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Abstract

A thermal-hydraulic-mechanical (THM) field coupling three-dimensional (3D) finite element (FE) program is developed for complex
THM coupled problems in engineering practice. This 3D program incorporates a thermo-mechanical coupled constitutive model known
as Tsinghua-Thermo-Soil. The program solves the hydraulic and mechanical fields together and the thermal field separately (i.e., the T-
HM scheme). Validation is done against the analytical solutions of one-dimensional (1D) steady-state forced convection-conduction and
1D thermo-elastic consolidation processes. Additionally, effects of the dynamic viscosity coefficient and thermal expansion coefficient of
water are analyzed for 1D thermo-elastic consolidation coupled problem. It is revealed that for soils in long-term consolidation and
under high loading levels, convective effect is significant and the temperature distribution differs from that obtained by considering only
heat conduction. A coupled THM problem of foundations involving an actual engineering energy raft is analyzed. The response of a
linear elastic foundation under the combined effect of assumed long-term cyclic thermal loading and mechanical loading process is stud-
ied. The results demonstrate that heating leads to the locally accumulation of excess pore pressure and reduces settlement and differential
settlement, while cooling has the opposite effects. Due to the heat injected into the foundation exceeding the heat extracted, the ground
temperature within several meters of burial depth gradually increases over time, meanwhile the average differential settlement decreases.

Keywords: 3D FEM; THM process; Thermal convection; Energy raft foundation; Serviceability state

1 Introduction

The development and utilization of shallow geothermal
energy through underground structures represents an
expansion of traditional ground-source heat pump systems
that utilize borehole buried pipe systems. This innovative
approach, known as thermo-active ground structures
(Brandl, 2006), encompasses various types of subsurface
energy structures, including energy piles, energy tunnels,
energy rafts, and energy underground diaphragm walls.
These energy subsurface structures are subjected to the
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intricate effects of ground thermal-hydraulic-mechanical
(THM) coupling. Therefore, it is crucial to have appropri-
ate design and evaluation methods in place to ensure the
stability of both the foundation and superstructure. How-
ever, there is still a lack of well-established design theories
and reliable finite element (FE) simulation techniques to
address these requirements (MOHURD, 2018; Zymnis &
Whittle, 2021; Gawecka et al., 2021).

In THM problems involving multi-field coupling, the
variables commonly considered for solution are displace-
ment u;, pore pressure p, and temperature 7. The standard
Galerkin discretization method, that the weight function is
the same as the shape function, is commonly employed in
commercial software for solving these problems. However,
it is important to note that this method may have stability
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Nomenclature

By,B; Coefficient of stiffness

E Young’s modulus

G Shear modulus

K Bulk modulus

Pe Peclet number, the ratio of convection rate to

diffusion rate

(0] Internal heat source

T, Ty, Twer Temperature, initial temperature, reference

N temperature

T, Granular entropy temperature

Y Irrecoverable strain rate tensor

a Coefficient of rate-dependent

c Cohesive coefficient

Cy Consolidation coefficient

Ceq Equivalent volumetric heat capacity

¢s, ¢ Heat capacities of the solid or liquid

e, eﬁj Deviatoric total or elastic strain tensor
; Body force

g Gravity

k Hydraulic Permeability

my, my, m3, mgy Migration coefficients

n Porosity

)4 Pore pressure

t Time

u; Displacement

v; Seepage velocity

o Thermal diffusion coefficient

Pr Secant volume thermal expansion coefficient of
the skeleton

B, By Volumetric thermal expansion of solid or water
! Tangential thermal expansion coefficient of
water
Vw Unit weight of water
€ijs e?j Total strain, elastic strain tensor

ev, €5 Total or elastic volumetric strain
€, € The second invariant of deviatoric total strain or

S
elastic strain

0 Coefficient of the correlation between the shear
stiffness and the average effective stress

0, Off-diagonal transport coefficient

K Intrinsic permeability

Jeq Equivalent thermal conductivity

/s, 4 Thermal conductivity of solid or liquid

u Dynamic viscosity coefficient of water

v Poisson’s ratio

14 Coefficient of elastic coupling between normal
and shear stress

;) Elastic stress tensor

04 Dry density

ps,p;  Intrinsic density of the solid or liquid
P> Po Initial value of intrinsic densities

Gjj Total Cauchy stress tensor

o} Effective stress tensor

We Elastic potential energy function

limitations under certain conditions. For instance, in highly
convection-dominated heat transfer problems, spatial oscil-
lations of temperature at nodes may arise (Cui et al., 2018;
Zienkiewicz et al., 2005). With near-incompressible con-
straints, improper selection of shape functions for #; and
p may lead to oscillations in the pore pressure distribution
and poor computational convergence (White & Borja,
2008; Camargo et al., 2021). Furthermore, the current com-
mercial programs have certain limitations when it comes to
governing equations. For instance, to simulate THM pro-
cess while considering the impact of temperature-induced
density changes in COMSOL, manual inclusion of a “‘mass
source” term into the continuity equation of the hydraulic
field is required (Suvorov & Selvadurai, 2009).
Additionally, commercial software commonly simplifies
the constitutive thermal coupling effects as thermal linear-
elastic coupling when analyzing THM coupling problems.
To consider thermoplastic coupling or thermal viscous-
plastic coupling of structures or soils, a secondary develop-
ment is required. Moreover, different coupling methods of
fields are employed in multi-field FE programs. The fully
coupled method, which solves for all unknown variables
in one iteration (Cui et al., 2020; Wang et al., 2021a,
2021b; Eurich et al., 2022), is commonly used when one is
dealing with strongly nonlinear or strong coupling prob-

lems where field variables appear mutually in the free terms
of the partial differential equations for each field. However,
for common consolidation problems in geotechnics, TH-M
method, which solves the thermal and hydraulic field
together while solving the mechanical field separately, is
not applicable due to the strong coupling of hydraulic and
mechanical fields. Instead, the T-HM method, which solves
for coupled hydraulic-mechanical field and solves for ther-
mal field separately in one iteration, is robust in engineering
calculations involving calculations for complex boundaries,
geometric and parameter inputs, such as geothermal mining
(Cui & Louis, 2022). This partial decoupling technique
offers advantages over the fully coupled method, including
reduction of matrix size and increased solution speed.

