the stress state reaches a yield limit, thermo-plastic strains are developed. As described
in section 1, the yield limit can be reached by mechanical loading or thermal loading at constant
effective stress. The yield limit for isotropic conditions can be expressed as follows:
f=p=p' =0 )
where p.' is the apparent preconsolidation stress. Several relationships are found in literature
representing the thermal evolution of the preconsolidation stress (Hueckel and Borsetto 1990;
Cui et al. 2000; Laloui and Cekerevac 2003). Based on experimental evidence, an extension to Eq.

(2) is proposed where the parameter y is a function of the mean preconsolidation stress p.’(To),

as follows:

’ _ a
v (pc'(To)) = 55 + b (6)
where p./(To) is the apparent preconsolidation stress at room temperature, which must be
greater than zero, and a and b are constants depending on the material with a <0 and b >0, such

that y increases with increasing mean preconsolidation stress for normally consolidated clays.

For y > 0, the condition p’(To) > -a/b must be satisfied. The reason for proposing that y is a

8
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function of mean preconsolidation stress is that all overconsolidated soils corresponding to a
given preconsolidation stress will have the same value of y, which is consistent with the way that
previous thermo-mechanical models were developed. The variation in apparent thermal
preconsolidation stress with temperature at different initial mean effective stresses, having
different y values is shown in Fig. 3. Laloui & Cekerevac (2003) also reported different y values
for experimental data from Moritz (1995) for Swedish clay at different depths. Substituting Eq.

(6) into Eq. (2) will yield the following relationship:
' o _ T\| _ T
p.'(T) = p/(To) [1 = b x log ()| = a x log (7) (7)
For a normally consolidated clay, its current stress state will be equal to the preconsolidation

stress and hence will be on the yield limit. When the temperature is increased at constant

effective stress, the clay will be subjected to thermal yielding to maintain the current stress state

. . . . . . T
and a plastic thermal volume change will occur. Thermally induced plastic volumetric strain, s,,p

is related to the change in preconsolidation stress with temperature, as follows:

Tp _ A=k, (v (To)
de,” = 1+eg in (pc’(T)) (®)

where p.’(T) is the preconsolidation stress at temperature T obtained from Eq. (7) and A is the
slope of the VCL. As the parameter y changes with the preconsolidation stress, the thermal
volume change at different mean effective stresses obtained from Eq. (8) will change for a
normally consolidated clay. This is an improvement to the existing thermo-mechanical
constitutive models where the same amount of thermal volume change is predicted for normally

consolidated clays irrespective of their mean effective stress.
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The proposed thermo-mechanical framework is shown in Fig. 4(a) and (b) respectively. Fig.
4(a) shows the thermal volume change in the e vs. In p’ plane. Path ABC shows the compression
curve at room temperature Typ. Path DEF is obtained by increasing the temperature of normally

consolidated clay from Ty to Ti. pc1’(T1) is the preconsolidation stress at temperature T1. As a

result of drained heating at pc1’(To), a thermo-plastic volume change of Aegp will occur, which
can be obtained using Eqg. (8). If the clay was subjected to heating at a higher mean effective
stress (i.e. pc2’(To)), the yield stress will now move to point J along the NCL, and the corresponding
apparent thermal preconsolidation stress will be at point H. At this stress state, a higher thermo-
plastic volume change, denoted by the distance JK will be obtained. Paths DEF and HKI are both
obtained at temperature Ti, where path DEF is associated with the apparent thermal
preconsolidation stress corresponding to preconsolidation stress at room temperature, pc1’(To)
and path HKI is associated with the apparent thermal preconsolidation stress corresponding to
preconsolidation stress at room temperature, pc2’(To). In the existing thermo-mechanical models,
the NCL shifts to the left as the temperature is increased. Based on the proposed model, the shift
in the NCL is not only a function of temperature but also the mean effective stress for normally
consolidated clays.

