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The application of thermo - hydro - mechanical coupling considering seepage
effects is of great significance in engineering fields such as artificial freezing.
Functions of fluid and solid density, viscosity, and porosity are established
considering the influence of temperature, pressure, etc. Based on Darcy's
law, mass conservation, momentum conservation, and energy conservation, a
thermo - hydro - mechanical coupling theoretical model considering seepage
effects is derived. The finite element platform is redeveloped to numerically
model the artificial freezing process under seepage effects and verify it through
experiments. Subsequently, numerical calculations are carried out to analyze the
influence of working conditions, and the impacts of seepage velocity, freezing
temperature, and initial soil temperature on the freezing effect are obtained. The
calculations show that: (1) As the seepage velocity increases, the convective
heat transfer effect becomes more significant. The cooling effect generated
by the freezing pipe is transmitted more rapidly through the soil, leading to
the rapid expansion of the freezing front. However, when the seepage velocity
exceeds the critical value, the soil layer becomes difficult to freeze. (2) The
more freezing pipes there are, the more significant the freezing effect. The
lower the temperature of the freezing pipes, the larger the freezing radius under
the same freezing conditions. The lower the initial temperature of the soil, the
more significant the freezing effect within the same freezing time. (3) Under the
condition of a decrease in the grade difference, the difference in the freezing
front under 9—6 m/d is always higher than that under 63 m/d; under the
change of the grade difference of the initial soil temperature and the refrigerant
temperature, the difference in the freezing front radius generally shows an
increasing trend, whether for single pipe or double pipe cases.

seepage velocity, artificial freezing, thermo-hydro-mechanical coupling, experimental
verification, numerical simulation

1 Introduction

The excavation of subway tunnels, mining operations, and energy extraction activities
take place in complex engineering and hydrogeological environments, where incidents
such as water inrush and collapse are highly likely to occur (Hu et al, 2023;
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Bai et al., 2025; Bai et al., 2022). Reports indicate that groundwater
seepage plays a significant role in triggering these engineering
failures (Rong et al., 2018; Bai et al., 2023; Cheng et al., 2021). In
fact, artificial ground freezing (AGF) has emerged as an effective
measure to mitigate these adverse effects, offering advantages such
as excellent impermeability, high strength, and minimal depth
limitations.

The artificial freezing method was first applied in 1862 to
reinforce building foundations in South Wales. AGF method has
a long history of application, and its engineering use has become
increasingly common in recent years. Relevant research findings
can be found in the works of Zhang et al. (2024), and Wang et al.
(2024). Due to the unique advantages of the artificial freezing
method in engineering applications, it has gradually attracted
widespread attention from the academic community, leading to
extensive theoretical research aimed at optimizing its practical
effectiveness. In fact, artificial freezing technology involves the
complex thermo-hydro-mechanical coupling processes in frozen
soil, a critical scientific issue. Pioneering research in this field can
be traced back to the early contributions of Harlan (1973). In
recent years, Lai et al. (1999), Lai et al. (2002) derived the coupled
control equations for temperature and seepage fields considering
phase change effects based on heat transfer-permeability theory, and
applied this theoretical model to calculations in cold-region tunnel
engineering and other areas. To better predict the artificial freezing
process of saturated soils, Vitel et al. (2016a), Vitel et al. (2016b)
proposed a thermo-hydro coupling model and successfully applied
this model in freezing engineering. Hu et al. (2018) established
a fully coupled thermo-hydro model based on heat transfer and
seepage theory, validated the model’s rationality through classical
analytical solutions, and applied it in urban subway tunnel freezing
reinforcement projects. Shen et al. (2023) proposed a new freezing
thermo-hydro coupling calculation model and analyzed the thermo-
hydro coupling evolution law of unsaturated soils. Zhang et al.
(2025) developed an integral form of a thermo-hydro-mechanical
coupling theoretical model that can describe the freezing behavior
of concrete.