To address the shortcomings of current commercial
software and meet the design and calculation needs of
energy underground structures, a multi-field coupled 3D
FE program has been developed by utilizing the
Tsinghua-thermo-soil (TTS) model, which has undergone
continuous development and improvement over the past
15 years. This constitutive model effectively characterizes
the mechanical response of soil under different stress load-
ing paths or cyclic loading, as well as during creep and ther-
mal consolidation, and can be applied to diverse
geotechnical materials (Zhang & Cheng, 2013, 2016,
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2017). Unlike the previous plane strain FE program
(Zhang & Cheng, 2017) and axisymmetric FE program
(Wang et al., 2021a) on MATLAB, the TTS-based 3D
FE program is designed on the “Yunfei” platform (see
Acknowledgement). The platform uses ‘“finite element lan-
guage” to construct weak form partial differential equa-
tions and solution algorithms, and automatically
generates the entire program (Liang, 2009).

This paper presents the complete form of governing
equations for quasi-static problems in THM and applies
a 3D program with constitutive extensions. The T-HM
method is utilized to solve the coupled fields, reducing
matrix size and increasing solution speed in comparison
to the three-field fully coupled method. To verify the cor-
rectness of the FE development, the results are compared
with the 1D thermo-elastic consolidation analytical solu-
tion and the 1D thermal convection-conduction analytical
solution. The nonlinear problem resulting from
temperature-dependent dynamic viscosity coefficient and
expansion coefficient of the fluid is analyzed. Furthermore,
the simulation and analysis of different geotechnical mate-
rials in relation to the effect of convective heat transfer on
temperature distribution of thermo-elastic consolidation
are presented. Finally, a simplified numerical model is
established for an energy raft demonstration project to
analyze its long-term performance under the influence of
complex THM boundaries.

2 Governing equations

The sign conventions adopted in this study is presented
as follows (see Fig. 1). Stress and strain components are
specified positive under compression. For small deforma-
tion, the strain tensor is defined as e€; = f%(u,-,,ntuj,,-).
Stress and strain components in opposite directions to glo-
bal coordinates are defined as positive on a surface whose
outer normal is the positive global coordinate direction.
The positive direction of displacement components and
volume forces are consistent with global coordinates. The
tensor calculation conforms to the Einstein summation
rule. Second-order tensors are symmetric. &; is
Kronecker-delta function.

The assumptions adopted for the governing equations
are as follows:

(1) It is assumed that the saturated porous media is com-
posed of two phases: solid and liquid. Both the pore
fluid and soil particles are assumed to be incompress-
ible. Additionally, the densities of two phases are
temperature dependent. It is also assumed that the
soil particles and skeleton share the same thermal
expansion coefficient. The fluid flow is governed by
Darcy’s law.

(2) Each phase is continuously distributed in space,
allowing for the establishing of conservation and
entropy production equations for each phase.

(3) Thermal equilibrium is assumed to be established in
an instant between the phases, resulting in the soil
particles reaching the same temperature as the pore
fluid. The effect of radiation is deemed to be negligi-
ble. No phase change is considered for the pore fluid
over the temperature range of 0—100 °C and the soil is
assumed to remain saturated in all cases.

2.1 Mechanical field and green elasticity

The governing equation of mechanical field is the equi-
librium equation:

6;; —fi =0, (1)
where g;; is the total stress tensor, and f; is the body force.
Neglecting the compressibility of the solid and liquid

phases, the total stress can be determined by adding the
effective stress o, and pore pressure p.

6, = 6}, + pdy; (2)

The effective stress tensor is obtained by differentiating
the elastic potential energy density w. against the elastic
strain €.

o, ~m; = 2% (3)

The form of elastic potential energy density of sandy soil
without thermoelastic coupling, denoted as w. (Green’s
elasticity relation) was first proposed by Jiang and Liu
(2007). Zhang and Cheng (2013) further extended the elas-
tic potential energy function to include thermoelastic cou-
pling. It incorporates a parameter ¢ to account for small
cohesive forces in the soil, as well as a term involving AT
to calculate the thermal stress.

0c=2B( +¢)' () + BE(¢s +¢) () + [ KprATde:,
(4a)

where € and € represent the volumetric elastic strain and
the second invariant of deviatoric elastic strain separately.
The parameter B is related to the shear stiffness of the
material and can be expressed as a function of dry density
pq of the material: B = Byexp(Bpy), where By and B, are
coefficients of stiffness. 0 represents the correlation between
the shear stiffness and the average effective stress, and ¢
denotes the elastic coupling between normal and shear
stress. KfAT represents the additional thermal stress
under full elastic strain constraint, where

K = BO(e + 6)971 [% (63)2 + f(eg)z] /€ + 0.8B(e + c)g cor-
responds to the secant bulk modulus. AT =T — T, indi-
cates the temperature variation, with T, the reference
temperature. When 6 = 0 and B; = 0, the nonlinear elastic-

ity (Green’s elasticity) simplifies into linear elasticity as
illustrated in Eq. (4b).

we =2B0(€)” + BoZ ()" + 0.8By B ATeS (4b)
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The secant volume thermal expansion coefficient,
denoted as fy is equal to the thermal expansion coefficient
of the solid phase. In this study, it is hypothesized that the
volume fraction of bound water in the pore, ¢, (Zhang &
Cheng, 2016) has no effect on f.

Br = bs (5)
According to the basic principles of thermodynamics,
the rate of elastic strain efj is determined as the difference
between the total strain rate €;; and the irrecoverable strain
rate Y;;. The symbol stands for the derivative of time.

E’9 = E‘ YU (6)

ij i
Y;; can be expressed in the granular entropy tempera-

ture 7, and the current elastic strain €/, as defined by the
subsequent equation representing elastic relaxation.

Yy =mi(T,) &6, + (Ts) ¢ (7)

The granular entropy temperature T, characterised the
stochastic motions of granular particles on a small scale.
The coefficient a determines the degree of rate-

dependency. The generation and evolution of 7, are
depicted by the following equation. m;, m,, ms and my
are migration coefficients:

Tg = '5—: mZle;(év)Z + mze}/e}/ — Tg . (8)

In the linear elastic THM problem discussed in this
paper, Y;; is assumed to be 0. No rate dependent phenom-
ena or irrecoverable deformations are considered, resulting
in e'?/. = €;.