The corresponding thermo-mechanical paths in the T-p’ plane are shown in Fig. 4(b). The
specimen is subjected to mechanical loading from path A to B. From B to E, the specimen is
heated under drained conditions where the temperature increases from Tp to T;. Curve BD shows
the yield limit and the preconsolidation stress is reduced to p.1’(T1) at temperature T;. For heating
at a higher mean effective stress, the path will follow ABJ for mechanical loading and JK for

drained heating. The corresponding thermal preconsolidation stress will now be at point H

10
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following the curve JH. For normally consolidated clays subjected to drained heating, the yield
curve will shift to the right due to thermal hardening. Once the specimen is cooled back to room
temperature, the clay specimen will have a new preconsolidation stress which will be greater
than the preconsolidation stress prior to heating. The yield limit after cooling is also shown in Fig.
4(b). This preconsolidation stress after a heating cooling cycle can be obtained from Eq. (7).
4. Model Calibration

To calibrate the proposed model, the experimental results from Samarakoon et al. (2022) are
considered in this study. Samarakoon et al. (2022) conducted thermal triaxial tests on saturated
normally consolidated kaolinite specimens at four different mean effective stresses. The
specimens were first mechanically consolidated under isotropic conditions to a normally
consolidated state and then subjected to drained heating where the temperature was increased
to 60 °C. Finally, the specimens were sheared under undrained conditions at the elevated
temperature. Normally consolidated specimens at mean effective stresses 230, 260, 290 and
320 kPa were considered. Contrary to the existing thermo-mechanical predictions, the thermal
volume change obtained at each mean effective stress was different and showed an increasing
trend as the mean effective stress increased. The new experimental evidence from tests
conducted on normally consolidated clays reveals a limitation in the existing thermo-mechanical
constitutive models when predicting thermal volume change in normally consolidated clays
subjected to drained heating.

In addition to the slopes of the compression curve (x and A) for a given clay, the proposed
model requires determination of variation in the parameter y at different mean effective stresses

through parameters g and b. At least two drained heating tests conducted on normally
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consolidated clay specimens at different initial mean effective stresses are required to obtain
these parameters. Three tests may provide better accuracy when determining the required
model parameters. Using the thermal volume change results at each mean effective stress for a
given temperature, the thermal preconsolidation stress, p./(T) corresponding to each mean
effective stress can be obtained using Eq. (8). Using the p.’(T) values at each stress state, the y
parameter corresponding to each mean effective stress can be obtained using Eq. (2). Finally,
Eqg. (6) can be used to determine the parameters a and b. Alternatively, Eq. (7) can also be used
to obtain the parameter a and b directly after determining p.’(T) values. The obtained y values
at each mean preconsolidation stress and the fitting of Eq. (6) to the experimental data of
Samarakoon et al. (2022) are shown in Fig. 5 and the model parameters are summarized in Table
1. Back-predictions of the experimental data of Samarakoon et al. (2022) are shown in Fig. 6. In
general, good agreement can be observed between the predictions and the experimental data
and the increasing trend in thermal volumetric strain with increasing mean effective stress of
normally consolidated clays is captured by the proposed model. The thermal volume change at
the lower mean effective stresses is predicted well by the model whereas the thermal volume
change at the higher mean effective stress value of 320 kPa is slightly underpredicted. The
thermal volumetric strain value obtained at 290 kPa seems lower in comparison and could be
due to experimental variability in the initial conditions of the sedimented clay specimens.

The established model can capture the effect of initial mean effective stress on the thermal
volume change of normally consolidated clay where the thermal volumetric strain increases with
increasing mean effective stress. This is an improvement to the existing thermo-mechanical

constitutive models where the same amount of volume change is predicted for normally
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consolidated clay irrespective of its initial stress state. Further studies on multiple soil types
considering a wider range of stress states will assist in strengthening the established relationships
for soil parameters. Better predictions of thermal volume change in normally consolidated clays
are important specifically in applications such as using in-situ heating for soil improvement. When
the thermal volume changes at different mean effective stresses indicative of different depths
can be accurately predicted, soil improvement can be strategically applied over different depths.
This can also assist with designing efficient in-situ heating arrangements for soil improvement.
5. Application — Thermal Drain Analysis

The proposed constitutive model was applied in a numerical model developed to simulate a
thermal vertical drain embedded in a soft clay layer inside a large-scale oedometer. The
numerical model simulates the coupled phenomena of heat transfer, fluid flow and volume
change in soft clay surrounding a thermal vertical drain. The theoretical framework, formulation
of the numerical model, comparison with experimental results along with a parametric analysis
on the performance of a thermal drain is described in the following sections.
5.1. Soil Domain Geometry

To simulate the behavior of a clay layer around a thermal drain, a finite soil domain
representing a large-scale oedometer experiment by Artidteang et al. (2011) was considered in
this study. The thermal drain is inserted at the center of a cylindrical specimen of height h and
radius r and a surcharge is applied at the top of the specimen. A schematic diagram of the thermal
drain arrangement in a finite soil domain is shown in Fig. 7. This geometry was selected as it was
used to validate the numerical model using experimental results of Artidteang et al. (2011).