It is evident that the theoretical research on thermo-hydro
coupling in frozen soil, excluding the effect of groundwater
seepage, is relatively mature and has achieved promising
results in engineering applications. However, artificial freezing
construction often encounters high-velocity groundwater flow,
which has attracted increasing attention. For instance, Pan et al.
(2021) investigated the spatiotemporal evolution of the freezing
temperature field in metro cross-passage construction under
groundwater seepage. Qi et al. (2022) developed a large-scale
artificial freezing test system and analyzed the freezing wall
formation under four different seepage velocity. Their experiments
demonstrated that as seepage velocity increases, the freezing wall
formation time extends, and when the seepage velocity reaches a
critical threshold, a freezing wall cannot form. Guo et al. (2024)
established a thermo-hydro coupling model considering water
seepage and ice-water phase transition effects, determining the
optimal insulation thickness for tunnel construction. Liu et al.
(2024) improved the thermo-hydro coupling governing equations
based on measured SFCC data and used numerical simulations to
study the development and evolution of freezing walls under various
influencing factors. They further proposed a predictive model for
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the closure time and thickness of freezing walls under seepage
conditions. However, in the analysis of artificial freezing wall
formation under different seepage velocities, the aforementioned
studies generally treated key parameters such as porous medium
density and fluid density as constants, which deviates from actual
conditions. Moreover, research on thermo-hydro-mechanical
coupling under high-velocity groundwater flow remains limited
and requires further development and refinement.

Considering the effects of temperature and pressure, functions
for fluid and solid density, viscosity, and porosity are established.
Based on Darcy’s law, as well as the principles of mass, momentum,
and energy conservation, a thermo-hydro-mechanical coupling
theoretical model incorporating seepage effects is derived. A
finite element platform is further developed to achieve numerical
modeling of the artificial freezing process under seepage
conditions, followed by experimental validation. Subsequently,
numerical simulations are conducted to analyze the influence of
various operating conditions. The findings of this study provide
valuable insights for engineering applications related to artificial
ground freezing.

2 Governing equation
2.1 Fundamental assumption

In order to simplify the construction of the thermal-hydro-
mechanical coupling theoretical model under the strong seepage of
groundwater, the following basic assumptions are made by ignoring
the secondary factors.

(1) The soil matrix is modeled as a continuous, homogeneous, and
isotropic porous medium.

(2) Groundwater flow is assumed to be unidirectional and laminar,
adhering to the principles of Darcy’s Law.

(3) Post-freezing soil moisture is conceptualized as a two-phase
system (liquid/solid), with only liquid water (unfrozen water)
migration considered in the analysis.

(4) Heat transfer mechanisms incorporate thermal conduction
and convection while neglecting radiative effects. Conductive
media include soil particles, aqueous phase, and ice crystals.

(5) Under seepage conditions, the influence of solute mass transfer
on fluid dynamics is disregarded.

(6) Heat losses during coolant circulation and across the freezing
pipe wall interface are assumed negligible.

2.2 Continuity equation

The viscosity of water (y;) exhibits negligible dependence on
pressure fluctuations and can be disregarded in this analysis, whereas
its variation with temperature and concentration is statistically
significant. To account for this relationship, the viscosity is expressed
as follows (Kong et al., 2005).

u(D =ay—a;T+a,T* —asT° +a,T* - asT° 1)

In Equation 1, a, = 1.794 x 1074, = 5.720 x 107% a, = 5.720 x
10%a,=1137x 102 a, = 1.364 x 10>, 2, = 8.828 x 10 %, a 5 =
2.344 x 107'% T denotes temperature.
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Thus, the continuity equation of the fluid is as follows.

‘/’? + Pla_¢ +V(p@v,) +pipV v, =0 @)
t ot

In Equation 2, ¢ represents porosity; p; denotes the fluid density;
v, denotes the velocity of fluid relative to solid; v, represents the
solid velocity.

The continuity equation of the solid is as follows.

o1-¢)p,dp, ¢ _
5 o Py +p(1=¢)V-v,=0 (3

In Equation 3, p; denotes the fluid density.
Thus, the continuity equation of saturated porous media is
as follows.

9y dey

(1 - ¢)Pl aps
¢§ TPt

ZH+V.
p, Ot "

(P Z¢Vr) =0 (4)
In Equation 4, ¢y, is volumetric strain.
The velocity v, of the fluid relative to the solid can be
expressed as:

vV, =V, -V, (5)

r

In Equation 5, v, is fluid velocity.
The expression of Darcy's law is as follows.

k
-~y
,ul(T) b

In the Formula 6, porosity ¢ and permeability k are

¢v, = (6)

expressed as follows

¢ = o[ 1+ cs(p—po) — By(T—Ty)] (7)

k= ko(1-csAp +B,AT)(1+26y/3) (8)

In Equations 7, 8, p denotes the osmotic pressure; Cy represents
the pore compression coefficient of the solid, which reflects the
sensitivity of the material pore to pressure. 3, represents the thermal
expansion coefficient of the solid pore, reflecting the sensitivity of
the pore volume to temperature.