2.2 Hydraulic field

The governing equations of hydraulic field comprise
Darcy’s law and the mass conservation equation. The
Darcy’s law, which takes the thermal effect into account
(Zhang & Cheng, 2013; Tong et al., 2010), is shown as
follows:

v, = — ﬁ (p?,‘ - pl(T)gi) — 05T . ©)

The vector v; represents seepage velocity. The intrinsic
permeability, denoted as k which relates to the porosity
and microstructure is a constant in this study. The dynamic
viscosity coefficient of water is denoted as p. g; represents
gravity. The relationship between p and 7 is given by an

empirical equation (Guvanasen & Chan, 2000):
u(T) =1.98 x 10" exp (Tlﬁ%ng) (Pa - s), where u decreases

as the temperature increases. The off-diagonal transport
coefficient 0, satisfies the Onsager’s reciprocity relation.
In this study, seepage due to temperature gradient is not
considered, and it is assumed that 6; = 0.

The variation of dry density p,; with volume strain is
obtained from the continuity equation of the solid phase.
pq and intrinsic density of the solid p, are related by the fol-
lowing relationship: py = p(1 — n), where n is the porosity.
Equation (10) is equivalent to calculating the variation of
porosity. €, is the variation rate of volume strain over time.

Pa = Pacy (10)

The continuity equation considering the influence of
temperature on density is represented by Eq. (11). The
intrinsic densities of the solid and liquid phases, denoted
as p, and p, respectively, are calculated with the secant
thermal  expansion coefficients f, and  f(7):
ps(T) = py(1 = B(T — To)) and py(T)=p,(1—Bi(T—Ty)),
where Ty denotes the initial temperature.

—((1=2) B+ B pBil = B(T = To)) T
+(1 = B(T = To))vii — BT v (11)
—(1 =BT —To))e, =0
By fitting the density of water at various temperatures at
1 atm using a polynomial equation (Lange & Dean, 1999),
we can determine the expression for p(7):

p(T) = —1.233 x 107'7T* +3.998 x 1073 — 0.0074107*+
0.048 927 4 9.999 x 10?. Furthermore, the tangential ther-

mal  expansion coefficient fj(T) is given by
Bi(T) = —i %. We again apply polynomial fitting to
obtain  BI(T) = —4.442 x 107 4+ 1.264 x 107°T — 4.950x

10772, Within the temperature range of 0— 100°C,
Bi(T) varies within the range of
(—4.442 x 107°,7.248 x 10~*). The secant thermal expan-

fTTO plar

T-Ty

sion coefficient f,(7) is calculated by §,(T) = . The

Oyz

X y

Fig. 1. Notations for stress components and volume forces in Cartesian
coordinate system. f;(i =x,yorz) are components of the body force.
0(i,j = x,yorz) are components of stress tensor.
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graph displaying the expression of f,(T) and the density
values by measurement compared to the values calculated
from p,(T) are represented in Fig. 2.

2.3 Thermal field

It is assumed that the heat transfer between the phases
occurs instantaneously. Considering conduction and con-
vection mechanisms, the energy conservation equation is
expressed as Eq. (12).
ceqT = (AeqT) , — previTi + O (12)

The equivalent volumetric heat capacity cq, is given by
the equation coq = pycs + pi(1 — pg/ps)ci, where ¢ and ¢
represents heat capacities of the solid and liquid phases,
respectively. The equivalent thermal conductivity e is
defined as Aeq = (1 — n)As + nA. O denotes the internal heat
source.

In summary, there are 4 governing equations (Egs. (1),
(9), (11) and (12)), requiring the input of 10 constitutive

1000 ceceas
Ss m=po(l - AT —Tp))

995

990

985 |

980 |

975

(D) (kg - m%)

970

965 |

060 I Bi(T) = —4.442 x 107° + 1.264 x 107°/2 x (T + Tp)
—4.950 x 1078/3 x (T? + Ty x T + T3)
955 ‘ s . . .

20 0 20 40 60 80 100
T(°C)

Fig. 2. Density of water at different temperatures at 1 atm pressure. (dots:
redrawn from Table 5.14 in Lange and Dean (1999); solid line: calculated
from B,(7)).

parameters and 12 physical parameters for thermo-elastic
calculation in this study, as shown in Table 1.

3 Solving method

The governing equations (Egs. (1), (9), (11) and (12)) are
rewritten as the standard Galerkin weak form (see Appen-
dix A). Stability criteria exists in the Standard Galerkin
method for highly convection-dominated heat transfer,
and the nodal temperature may oscillate spatially when
the grid Peclet number is large; in this study, stable results
are achieved by refining meshes and decreasing time steps.

The state variables € Ty, and p, are determined at inte-
gration points by odel13, as given by Eqgs. (6)-(8) and (10).

A T-HM coupled solving scheme is used. The mechani-
cal and hydraulic fields (Egs. (1), (9) and (11)) are solved in
a strongly coupled manner, where the displacement u and
the pore pressure p are solved simultaneously, with the
temperature 7 from the previous step as a parameter. Since
u; and p do not appear in the “free term” of the thermal
field governing equation (Eq. (12)), the thermal field can
be solved independently, by taking the pore pressure p
from the previous step as a parameter.

To introduce time discretization, the equilibrium equa-
tion is differentiated by time (see Eqs. (Al) and (A2) in
the Appendix). Backward differencing is applied for time
discretization, which is unconditionally stable and does
not exhibit oscillations with increasing time interval At.

Table 2

Physical parameters for 1D thermal diffusion problem.

Parameters (Unit) Value

7w (N/m?) 9800

k (m/s) 294 x 1076
Jeq(W/(m -C)) 1

Ceq(J/(m3 °C)) 2465000

Note: y,, denotes the unit weight of water; k is the hydraulic permeability.