Although this geometry does not represent the boundary conditions expected in a field
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deployment of thermal drains, it permits the effects of temperature and applied surcharge on
the transient thermal consolidation process.
5.2. Theoretical Framework
5.2.1. Heat transfer

When a thermal drain is being used, the temperature of the surrounding soil will increase.
Assuming that heat transfer through the soil medium will occur through conduction only, it can
be modeled using Fourier’s law and energy conservation principles. The thermal drain was
considered as a line heat source where the vertical distribution of temperature was assumed to
be uniform. The governing equation for conductive radial heat transfer through soil based on

Fourier’s law and conservation of energy will be simplified as follows in cylindrical coordinates.

psCOT _ 0°T | 10T
Ar 0t dr2 = ror

(9)
where ps is the total density of soil, C is the specific heat capacity of the soil, Aris the thermal
conductivity of the soil, and r is the radial distance. The thermal conductivity of the clay will be
impacted by the volume changes occurring in the clay, where more heat conduction can occur
through the soil particles as the void space reduces. The change in thermal conductivity with
porosity was considered using a parallel model as follows (Dong et al. 2015):

Ar = nAs+ (1 —n)Ag (10)
where n is the porosity, Asis the thermal conductivity of the pore water and Asis the thermal
conductivity of the soil particles.

5.2.2. Fluid flow

An increase in temperature will impact the fluid flow through the porous media by thermally

induced excess pore water pressures and increased hydraulic conductivity. Thermally induced
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excess pore water pressure is generated because of the differences in the coefficients of thermal
expansion of soil particles and the pore fluid. The soil will undergo volumetric contraction as the
excess pore water pressures are dissipated. Furthermore, an increase in temperature will
decrease the density and viscosity of the pore fluid which will result in an increase in hydraulic
conductivity. The relationship between hydraulic conductivity (k) with fluid and soil properties

can be understood using the definition of the intrinsic permeability, Kin Eq. (11):

knw
K= —% 11
Pwg ( )

where nw is the dynamic viscosity of the fluid, pw is the fluid density and g is the coefficient of
gravity. Abuel-Naga et al. (2006) observed an increase in hydraulic conductivity with an increase
in temperature for Bangkok clay. However, the intrinsic permeability was found to be
independent of temperature. The density of water will vary with temperature according to the

following relationship:

9w _ _ or

where ay is the volumetric coefficient of thermal expansion of water. The fluid viscosity can be

expressed as a function of temperature following the empirical relationship given by Hillel (1980)

in Eq. (13).

Nw(T) = —0.00046575In(T) + 0.00239138 (13)
Fluid flow through the porous media can be expressed using principles of mass conservation.

The governing equation in cylindrical coordinates will be reduced as shown for the geometry

considered as follows:

Ompy) _  10(pwv)
at r Or (14)
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where v is the fluid velocity. Fluid velocity for a porous medium can be expressed using Darcy’s

law as follows:

K aUu
vV = — EE (15)

where U is the pore water pressure. By substituting Eq. (15) into Eq. (14) and using the product
rule, the following equation is obtained:

0pw on _ K ( 9?U  pwdU  aU apw)
n TP W ar2 r or T dr or (16)

at Wt T nw

The effects of temperature on density and viscosity can be incorporated by substituting Egs.

(12) and (13) into Eq. (16). Considering the spatial variation of fluid density to be negligible, a
general equation for non-isothermal fluid flow through porous media is obtained as follows:

oy o K (DU, 10v) (17)

at At My \9r2 r or

5.2.3. Volume Change
The volume change in a thermal drain application will consist of mechanical and thermal
components. The mechanical volume change due to application of a surficial surcharge can be

obtained using compressibility relationships for a normally consolidated clay, given as follows:

de? = A 22 (18)