2.3 State equation

Considering the influence of seepage during the artificial
freezing process, the liquid density, porosity and liquid viscosity
need to consider the influence of temperature and pressure
(Rui et al.,, 2019; Chen et al., 2022). The fluid density p;, porous
medium density p, and porosity ¢ are expressed by p and T,
as follows (Li et al., 2003):

=Pl +(p—po) = B(T~T,)] )
- P-Po tr(o’ - a})
Ps=Po|l+ K, =3Br(T=To) - 1-93K, (10)

In Equations 9, 10, p;, denotes the initial density of fluid; p,
denotes the density of porous media; ¢; represents the compression
coeflicient of the fluid; 8; denotes the thermal expansion coefficient
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of the fluid; K,, is the bulk modulus of the solid matrix; f,,is
the linear expansion coefficient of the solid matrix;c~ denotes the
effective stress tr (O',) denotes the trace of effective stress. The second
term is the change caused by fluid pressure, the third term is the
change caused by temperature, and the fourth term in the density of
porous media is the change caused by effective stress.

2.4 Flow differential equation

Based on the linear thermoelastic assumption, the total strain is
the algebraic sum of stress-induced strain, pressure-induced strain
and thermal strain. Therefore, the total strain of the solid skeleton
can be written as follows (Yang et al., 2019).

1

sl Y - (- -
€= 550 2G(1+v)tr(a)1 3Km(p o)+ B, (T=Ty)I (11)

In Equation 11, G denotes the shear modulus; I denotes the stress
invariant.

Further calculation, we can get

/ Kb
o) = 3K, + 322 (0 o) - K (T-T,)  (12)
m

Where, K, is the bulk modulus of the whole; 4, is the linear
expansion coeflicient of the whole. The left and right sides of the
above Formula 12 take the derivative of time and then carry out
mathematical transformation, and we can get Equation 13.

9., K, oe, K, op K, , 9T
-—Z by b X3 bp O 13
3Kmar”) K, ot szat+ Kmﬁ”at (13)
The derivative of time t for Equationl0 can be
obtained the Equation 14:
(1=9) %, _ﬁﬁ+i[1_¢_ﬁ]a_f’
p, ot K, ot K, K, | ot
Ky oT
|a-op-ealS 0

Combining the continuity equation, the state equation and the
Darcy's law, the seepage differential equation can be written as a
differential equation characterized by pressure p and temperature T,
as shown below in Equation 15.

d - 0
(x% +<aKm¢ +Cl¢>8_1t) +[301 = @)y, ~ (1= )y, _‘Pﬁl]g
_y. | k.
- [u;(ﬂ Vp] (15)

2.5 Temperature differential equation

The freezing method realizes heat transfer through the
temperature difference between the freezing pipe and the soil and
the water flow, and the influence of thermal radiation is very small.
So only the two heat transfer modes of heat conduction and heat
convection are concerned.

The expression of heat transfer equation of soil skeleton is:

oT ’T T
g(pscs) :/\s< )

§+a_);2 (16)
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FIGURE 1
Schematic diagram of the model test. (A) Vertical view. (B) Front view.

Where, C, represents the specific heat capacity of the solid; A,
represents the solid thermal conductivity.

The heat transfer of water in pores includes two parts: heat
conduction and convection. The expression is as follows:

*T 0T oT oT
Tacr-r( T+ I )-e(nF s 3E) @

Where, v represents the fluid seepage velocity, expressed by
relative velocity, which can be obtained by Darcy’s law; C; denotes
the specific heat capacity of water; A, is the thermal conductivity.