Table 1
Summary of unknowns, governing equations and parameters used in this study.
Unknowns
u,p, T

Governing equations

Thermal field
Mechanical field
Hydraulic field

(pacs + pi(1 = pa/ps)en)T = (%eq TJ),,- —pewiT; + 0
6;jj —fi=0 pg=pge
=~ (i~ pgi) — ((1 - %ﬁj)ﬁl

+04poB(1 = B(T = To))T
+(1 - ﬁl(T - TO))vi,i - ﬁlT,ivi - (1 - ﬁ](T* To))e'\, =0

Thermal physical and porous parameters
Bss Brs Psos Pr0s s €15 Asy A Tos 1y K, Pao

Constitutive parameters (values in bracket are for linear elasticity)
By, B1(=0), 0(=0), c¢(=0), ¢,
mi(=0), my(=0), m3(=0), mg(=0), a(=0.5)
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- 1000 d

80 80 F
60 60
= o
Y s0t & 50
=
401 40
30 300 &
% Analytical solution(Ogata and Banks,1961)
20 —— FE solution 20
10 edge effects 10
1000 d :
0 v 0 :
0 2 4 6 8 10 0 2 4 6 8 10
Length(m) Length(m)
(a) (b)
100 ¢ Tinlet
90 | 2
80
70 -
60 =
. 10h | 24h ' 50h = Length
) 50 | =
& 40t ;
30| *
% Tref
20 + ]
%
10+ j
f} . ;
N
v ? % Lnngth(m)6 2 i
(c) (d)
Fig. 3. Thermal convection/conduction coupled verification. (a) Results of v = —3 x 10 'm/s, (b) results of v =+3 x 10""m/s, (c) results of
v=—3x10"m/s, and (d) geometry of the numerical model.

However, the accuracy is relatively low as O(fAt). For
rate-dependent and strongly nonlinear problems, a very
small Az is required to achieve high result accuracy, result-
ing in a significant number of incremental steps.

All numerical models utilize 8-nodes hexahedron ele-
ments with full Gaussian integration. Compared to tetrahe-
dral elements of the same size, hexahedron elements
converge more rapidly with higher accuracy.

The nonlinear iteration is performed using the tangent
stiffness method (Potts & Zdravkovic, 1999), where the tar-
get check time is divided into incremental steps and the tar-
get load is gradually applied. Body forces and stress
boundary conditions, such as gravity, are introduced as
stress rate f over a period of loading time 7. f and o,y
can be set arbitrarily with f., = f wrget SINCE the constitu-

tive equations are rate-independent. The accuracy of the
tangent stiffness method is enough for linear elastic prob-
lems considered in this study. The thermal coupling effects
only result in minor variations in the stiffness matrix.
Due to the first-order spatial discretization of p and u,
when the permeability coefficient is low, the inf-sup condi-
tion of stability requires a relatively large time step At for
calculation. However, when At is large, due to the tangent
stiffness method for iteration, for hyper elastic problems, it
is prone to be non-convergent and the equilibrium equa-
tion cannot be accurately satisfied. Therefore, the current
program is difficult to converge for HM coupling cases
considering hyper elasticity. Subsequently, it will be chan-
ged to the Newton—-Raphson method to obtain conver-
gence for hyper elastic cases with no time step limitation.
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Fig. 4. 1D sample subjected to instantaneous temperature change compared with analytical solution. (a) Geometry and boundary conditions of the 1D
sample, (b) temperature distribution, (c) excess pore water pressure distribution, and (d) displacement distribution.

In summary, governing equations and solving methods
are presented in Sections 2 and 3, respectively. The subse-
quent section validates the correctness of the program
development and the applicability of the T-HM solving
method to thermo-elastic consolidation by comparing it
with analytical solutions.

4 Verifications

4.1 Comparison with the 1D heat transfer analytical solution
under steady-state seepage

To validate the correctness of the coupled heat convec-
tion and conduction solution in the temperature field
(Eq. (12)), we compare it with the 1D semi-infinite pore
material heat transfer analytical solution proposed by

Ogata and Banks (1961), as shown in Eq. (13). In this ana-
lytical solution, the seepage velocity is constant and aligned
with the heat transfer direction, while the boundaries per-
pendicular to the heat transfer direction are adiabatic.
The numerical model, depicted in Fig. 3, consists of a
10 m long domain divided into 200 grids. The initial tem-
perature T is set as 100 °C, and the inlet temperature
at the upper boundary T, is fixed at 0 °C. The seepage
velocity, denoted as v, is chosen as
v==23x10"m/s = £0.026 m/d. Pore pressures at the
top and bottom are fixed to obtain a constant flow velocity.
The forward direction of flow is indicated by the x axis in
Fig. 3(d). The Peclet number on the grid scale
|Pel e = ;(’ﬁ ;= 0.018 < 1, indicating that standard Galer-
e
kin discretization can yield stable results (Zienkiewicz
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Fig. 5. Effects of water dynamic viscosity on 1D THM test. (a) Excess pore water pressure distribution, and (b) displacement distribution.

et al., 2005). Aeq and ceq are the thermal conductivity and
volumetric heat capacity averaged by volume fraction of
phases (see Eq. (12) and Table 2). For the cases where
[Pe| .. > 1, i.e., the convective term dominates, oscilla-
tions can occur in the results. Different methods, such as
the Galerkin least squares approximation, Petrov—Galerkin
method, and others can be employed to handle such situa-
tions, but they are not considered in this paper. In each
example, 100 incremental time steps are used. As shown
in Fig. 3, the simulation matches the analytical solution
precisely until the thermal diffusion front reaches the bot-
tom. However, due to the finite length of the model com-
pared to the infinite length of the analytical solution,
there are slight deviations in the curves for 1000 days in
Fig. 3(a). The relative error caused by this edge effect is
68.59% at the bottom.

As shown in Fig. 3(a) and (b), different flow velocity
directions have little effect on the calculation results of
100 h, but have a significant effect on the calculation results
of 100 and 1000 d. The characteristic length of heat transfer
x increases with time, hence Pe = ;—’f‘ increases with time.
The larger the Pe number, the more significant the influ-
ence of seepage direction on temperature distribution.