12

where p,’ is the vertical effective stress. The thermo-plastic volume changes are obtained using
the proposed constitutive relationship using Egs. (7) and (8). For a simultaneous application of a
surcharge and heat, the total stress will remain constant. The change in effective stress resulting
from a change in the pore water pressure can be obtained by subtracting the pore water pressure
from the total stress, p as follows:

p'=p-U (19)
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For lightly overconsolidated clays, the thermal volume change will consist of elastic as well as
plastic components. For stress states below the yield limit, thermo-elastic strains will be
generated as obtained by Eq. (3). As the temperature increases and the preconsolidation stress
decreases, the soil will be subjected to thermal yielding and thermo-plastic strains will be
generated (Egs. (7) and (8)). The scope of the current study is limited to the simulation of thermal
volume change of normally consolidated clays. However, the simulation can be extended to
lightly overconsolidated clays by identifying the stress, temperature combination at the yield
limit and obtaining the corresponding elastic and plastic components of the thermal volume
change.

5.3. Boundary and Initial Conditions

The boundary conditions evaluated in this study are representative of a large-scale
oedometer which was used for the validation of the numerical model. Heat transfer and fluid
flow were considered to be axisymmetric about the axis of the drain for the numerical simulation.
The variation of temperature in the vertical direction was assumed to be uniform thereby
simplifying the geometry to a radial drainage problem. The thermal drain is treated as a line heat
source where an elevated temperature will be applied. A constant temperature boundary
condition was imposed at the thermal drain whereas a convective temperature boundary
condition was maintained at the outer edges of the clay layer to represent the edges of a
container in the laboratory. This outer boundary can be represented based on the experimental
setup. For example, a constant temperature boundary condition or a function accounting for
daily temperature fluctuations can be used when the outer boundary is maintained at ambient

temperature. On the other hand, a convective boundary condition can be used to account for
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heat loss or zero heat flux to model thermal insulation at the boundary. A similar approach can
also be used to model the surface temperatures.

Although not required, thermal drains are typically combined with an application of a
surcharge on top of the saturated clay layer. The clay layer was assumed to be normally
consolidated under the surcharge stress. The outer edge of the oedometer permits zero radial
strain. However, a variation in void ratio within the clay layer with radius is expected due to
heating from the central thermal drain. The surcharge is applied in stress-control conditions so
settlements in the clay layer can be nonuniform as a function of the radius from the thermal
drain. Drainage was only permitted at the location of the thermal drain (i.e., no vertical drainage
from the top and bottom of the cylinder or radial drainage from the outer boundary).
Accordingly, a constant hydrostatic pressure boundary was also applied at the drain location and
the fluid velocity at the outer edge of the clay layer was taken as zero (i.e., no flow) representative
of a large-scale oedometer. In a field application where multiple drains are used, the influence of
other drains in the vicinity will have to be considered. For instance, multiple drain locations will
be at constant temperature and hydrostatic pressure boundary conditions. Although not within
the scope of this study, a more complex analysis with multiple drains will aid in determining the
optimum spacing arrangements for thermal drains. The initial temperature in the soil domain
was taken as equal to ambient temperature and the initial pore water pressure was determined
based on the hydrostatic conditions and the applied surcharge. The initial porosity was

determined based on the clay.
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5.4. Numerical Formulation

The coupled phenomena were simulated using the finite difference method. Both steady
state as well as transient variations in temperature, pore water pressure and settlement were
solved for using the numerical model. The soil layer along a radius was spatially discretized into
elements of equal size. A central difference scheme was used in the spatial domain and a forward
difference scheme was used in the time domain. The numerical formulation was implemented
and solved using Matlab.
5.5. Comparison with Experimental Data

The thermo-hydro-mechanical behavior of a saturated normally consolidated clay layer
surrounding a thermal drain was simulated using the numerical model and compared with
experimental data from literature. Artidteang et al. (2011) investigated the performance of a
single thermal drain in soft Bangkok clay using a large-scale oedometer similar to the
arrangement shown in Fig. 7. The clay layer was of diameter of 0.45 m and height of 0.7 m. The
tests conducted using a conventional drain and a thermal drain were considered for the
comparison in this study. In both tests, the clay specimens were first allowed to reach 90%
consolidation under a surcharge of 50 kPa. For the specimen with a conventional drain, an
additional surcharge of 50 kPa was applied whereas for the specimen with a thermal drain, a 50
kPa surcharge and heat up to 90 °C was applied simultaneously. To simulate this setup, an
axisymmetric domain with a length of 0.225 m was considered and divided into elements of size
0.0225 m. A constant temperature of 90 °C was applied at the thermal drain and a convective

boundary was imposed at the outer edge of the oedometer. The initial temperature was taken
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as 25 °C and the initial porosity was assumed to be 0.6. The hydrostatic pressures were
determined considering a mid-depth of the soil specimen.