Combining Equation 16 and Equation 17, We can obtain

2 2 2 2
A(aT *T ) A<aT+a )
yz ox* 9y
T oT
_(Plcl)<vx$+vy$>

Equation 18 as follows.

oT

Lpc)+ 2 o) =

(18)

Frontiers in Materials

10.3389/fmats.2025.1600337

400
350 -
300 ]
250 ]
200 ]

150

The radius of freezing front (mm)

100 —m— Test data
1 —e— Numerical solution of this paper
50 1 ~—4A— Numerical solution under constant parameters

0 T T T T T T T T
0 20 40 60 80 100 120 140 160

Time (h)

FIGURE 2
Curve of frozen front radius with freezing time at a seepage

velocity of 3.7 m/d.
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FIGURE 3

Curve of frozen front radius with freezing time at a seepage
velocity of 74 m/d.

Further operation, We can obtain Equation 19 as follows.

or ,  oT *T T
(PC)eq+(P1Cl)< ya > Aeq(%"’a_yz) (19)

Where, (pC)eq
A¢q represents the equivalent thermal conductivity. The expressions

represents the equivalent volume heat capacity;

of the above two parameters can be found in Equation 20.
Assuming that the spatial proportions of the solid skeleton and
water of the saturated soil are n and 1-n, we can get

(Pc)eq = npscs + (1 - H)PICZ

(20)
)Leq =nd +(1-n)\
We can obtain Equation 21 as follows.
(pC)eq = L, pCVT =V (1, VT) 1)
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FIGURE 4

Schematic diagram of single and double pipe modeling. (A) Schematic
diagram of a single pipe. (B) Schematic diagram of two pipes.

The sum of the energy per unit volume per unit time from the
outside into the system and the energy generated by the internal heat
source is equal to the sum of the increment of the internal energy of
the material and the external work done by the force. Considering
the ice-water phase transition effect, the final energy equation is
as follows.

oT 20, dey
(pC)eq§ +p,CvVT + ”’La_T +¢pVv+ (1= $)3B,, K, Tg =Qg
(22)

In Equation 22, C represents the specific heat capacity; L
represents the latent heat of ice water phase change, taking
333kJ-kg™!; 6, denotes the volume fraction of liquid in the total

volume; A, represents the equivalent thermal conductivity; Qg

e
represents {ghe heat source sink term. The first and second terms
on the left are the heat conduction term and the convection term,
respectively. The third item is a phase change latent heat of ice water;
the fourth item is the work of fluid pressure; the fifth term is the

change rate of a thermal strain energy of the system.

3 Experimental verification
3.1 Test survey
In this work, the numerical verification is carried out based on the

artificial freezing multi-field coupling model test (Qi et al,, 2022),
and the gravel soil in Beijing is selected as the test material. The
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schematic diagram of the model is shown in Figure 1, where Figure 1A
is the top view and Figure 1B is the sectional view in the front-facing
direction. On the right side of the test chamber, six freezing pipes
with a diameter of 16 mm are arranged (represented by circles), along
with 74 temperature sensors (solid dots in the figure, spacing indicated
by dimension labels) and three displacement sensors (represented by
cross symbols). The freezing pipes are arranged in three rows and two
columns with uniform spacing, and the distance between adjacent
pipes is 150 mm. During the test, the seepage velocities are set to
3.7 m/d and 7.4 m/d, respectively, and the flow is laminar (direction
from left to right). In addition, the test chamber walls are made
of 5 mm thick steel plates to prevent lateral displacement, and the
perimeter is reinforced with 60 mm x 60 mm square steel pipes. The
refrigerant temperature is controlled between —30°C and —40°C, with
a temperature control accuracy of +0.2°C. The dimensions of the test
chamber are 1,400 mm in length, 1,000 mm in width, and 1,500 mm
in height, with a soil layer height of 900 mm. The lower part of the
chamber is filled with 300 mm of compacted clay, while the upper part
consists of 250 mm of compacted clay and a 50 mm asphalt layer (the
asphalt serves as insulation and provides water resistance).

3.2 Comparison validation

Based on the monitoring data of two feature points of the
artificial freezing multi-field coupling test (Qi et al., 2022), the
comparison results are shown in Figures 2, 3 (it should be noted that
the numerical calculation also considers the material parameters as
constants). The freezing front is the farthest distance from the center
of the frozen pipe to the 0°C contour line along the flow direction.