In the case where the seepage velocity is increased to 100
times the initial value, i.e., v = =3 x 10 °m/s = —2.6 m/d,
the resulting Peclet number is 739.5. To accurately match
the analytical solution, the number of grids and time divi-
sions need to be increased to 400 and 2000, respectively.
The corresponding results are shown in Fig. 3(c). That
the Peclet number is negative indicates opposite directions
for heat diffusion and seepage, and the temperature distri-
bution resembles that of pure heat conduction. However,
the heat transfer rate reduces significantly, affecting a smal-
ler range. Conversely, when the Peclet number is positive, a
heat transfer front emerges and the heat transfer efficiency
increases. In practical energy structure designs, leveraging
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Table 3
Model and physical parameters of 1D sample.
Parameters (unit) Value 1 Value 2
n 0.25 0.26
E (GPa) 60 60
v 0.3 0.3
7 (N/m?) 9800 9800
k (m/s) 294 x 10712 294 x 10712
eq(W/(m“C)) 4 4
ceq(J/(m?-°C)) 2465000 2465000
B(1/°C) 249 x 107° 249 x 107°
Bi(1/°C) 0 1x1073
2
Analytical solution
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Fig. 6. Error in displacement field from time discretization, amplified by

B, at “100 d”.

the direction of ground seepage can lead

to a reduced heat

impact area or improved heat transfer efficiency.
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T=Twr+ —T‘“‘“Z’ Lret {erf c (2"\;;—:,) +exp (j;—;) erfc (Z"x_f’t) },ocf = ;e_q',
(13)

where oy is defined as the thermal diffusion coefficient.

4.2 Comparison with the analytical solution of 1D THM
coupling problem

The accuracy of the numerical analysis procedure
employed in this paper for the THM coupling problem will
be verified against the analytical solution of the 1D thermo-
elastic consolidation presented by Suvorov and Selvadurai
(2009). The assumed configuration involves a saturated and
linearly elastic sample. The analytical solution focuses
solely on heat conduction in the thermal field, neglecting
thermal convection effects, resulting in a unidirectional
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impact of the temperature on the HM coupling field. To
match the assumptions in the analytical solution, the
numerical simulation also overlooks the effect of tempera-
ture on u(7) and S,(T). To align with the governing equa-
tions of the FE program, an infinite bulk modulus is
assumed for water in the analytical solution. The analytical
solution gives the excess pore pressure under free expan-
sion  p = (np,+ (1 —n)p,)(K+3G)AT — KBAT under
undrained, 1D laterally confined, and varying temperature
condition, which is consistent with the form given by
Mitchell (2005) (G denotes the shear modulus). When sim-
ulating this problem in COMSOL, an additional term
pi(np 4 (1 — n)B,)T must be incorporated into the mass
source term of the “Darcy’s Law” interface. Omission of
this term would prevent the accurate calculation of volume
strain and excess pore pressure under undrained conditions
with varying temperature.
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Fig. 7. Effects of water thermal expansion on 1D THM test. (a) Excess pore water pressure distribution, (b) displacement distribution, (c) excess pore
water pressure distribution at “100 d” and “365 d”, and (d) displacement distribution at “100 d” and 365 d”.
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Figure 4(a) illustrates the geometry and boundary con-
ditions of the example. The rock column extends over
10 m, with fixed normal displacements as well as thermal
and flow isolation at the top and sides. 200 grids are
divided along the z-direction. A two-stage loading process
is implemented as follows. (1) The sample experiences tran-
siently elevated temperature from 0 to 100 °C, accompa-
nied by the application of a 10 MPa stress at the bottom.
The loading process is considered undrained. (2) The tem-
perature and pore pressure at the bottom revert to zero, ini-
tialing the consolidation process in the sample. Heat
transfer is not accounted for during the first stage of FE
calculation, with all elements being instantaneously heated.

The physical and constitutive parameter values for typ-
ical granite are shown as “Value 1” in Table 3, which need
to be converted into the parameter sets presented in Sec-
tions 2.1 and 2.2. The hydraulic permeability & is converted

dynamic viscosity coefficient of water u =1 x 10~°Pa - s.
p, is taken as 2650 kg/m? for all calculations in this study.
Parameters in Table 3 for linear elasticity are converted to

SE _6(1=2v) .
2(1-2v) ¢= 5(1+) (E 18

Young’s modulus, and v is Poisson’s ratio). It is obtained
that By = 6.25 x 10"’ and ¢ = 0.369231.

In the first stage, the excess pore pressure calculated by
FEM is 36.3366 MPa, while the analytical solution gives
36.3365 MPa. The error is caused by the truncation error
of & For the second stage, 100 incremental steps are
employed for each case. As the temperature transiently
rises in the first step, positive pore pressure and expansion
displacement are generated. As time increases, the temper-
ature decreases along the length, and the excess pore pres-
sure dissipates and the expansion displacement decreases.
These results align with the calculation of the analytical
solution. For “365 d” which has the maximum time step
At =315360s in all cases, the relative error of u,p, T at

that for green elasticity by By =
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Fig. 8. Effect of seepage on temperature during long-term consolidation of clay. (a) Influence of or /¢y, (b) influence of the applied g, and (c) influence of

consolidation time.
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Fig. 9. Model for FE calculation and the realistic layout of pipelines. (a) Geometry, boundary conditions and meshes of ground and raft region, and (b)
diagram of the layout of heat exchange pipelines in the raft (spacing of the red lines: 1 m, and spacing of green lines: 0.5 m).
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the Neumann boundary referred to the analytical solution
is respectively 1.23%, 0.8% and 0.79%.

4.2.1 Effect of dynamic viscosity u(T)

In the previous Section 4.2, it is important to note that
the analytical solution does not incorporate the
temperature-dependent dynamic viscosity w(7) and the
influence of volume expansion coefficient f,(7) on the pore
pressure, as discussed in (Wang et al., 2021b). The FE anal-

ysis considers u(7) as u(T)=1.98 x 10 *exp ( 1825.85 ),

T+273.15

and the analytical solution assumes y = 10~ Pa-s corre-
sponding to a temperature of 20 °C. Other parameters
are consistent with those listed in Table 3. The decrease
in u(7T) and the increase in permeability n= i with rising
temperatures exert a substantial influence on the consolida-
tion rate at 1 and 10 days, while their long-term effects are
minimal. The maximum relative error of p and u at the
Neumann boundary of the analytical solution referred to
FE solution appears at “10 d” (see Fig. 5), which is respec-
tively 149.82% and 8.41%.