Based on the trends observed in experimental data of Samarakoon et al. (2022) and data from
Abuel-Naga et al. (2007a) a relationship for the change in parameter y with the mean
preconsolidation stress was obtained as shown in Fig. 8. The material parameters for Bangkok
clay used in the numerical model were estimated based on data from Artidteang et al. (2011) and
Abuel-Naga et al. (2007a) and are summarized in Table 2. The predicted time series of
temperature along with the corresponding data from Artidteang et al. (2011) are shown in Fig. 9.
Close agreement is observed between the experimental results and the numerical simulation,
specifically at locations further away from the thermal drain (Root-mean-square deviation
(RMSD) = 2.65 for r = 200 mm). The temperature is slightly underestimated at locations closer to
the drain (RMSD = 9.99 for r = 25 mm). Convective heat transfer not being considered and the
assumed values of certain material properties may have resulted in the differences observed. Fig.
10 shows the comparison between simulated results for settlement of the clay specimen and the
experimental data. The settlements obtained for the tests conducted with the conventional drain
at room temperature as well as with a thermal drain with heating up to 90 °C are presented and
were obtained at a radial distance of 112.5 mm. The simulated results closely match the
experimental data where the increase in both the rate and magnitude of settlement obtained
from a thermal drain is captured(RMSD = 16.1 for conventional drain and RMSD = 18.1 for
thermal drain). The experimental data and the predicted results for the excess pore water

pressure generated when using a thermal drain is shown in Fig. 11. Although a difference in the
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magnitude of the maximum excess pore water pressure is observed, the numerical model
captures the trend in dissipation of excess pore water pressure well (RMSD = 24.4).

One reason for the differences in the predicted results and the data for settlement when
using a thermal drain is the possible errors in estimating parameter y. The relationship in Fig. 8
is based on limited data and has a low coefficient of determination (R?). This can be improved by
including additional data points for Bangkok clay obtained by conducting drained heating tests
on normally consolidated specimens at different mean effective stresses. A change in y will
impact thermo-plastic strains where a higher y value will result in a higher settlement. For
instance, in this oedometer test predictions, a £10% change in y will result in a £1.6% change in
the maximum settlement obtained. Abuel-Naga et al. (2007a) reported a value of 0.43 for y and
the proposed relationship in this study allows y to vary between 0.44-0.45 for the stress range
considered. Although the proposed model adequately captures the thermal behavior of normally
consolidated clay, better estimates of material properties will help further improve the accuracy
of predicted results.

5.6. Parametric Analysis of Thermal Drain Performance in Normally Consolidated Clay

The validated numerical model was used to simulate the clay behavior surrounding a thermal
drain, considering different variables of interest. Specifically, the impact on consolidation
settlement due to the magnitude of applied temperature and surcharge load was investigated. A
set up similar to that of Artidteang et al. (2011) with a Bangkok clay specimen of 0.7 m height
and 0.45 m diameter was considered in the numerical simulation. Consolidation settlements
obtained with a thermal drain operating at different temperatures under a surcharge of 100 kPa

are shown in Fig. 12. An increase in the magnitude as well as the rate of settlement is observed
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as the temperature of the thermal drain is increased, conforming with the observations made in
literature. Fig. 13 shows a comparison of the settlements obtained when using a conventional
drain and a thermal drain operated at 90 °C, combined with a surcharge of 10, 25, 50 and 100
kPa respectively. An increase in the magnitude of settlement can be observed when using a
thermal drain which will allow the required amount of surcharge to achieve a desired level of
consolidation to be reduced. For instance, almost the same amount of consolidation settlement
obtained using a conventional drain with 25 kPa surcharge can be obtained with a thermal drain
operating at 90 °C combined with only 10 kPa surcharge.