From the evolution characteristic curves of the freezing front
radius over time in Figures 2, 3, it can be observed that both the
numerical and experimental results exhibit consistent trends. Notably,
at a seepage velocity of 7.4 m/d, the numerical solutions presented
in this study demonstrate a higher degree of agreement with the
experimental data. Further calculations reveal that in Figure 2, the
goodness of fit (R?) for the proposed method is 0.988, while the R
value for the numerical solution using constant parameters is 0.965.
Similarly, in Figure 3, the R? value for the proposed method is 0.937,
whereas the R? for the constant parameter case is significantly lower at
0.456. These findings indicate that considering key physical parameters
(such as viscosity, density, and porosity) as functions of temperature
and pressure in numerical simulations significantly enhances the
reliability and accuracy of the computed results.

4 Case study

4.1 Scheme setting and parameter
selection

A two-dimensional plane model is adopted to conduct a numerical
analysis of the artificial freezing process. To eliminate the influence of
boundary conditions (Salvatore, 2021; Li et al., 2023; Yan and Jiao,
2019), several numerical tests indicate that the length of the geometric
dimension of the plane model can be taken as 4,200 mm and the
width as 2000 mm. Subsequently, the freezing processes of a single
freezing pipe and double freezing pipes (both with a radius of 30 mm)
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TABLE 1 Material parameters.

Material Coarse-grained soil (unfrozen Coarse-graine soil (frozen state)
state)
Initial density (Kg-m™) 1,000 800 1880 —
PoroSity (%) — — 28 —
Thermal conductivity W/(m-K) 222 0.55 1.20 1.90
Specific heat capacity J/(kg-°C) 4,200 2,100 1,250 1,030
Saturated permeability coefficient (m-d!) | — — 6.4 1x107%
Elastic modulus (MPa) — — 45 600
Poisson ratio — — 0.35 —
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Curve of the radius of the frozen front with freezing time at different
initial soil temperatures. (A) Single freezing pipe. (B) Double
freezing pipe.

are analyzed (the physical model is shown in Figure 4). Figure 4A
shows the freezing process of a single pipe, and Figure 4B shows the
freezing process of double pipes. The seepage direction in both cases
is from right to left. The seepage velocities in the numerical tests
are 3 m/d, 6 m/d and 9 m/d, respectively. To analyze the influence of
the initial temperatures of different soils, the values are set as 20°C,
15°C, and 10°C, respectively. To explore the influence of the freezing
temperature, the refrigerant temperatures are set as —30°C, - 25°C,
and - 20°C, respectively. In addition, the key material parameters
are shown in Table 1.

4.2 Discussion and analysis
4.2.1 Radius of freezing front under different
seepage velocity

Figure 5 illustrates the evolution of the freezing front under
different seepage velocities for both single-pipe and double-pipe
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freezing scenarios. It can be observed that the freezing front radius
gradually increases over time. In the single-pipe freezing case,
the growth rate of the freezing front radius is initially rapid and
then gradually decreases until stabilization. Additionally, regardless
of whether single-pipe or double-pipe freezing is employed, a
higher seepage velocity results in a larger freezing front radius at
any given time. This phenomenon occurs because an increased
seepage velocity enhances the convective heat transfer effect, causing
the cold energy generated by the freezing pipe to be carried
downstream by the water flow. Consequently, the 0°C isotherm
continuously shifts downward, leading to an expansion of the
freezing front radius. However, when the seepage velocity reaches
a critical threshold (numerical calculations indicate approximately
16 m/d), soil freezing becomes significantly hindered. Even with
a substantial reduction in refrigerant temperature (as low as
-50°C), only localized freezing occurs around the surface of the
freezing pipe.

4.2.2 Radius of freezing front at different freezing
temperatures

Figure 6 presents the evolution of the freezing front under
different refrigerant temperatures for both single-pipe and double-
pipe freezing scenarios. It can be observed that, in both cases,
the freezing front radius gradually increases over time. For the
single-pipe freezing condition, the growth rate of the freezing
front radius is initially rapid but gradually decreases. However,
in the double-pipe freezing scenario, the freezing front radius
exhibits an almost linear growth trend within the computational
time span, with a steeper slope observed at lower refrigerant
temperatures. These results indicate that lower refrigerant
temperatures enhance the freezing effect, and increasing the
number of freezing pipes significantly amplifies the freezing
efficiency.