4.2.2 Effect of thermal expansion of water f(T)

Firstly, an extreme case is presented to illustrate the
impact of the thermal expansion coefficient on the error
of time discretization. We use parameters labeled “Value
2” in Table 3, setting ff; = 0.001. Additionally, we adjusted
the length of the sample to 11 m while maintaining 200
mesh grids. The first loading stage remains unchanged.
Compared with the scenario where f5;, =0, the factor
(nB, + (1 — n)p,) multiplied by 7 is amplified by approxi-
mately 14 times. Consequently, this amplifies the error in
the time discretization of p and u. Taking incremental time
steps as Az = 86400s, At = 8640s, and At = 1728 s respec-
tively, the displacement distribution at the check time
“100 d” is presented in Fig. 6. When At is fixed, as the
check time increases, we observe a decrease in the absolute
error. Since the absolute value of u approaching zero at
“100 d”, a minimal value of time step is needed to reduce
the relative error in displacement calculation.

Returning to the example in Section 4.2, some modifica-
tions are made in FEM analysis, that f5,(7) varying with
temperature is considered using the equation in Fig. 2.
Additionally, the porosity, denoted as n, is also considered
by Eq. (10). Other parameters remain as “Value 1” in
Table 3. At = 8640s is taken for “100 d” and ‘365 d”,
and the relative error is less than 3% compared with
another discretization that takes 100 steps for each check
time, indicating that the time step is accurate enough for
qualitative analysis of impact from f,(T) and n.

After loading stage 1, the excess pore pressure obtained
through FEM calculation is 954.56 MPa, while the poros-
ity increases from 0.25 to 0.2598. On the other hand, the
analytical solution cannot consider the variation of f5, with
temperature. When ff, = 4.545 x 10~* (which corresponds
to the secant thermal expansion coefficient of approxi-

mately 100 °C, with T, denoting the reference temperature
of zero), the analytical solution yields a value of
954.08 MPa. Distributions of the excess pore pressure
and displacement are shown in Fig. 7 (a), which are found
to be practically identical between the analytical solution
and FEM. At “100 d” and ““365 d”, the porosity almost
recovers to 0.25; however, some discrepancies are observed
between the analytical solution and FEM for the “100 d”
and ““365 d” cases due to the reduction in thermal expan-
sion coefficient of water during cooling. The analytical
solution at ““365 d” has a relative error of 188.2% in pore
pressure and 77.4% in displacement compared to the FE
solution.

4.2.3 Effect of convection term in thermal field

The convection term in Eq. (12) is not considered in the
analytical solution since thermal convection has minimal
impact for thermo-elastic consolidation problem with an
adiabatic boundary and a Dirichlet boundary. However,
as the load level increases, significant convective effects
may appear.

For rock and sandy soils, the thermal diffusion coeffi-
cient oy = pAc is much smaller compared to the consolidation
k(l4e)

v a
Twd@

coefficient ¢, = , with o /c, being less than the order of

magnitude 1072, ¢ is the void ratio, and @' reflects the com-
pressibility of soil. For cohesive soils, o¢/c, falls within the
range of (1072, 1)(Lee & Mei, 1997). In this section, o is
modified to 1077 and E is modified to 15 MPa. o /¢y varies
in the range of (107°,107") by adjusting the permeable
coefficient. The operational mode remains 1D consolida-
tion, where a transiently temperature elevation from 0 to
100 °C accompanied by stress ¢ at the bottom is applied
in the first step. Boundary conditions for the second stage
are the same as in Section 4.1. A positive ¢ induces down-
wards seepage, and a negative is the opposite. The effects of
variation in permeability are shown in Fig. 8(a). The legend
“Analytical solution” stands for the situation considering
only heat conduction. When o /c, is low or the permeable
coefficient is high, a tiny seepage velocity in the direction of
heat transfer induces significant advective effects, although
the gradient of pore pressure decreases rapidly as the con-
solidation starts. If the seepage is in the opposite direction

Table 4
Model and physical parameters of linear elastic ground.

Parameters (unit) Value

n 0.3827

E (MPa) 10

v 0.4

x (m?) 2362 x 10713
eq(W/(m “C)) 15

e(1/ (kg <C)) 900
a(J/(kg-°C)) 4200
Bs(1/°C) 24.9 x 107°
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Fig. 10. Distribution of variables along depth at the center line of raft: thermal and mechanical loading, in comparison with only mechanical loading. (a)
Temperature, (b) excess pore pressure, (c) vertical effective stress: heating, and (d) vertical effective stress: cooling and recover.

to heat transfer, advective effects are the most predominant
at o /e, = 1072, o is taken as +0.002E, +0.02E, +0.2E for
comparison in Fig. 8(b). There is a noticeable convective
effect with a high stress level. Temperature distributions
at different times are given in Fig. §(c), indicating that con-
vective effects in long-term consolidation. In conclusion,
under high loading levels for 1D thermal consolidation,
the calculated temperature distribution by considering con-
duction and convection differs from that by considering
only heat conduction.

5 Engineering application: Design and calculation of an
energy raft in normal service condition

The newly constructed civil engineering department hall
in Tsinghua University uses a raft foundation with buried
heat exchange pipes, which is a demonstration project for
the application of underground energy structures. Based
on the ground investigation report and design information,
we have developed a simplified 3D foundation model. The
area designated for the buried heat exchange pipeline mea-



Z. Liu et al. | Underground Space 21 (2025) 352-369 365

Additional vertical stress (kPa)

40 41 42 43 44 45
O T T T 1
-1} 1 d-thermal A\
\
St 10 d-thermal .
5L —— 120 d-thermal 1
1 d-isothermal
E T
—~ 10 d-isothermal
g 5t
I = = =120 d-isothermal g
A 6
Initial isothermal loading
77 -
_8 -
79 -
_10 L
(c)
Additional vertical stress (kPa)
40 41 42 43 44 45
O T T T 1
gt —— 180 d-thermal
5 — 300 d-thermal
360 d-thermal
ST = = =180 d-isothermal
=4 = = =300 d-isothermal
; -5 t 360 d-isothermal
%—6 | Initial isothermal loading
a
77 -
78 -
_9 -
— l 0 L

(d)

Fig 10. (continued)

sures 45.6 m by 53.1 m. For analysis, we neglect the struc-
ture components and rigidity of the raft and focus solely on
the impact of the energy raft on the foundation by consid-
ering the following three boundary conditions: (1) mechan-
ical field: uniform load representing the superstructure’s
self-weight and live load; (2) hydraulic field: no-flow condi-
tion; (3) thermal field: temperature boundary conditions
that vary with the changing seasons (the layout of heat

exchange tubes is shown in Fig. 9(b), effects of which are
neglected in this study).