The maximum settlement obtained at each surcharge value is summarized in Fig. 14(a). As it
can be seen from the figure, the contribution of thermal volume change on the total settlement
is more significant at lower surcharge values. The increase in the maximum settlement obtained
when using a thermal drain is shown in Fig. 14(b). This increase can be attributed to the thermo-
mechanical volume changes in the clay as a result of increasing the temperature. As described by
the proposed constitutive model, the thermo-mechanical volume change can be observed to
increase as the surcharge increases for normally consolidated Bangkok clay. The relationship
obtained for Bangkok clay shows a small increase in parameter y with the mean preconsolidation
stress. As a result, the increase observed in thermo-mechanical volume change with surcharge is
not significant. On the other hand, this increase may be more pronounced for other clay types
such as kaolinite where the rate of increase in parameter y with mean preconsolidation stress is
more considerable.

The settlement obtained at different depths was also investigated using the numerical model

simulating a large oedometer setup. A comparison of settlements obtained when using a thermal
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drain operating at 90 °C and a conventional drain under a surcharge of 25 kPa are shown in
Fig. 15. Consolidation settlement at depths 0.15, 0.25 and 0.35 m were considered. Similar to the
previous observations, an increase in the magnitude as well as the rate of settlement is observed
when a thermal drain is used. Furthermore, the increase in the magnitude of settlement can be
seen to increase with depth. Based on the above analysis, the surcharge required during
preconsolidation can be reduced when using a thermal drain. In addition, there are significant
savings with respect to time for consolidation. An optimum combination of temperature and
surcharge can be determined based on factors such as soil geometry, soil properties and initial
conditions, structural load, financial and time constraints. As the thermal improvement of the
clay can also be expected to depend on the depth, the temperature increments can be
strategically targeted with depth. Specifically, greater temperatures can be applied closer to the
surface to lead to a uniform change in volume with depth using a thermal drain. This may occur
naturally due to the dissipation of heat along the length of a geothermal heat exchanger
(McCartney and Murphy 2017). The numerical analysis in this study was conducted using a single
thermal drain. In a field application, however, the use of multiple thermal drains will have to be
considered. Although not within the scope of this study, this analysis can be extended to
investigate the performance of multiple thermal drains by considering the intersection of thermal
and hydraulic influence zones surrounding each thermal drain. Furthermore, future studies on
the cost savings associated with using the thermal drains after ground improvement to provide
heat exchange or heat storage may help further justify the use of this technology. The stress-
dependent observations in this study apply to normally consolidated clays but may also apply to

lightly overconsolidated clays, which are even more widely encountered in nature than normally
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consolidated clays. Further research on the thermo-mechanical behavior of lightly
overconsolidated clays is needed.
6. Conclusion

A new constitutive thermo-mechanical framework for predicting thermal volume change of
soft clays is presented in this study. The proposed model can capture the increase in thermal
volume change with increasing mean effective stress observed in experimental studies for
normally consolidated clays. The model was applied in a numerical simulation of a thermal drain
embedded in a soft clay deposit where coupled interactions of heat flow, fluid flow and volume
change were considered. The simulated results were validated with experimental data available
in literature. A parametric analysis conducted considering the effects of temperature and the
surcharge applied shows that the use of a thermal drain has the potential to reduce the required
amount of surcharge and significantly increase the rate of consolidation in comparison to a
conventional vertical drain. The results demonstrate that the use of thermal drains can be a
promising method of ground improvement while also having the potential to be used as heat
exchangers subsequently, permitting sustainable and cost-effective energy usage for the
building. Further analysis can be carried out considering different clay types and to determine
optimal drain arrangements in field applications.
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605 Table 1 Model parameters for Georgia kaolinite clay

Parameter Value
Slope of VCL (A) 0.09
Slope of RCL (k) 0.02

a -238.7
b 1.2563

606

607 Table 2 Material parameters for Bangkok clay (Artidteang et al. 2011; Abuel-Naga et al. 2007)

Parameter Value

Total unit weight (kN/m?3) 14.7

Initial porosity 0.6

A (slope of VCL) 0.59

K (slope of RCL) 0.1

y (soil parameter) -0.69p¢’(To) + 0.46
Thermal conductivity of soil particles (W/m/°C) 1.9

Thermal conductivity of pore water (W/m/°C) 0.6

Specific heat capacity (J/kg/°C) 1500

Intrinsic permeability (m?) 1.0x10716

608
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647  Fig. 14. (a) Effect of temperature and surcharge stress on the maximum settlement; (b) Increase

648 in maximum settlement obtained when using a thermal drain at different surcharge levels
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