4.2.3 Radius of freezing front at different initial
temperatures of soil

Figure 7 illustrates the evolution of the freezing front under
different initial soil temperatures for both single-pipe and double-
pipe freezing scenarios. It is evident that the freezing front radius
gradually increases over time. In the early stages of freezing,
the freezing front curves are nearly identical regardless of the
initial soil temperature, for both single-pipe and double-pipe
freezing conditions. Furthermore, in the later stages of freezing,
the difference in freezing front curves remains insignificant in
the double-pipe scenario. A higher initial soil temperature results
in a smaller freezing front radius at the same time step. This
phenomenon occurs because, when the initial soil temperature is
lower, more cooling energy from the freezing pipes is transported
downstream with the water flow, leading to an increased freezing
front radius.

4.2.4 Evolution characteristics of freezing front
radius difference under different working
conditions

To investigate the temporal evolution of soil freezing
effectiveness under different operating conditions, the variation
characteristics of the freezing front radius difference can be
analyzed under varying conditions of seepage velocity, initial soil
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FIGURE 8
The evolution characteristics of the difference in the freezing front
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the soil. (C) Freezing temperature.
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The variation of pore pressure with time at characteristic points.

temperature, and temperature gradient between the freezing soil
and surrounding environment.

In Figures 8, 9, the results of single-pipe and double-pipe
freezing conditions are presented, respectively. It can be observed
that, regardless of whether single-pipe or double-pipe freezing is
applied, the freezing front radius difference under the reduction
from 9->6 m/d is consistently larger than that under 6-3 m/d,
despite having the same decrement in seepage velocity. This
indicates that higher seepage velocities (below a certain threshold)
enhance convective heat transfer, allowing more cold energy to be
transported downstream with the water flow, thereby facilitating
freezing in downstream regions. Additionally, under single-pipe
freezing, the freezing front radius difference initially increases
and then decreases, whereas under double-pipe freezing, the
overall trend of the freezing front radius difference continues
to increase.

Under the same variation gradient of the initial soil temperature,
the freezing front radius difference exhibits an overall increasing
trend for both single-pipe and double-pipe freezing. In the case of
single-pipe freezing, the two curves are nearly identical, while in
double-pipe freezing, the difference in the initial soil temperature
gradient is more pronounced. Similarly, when the temperature
gradient of the freezing coolant changes, the freezing front radius
difference continues to increase for both single-pipe and double-
pipe freezing.

4.2.5 The change of pore pressure during
freezing process

Figure 10 illustrates the temporal evolution of pore pressure
at two characteristic points in the unfrozen downstream
region under double-pipe freezing conditions. It can be
observed that pore pressure gradually increases over time.
At locations closer to the freezing pipes, the pore pressure
rises rapidly in the early stage and slows down later, whereas
at points farther from the freezing pipes, the pore pressure

exhibits an approximately linear increase throughout the
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computational time span. This phenomenon occurs due to
the volumetric expansion of the frozen region, which forces
water migration from the frozen zone to the unfrozen area,
leading to a progressive increase in pore water pressure in the
unfrozen region.

5 Conclusion

the
functions for fluid and solid density, viscosity, and porosity

Considering effects of temperature and pressure,
are established. Based on Darcy’s law, as well as the principles
of mass conservation, momentum conservation, and energy
conservation, a thermo-hydro-mechanical coupling theoretical
derived. A finite

element platform is further developed to achieve numerical

model incorporating seepage effects is
modeling of the artificial freezing process under seepage
conditions, followed by experimental validation. Subsequently,
numerical simulations are conducted to analyze the influence
of different operating conditions. The main conclusions are

as follows.

(1) As the seepage velocity increases (below a certain threshold),

the frozen front radius of the soil under identical freezing
This attributed to the
convective heat transfer effect, where the cold energy

conditions becomes larger. is
generated by the freezing pipes is transported more rapidly
through the soil, promoting the expansion of the frozen
front.
(2) A greater number of freezing pipes leads to a more pronounced
freezing effect. Lower refrigerant temperatures result in a larger
frozen radius under the same freezing conditions. Additionally,
lower initial soil temperatures enhance the freezing effect
within the same freezing duration.
Under decreasing gradient conditions, the difference in the
frozen front between 96 m/d is consistently greater than that
between 63 m/d. Moreover, with variations in both initial soil
temperature and refrigerant temperature gradient, the frozen
front radius difference exhibits an overall increasing trend,
regardless of whether single-pipe or double-pipe freezing
is applied.
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