The foundation is simulated using linear elasticity, with
the self-weight disregarded. The ground surface is always
drained except for the area occupied by raft. The initial
temperature of the foundation, denoted as Ty, is set as
15 °C. The first stage, referred to as the ‘initial
isothermal loading”, entails applying a fixed stress rate
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s = 0.22 kPa/d to the raft area for a duration of 200 d,
while maintaining the raft temperature 7. constant at
15 °C. The second stage, known as the “varying tempera-
ture” stage, involves keeping the structural load at 44 kPa
while adjusting T, according to seasonal variations. In
summer, T.p is fixed at 30 °C, whereas during shutdown
periods and winter it is set as 15 and 5 °C respectively.
An operational cycle of 360 d is composed of the following
phases: summer (120 d), shutdown (60 d), winter (120 d),
and shutdown (60 d). We present results for each scenario
which is with or without varying temperatures and are
labeled as “thermal” and “isothermal” respectively. The
ground investigation report confirms that below the eleva-
tion of the raft bottom, the predominant stratum consists
of silty clay with a thickness ranging from 3.3 to 7.8 m.
For the numerical simulation, we assume that all soils
within a depth range of 500 m fall within this layer. The
physical and constitutive parameters are provided in
Table 4. The form of the governing equations as shown
in Section 2, considers temperature dependent parameters
w(T) and B,(T) but not the change in porosity n. During
the thermal loading stage, the maximum increment of vol-
umetric strain is 10, corresponding to a change in poros-
ity of about 0.0001, and the resulting change in k can be

ignored (x ~ #). However, u(7T) at 30 °C is 58% of that

at 5 °C. As a result, the effect of porosity variation is
ignored temporarily.

The geometry and mesh configurations are shown in
Fig. 9. A total of 25 grids are employed in the z direction,
with a denser mesh division near the ground surface. For
grid sizing, the minimum in the z direction is 0.0068 m,
the maximum is 75.5070 m, and the intermediate sizes
increase approximately in a proportional manner. Within
the raft area, the average side length of each grid is 3 m.
Mesh independence of the results is checked by applying
another mesh which has 15 666 grids, taking 20 grids in z
direction and the average side length of 4 m within the raft
area. After the initial isothermal loading, the relative error
of p and u are less than 1% for the two meshes. At the
moment of “1 d” and “10 d” the results are calculated in
10 incremental steps. For other checking moments, calcula-
tions are performed using a time incremental step of 6 d.

The maximum depth of temperature influence after one
operating cycle is shown in Fig. 10(a) with a depth of
approximately 11 m = 0.2d, where the equivalent diameter
d is taken as 55 m. Similar to the 1D thermo-elastic consol-
idation example in Section 4.2, it is estimated that
Pe = 7(K/~;1)Vp><()‘2d

(%eq/ceq)
of heat convection is negligible compared to heat conduc-
tion. As the system operates over an extended period, the
temperature within the ground gradually increases at
greater depths due to the higher amount of heat injection
compared to heat extraction. This phenomenon is shown
in the curves labeled ““5 years” and “10 years”, correspond-
ing to 5 and 10 operating cycles, respectively. Temperature

~ 0.0038, and as a result, the contribution

sensors were installed at the bottom, 1 m downwards and
2 m downwards of the raft. Before the building went into
service, in 2021-05, the initial ground temperature is about
15 °C. After the building being used for 1 year and
2 months, the temperature at bottom of the raft raised to
about 19 °C. The temperature distributions by FE cannot
corresponds to the actual measurement, due to the overly
simplified thermal boundaries and assumed operational
cycles. However, both the measured data and simulation
support the trend of increasing average ground
temperature.

The distribution of excess pore pressure along the depth
at the midline of the raft is shown in Fig. 10(b). Compared
to the isothermal case, there is a slight change in the shape
of the curve for the thermal loading case. This change pri-
marily represents the contribution of thermal loading,
which is drawn separately in Fig. 11. The depth at which
the pore pressure reaches 10% of the maximum value
induced solely by thermal loading is defined as the influen-
tial depth of the hydraulic field. This influential depth is
about 0.84 and is greater than the maximum influential
depth of the thermal field (about 0.2d). The maximum con-
tribution of thermal loading to pore pressure, observed
across all check moments, amounts to about 53.68%,
occurring at ‘1 d-thermal”. Negative excess pore pressure
emerges below about 1d during the early stage of heating,
“1 d-thermal”. The contribution of thermal loading to pore
pressure varies relative to the temperature gradient near the
surface beneath the raft. Positive contributions are noted
when the gradient is positive, while negative contributions
arise when the gradient is negative. As the heating pro-
gresses, the temperature gradient near the surface gradually
decreases, resulting in a reduction of additional excess pore
pressure. Although the temperature gradient for the “300
d-thermal” is larger than that for the “180 d-thermal”,
the additional excess pore pressure remains nearly con-
stant. This observation stems from the fact that the coeffi-
cient of thermal expansion of water decreases within the
temperature range of 5-15 °C. The impact of temperature
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20 b 40 P 60 ( 5,20
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Fig. 11. Distribution of excess pore pressure: only thermal loading.
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on permeability lies solely on u(7), which has minimal
effect in the temperature range considered.

Due to the existence of thermal-induced excess pore
pressure, the additional effective vertical stress is reduced
compared to the isothermal situation. The presence of a
significant temperature gradient near the raft causes redis-
tribution of additional effective vertical stress, represented
as constrained thermal stresses, as illustrated in Fig. 10(c)
and (d). However, the impact of temperature change on
additional vertical stresses is not substantial, and the fluc-
tuation of the stress curve below 0.2d is relatively minor
compared to the initial state.

The settlement at the center of the raft at different times
under coupled thermal-mechanical loading or purely
mechanical loading is shown in Fig. 12. The calculated
total settlement after 10 cycles (equivalent to 4200 days
from the commencement of construction) amounts to
0.186 m, of which 0.0088 m accounts for post-
construction settlement. The settlement becomes relatively
stable after 5 cycles, with the displacement fluctuation
resulting from temperature variation representing about
10% of the total post-construction settlement. The linear
elasticity of the foundation along with the essentially con-
stant permeability coefficient within the range of tempera-
ture fluctuations enables the superimposition of the
effects of mechanical load and temperature. The maximum
differential settlement within the raft zone, predicted to
occur on day 300 of the first cycle, amounts to 0.002 826
8 throughout 10 operating cycles. Under temperature vari-
ation, as shown in Figs. 12 and 13, the heating process
leads to a decrease in the settlement and differential settle-
ment, whereas cooling has the opposite effect. Over the
long term, temperature variation leads to a decrease in
the average differential settlement, due to a greater injec-
tion of heat into the foundation compared to extraction.
It is important to note that the model solely considers
thermo-elasticity as the thermal-mechanical coupling
mechanism. Consequently, the uplift of the foundation
during heating is not consistent with the long-term trend
of thermal creep observed in actual normally consolidated
soil.

0.188 *

Time (d)
0176 . . .
é 200 1200 2200 3200 4200
§ -0178
on
)
§ -0.180 4§
3 - -% - [sothermal
30182 —e— Thermal
5
Q
2 -0.184
5 -0.186
5
g
5

Fig. 12. Settlement at the center of raft region.
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6 Conclusions

In this paper, we have developed a 3D TTS-based FE
program that considers the nonlinearity resulting from
the dynamic viscosity and the thermal expansion coefficient
of the fluid. Our objective is to analyze the long-term per-
formance of the energy raft demonstration project under
thermo-elastic-seepage coupling, and we have devised a
simplified numerical model for this purpose. The key find-
ings and contributions can be summarized as follows.

(1) A THM coupling calculation procedure is established
and FE examples are solved using T-HM coupling
scheme. To ensure the accuracy of the program devel-
opment, we have verified its correctness through com-
parison with the 1D THM analytical solution and the
1D thermal convection—diffusion analytical solution.
Furthermore, the effect of flow velocity on heat trans-
fer is analyzed. It is worth noting that simulating 1D
THM problem using COMSOL requires the manual
addition of a source term resulting from the temper-
ature coupling in the hydraulic continuity equation.
Failure to account for this term would lead to inaccu-
rate calculations of the undrained volume strain
under varying temperature conditions.

(2) The effects of u(7) and f,(T) considering temperature
effects are analyzed based on the 1D THM analytical
solution. u(7) has a significant impact on the consol-
idation rate and introduces strong nonlinearity in the
distribution curve of excess pore pressure. Moreover,
for cases involving large temperature variations,
pi(T) influences the results of excess pore pressure
and displacement. Non-zero value of 5 may amplify
the error of p and u in time discretization for THM
coupling FEM.

(3) The influence of seepage on heat transfer in 1D ther-
mal consolidation and its parameter dependence are
analyzed. For soils under long-term thermal consoli-
dation at high loading levels, the calculated tempera-
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ture distribution by considering conduction and con-
vection differs from that by considering only heat
conduction.

(4) To analyze the effect of energy raft on linear elastic
foundations, a simplified 3D model was developed.
The consolidation process of the foundation under
thermal and mechanical loads is calculated, assuming
negligible raft stiffness. The distribution of founda-
tion temperature, excess pore pressure, additional
vertical stress and settlement are obtained for the
assumed operating cycle. It is observed that the influ-
ential depth in the hydraulic field exceeds the maxi-
mum influential depth in the thermal field. An
increase in temperature gradient near the raft at the
ground surface results in the appearance of thermal-
induced excess pore pressure. The additional vertical
stress near the raft exhibits minimal variation at dif-
ferent times. The analysis considers only thermo-
elasticity as the thermal-mechanical coupling mecha-
nism. Heating is found to reduce the settlement and
differential settlement, while cooling has the opposite
effect. Furthermore, in long-term operation, the aver-
age differential settlement decreases due to the tem-
perature increasing at deeper levels in the soil.
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Appendix A Finite element formulation of coupled THM
governing equation

Differentiate Eq. (2) by time:

onij & om;j om;j
_ omy ij ij

Cij = e €+ ap, P T 7 T+ poy, (A1)
and substitute Egs. (6) and (10) into Eq. (A1),
6, = (D + D,)€; — DY, + DrT + pm, (A2)
mp wy om0 0 0
V%) T V%) O O 0
_ we _ My w3 om0 00
where DE o ae?/aGZI’ Dp o del Ty T T2 0 0 0}
m; w3 wy 0 0 0
Ty T3 w3z 0 0 0
1 1
1 1
1 1
DT - KﬂT 0 , m= 0
0 0
0 0

Differentiate Eq. (1) by time, and substitute Eq. (A2)
into it. Equations (1), (9) and (11) are combined after being
rewritten into variational form and integrated by parts.
Additionally, the boundary conditions are introduced,
and the time derivative term is substituted with the back-
ward difference form, given as é = <=t p =2%=L The
final Galerkin weak form of HM coupled field with bound-
ary conditions and time discretization is shown below,
where u, p and T represent the nodal values of the corre-
sponding field:
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Q Q Q
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Equation (A4) evolved from Eq. (12) is solved sepa-
rately, where p equals to the results of the previous step.

/ <pdcs + p (1 — &> cl) TN.dQ
Q ps
+ / MVT)'VNdQ — / pici
Q Q

K
x ;(Vpn,1 — pg)VIN1dQ

_ / ONdQ + / ¢ N+dQ, (A4)
Q 1219}
200 4 0 &
where E'= |0 a% 0 2 2 0|,e=—e-N,-uand
0020 & &
i PO T L
00 % 0 35 32
Ny, Ny, Nr are  shape  function  matrixes.

A= (1= p(T —-Ty)), and
Bs(1 = By(T — Ty)) (see Eq. (11)).
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