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This paper reviews the history of the research development on the coupling mechanism of the multiphysical field, e.g., thermo-
hydro-mechanical (THM), for frozen soil. The objective is to deepen the current understanding of the theories and mechanism
of multiphysical field coupling in the frozen soil and the dynamic changes in the temperature, moisture, and stress fields
during soil freezing. A new differential equation of the coupling of temperature field and moisture field is proposed. Based on
the DiscreteFrechetDist algorithm, a fitting method of evaluating a curve is proposed. The paper is expected to help
understand the soil freezing process in cold regions and enhance the innovativeness of the research methodologies dealing with
multifield coupling for the frozen soil.

1. Introduction

Frost heave and thaw settlement are the cause of damage to
infrastructure in the seasonal frozen region. The occurrence
of frost heave and thaw settlement is primarily due to the
changes in temperature, moisture, stress, and concentration
fields of the frozen ground and interactions between multi-
physical fields [1–4]. The soil stability in the seasonally fro-
zen ground depends on the interactions and mutual
influence between heat transfer, moisture migration, and
phase change during the freeze-thaw cycles. Therefore, it is
necessary to understand the mechanisms behind the multi-
physical field coupling of the frozen soil.

The coupling process of the multiphysical field mainly
comprises thermo-hydro-mechanical (THM) coupling,
thermo-hydro-vapor-mechanical (THVM) coupling [5–9],
and thermo-hydro-salt-mechanical (THSM) coupling [10,
11]. Bai et al. [12] built the THVM coupling model and ver-
ified the model experimentally. It was found that when the
initial water content was below the critical value, the water
vapor migration was significant, and the frost heave took

place at a slow rate. When the initial water content was
above the critical value, liquid water migration dominated.
The frost heave took place at an accelerating rate. The model
lays the foundation for studying the three-dimensional
THVM coupling model for unsaturated soil. Zhang et al.
[10] proposed the mathematical model describing the
THSM multiple fields that satisfied the solute conservation
equation. However, this model did not consider the effects
of salt on frozen soil deformation. The crystallization
dynamic under phase change was revealed. The THSM cou-
pling model was built in COMSOL for the saturated frozen
sulfate soil. The phase change pore pressure drove water-
salt migration and soil deformation.

The soil freezing process involves the interaction of sev-
eral physical fields. The moisture, temperature, stress, and
salt concentration fields interact with each other and mutu-
ally influence each other, and these effects are coupled and
combined. Some experts attempt to understand the multi-
physical areas on three different levels through frozen soil
simulation: multifields, multiregional, and multiscales. Spe-
cifically, the study of the response and excitation of
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multiphysical fields covers the frozen soil system, the direct
interactions between frozen soil continua with different fea-
tures via the boundaries, and the continuous variation from
microscopic to macroscopic behaviors of the frozen soil sys-
tem under different scales.

A thorough study on the multiphysical field coupling for
the frozen soil is highly significant for the safety and stability
of lifeline engineering in cold regions, including building con-
struction, railway operation, and oil pipelines. Researchers
have conducted extensive 3D simulations and experiments
on the multiphysical field coupling for the frozen soil but
made only limited achievements given the broad range of
engineering sectors involved in the multiphysical field cou-
pling for the frozen soil. Therefore, it was crucial to probe dee-
per into the simulation and experiments of the multiphysical
field coupled systems for the frozen soil.

Based on the existing applied cases of the THM coupling
theories, mathematical models, and finite element software
for the frozen soil to solve the problems of THM coupling,
we summarize the current research status and conceptualize
the future direction of research on THM coupling for the
frozen soil. This paper reviews the existing studies on the
differential equations of multiphysical field coupling and
experimental simulation of multiphysical field coupling for
the frozen soil. This summary not only provides some refer-
ence for the future research work but also clarifies the
research direction and focus. Frozen soil coupling mode
and characteristics are given in Table 1.

2. Research on the Temperature, Moisture, and
Stress Field Equations for the Frozen Soil

As already known, the physical fields of the frozen soil can
be solved using a system of partial differential equations.
Considering the complexity of differential equations and
partial differential equations, the coupling process is divided
into the following types based on the features of the physical
model, as shown in Figure 1.

The driving force due to temperature changes during
soil freezing leads to moisture migration in the soil. Mean-
while, the thermal expansion during soil freezing also gen-
erates temperature stress. The latent heat of ice-water
phase change poses an inhibitory effect on cold energy
transfer. Besides, moisture migration and the formation
of ice lens in the soil can alter the original pore size,
and the consequent volumetric strain further causes the
frost heave of the soil. Given the above, the frost heave
itself is the result of multiphysical field coupling behavior.
The coupling theory of the multiphysical field remains one
of the most extensively studied theories related to frozen
soil at home and abroad. Considering the complexity of
multiphysical field coupling, it is recommended that the
temperature, moisture, and stress fields should be analyzed
separately at the preliminary stage.

2.1. Research on the Mathematical Model of the Frozen Soil
Temperature Field. In the differential equation of the
temperature field, the heat transfer parameters relate to
atmospheric factors, including evaporation, radiation, wind

velocity, and humidity. Therefore, Wang et al. [13] proposed
equation (1) to describe the phase-change nonsteady tem-
perature field considering the above factors.

Kf � + N½ �
Dt

�
Tf gt = Pf gt +

N½ �
Dt

Tf gt−Dt , ð1Þ

k1⋅n =
ð1
−1

ð1
−1

λ

16 Jj j D2
∂Hn

∂ξ
+D1

∂Hn

∂η

� �
dξdη + Aαs  l, n = i, j, k,mð Þ,

ð2Þ

n1⋅n =
ð1
−1

ð1
−1
ρCp Jj jHlHndξdη  l, n = i, j, k,mð Þ, ð3Þ

where fPg is the synthetic array and the subscript f gt
indicated the time [14]. According to Wang et al. [13], λ =
ð4:17w2 + 1504Þ100:25ρ−3:9d ; ρCp is the volumetric heat capac-
ity and specific heat capacity [15] C = ρdð1:27 + 0:021wÞ
103. A = 0 for the non-Robin boundary, and

A =
1/3, l = n,
1/6, else,

(
ð4Þ

for the Robin boundary.
Some researchers considered THM coupling for the fro-

zen soil but did not couple the heat release due to
crystallization-related phase change of salts into the model.
Zhang et al. [16] proposed a two-dimensional differential
equation of THS coupling for the first time for salinized fro-
zen soil. Based on the conservation of energy and Fourier’s
law, the equation took the exothermic effect of the
crystallization-related phase change of Glauber’s salt and
the latent heat of ice-water phase change as the heat sources.
Then, the differential equation (5) of heat transfer in the sali-
nized soil was derived.

ρC θð Þ ∂T
∂t

= λ θð Þ∇2T + Lcρc
∂θc
∂t

+ Lmρi
∂θi
∂t

: ð5Þ

In seasonally frozen ground, the temperature field
around the buried oil pipeline is influenced not only by the
thermophysical property but also by the soil temperature
within the pipeline, freeze-thaw cycle, and isothermal layer.
Teng et al. [17] established the transient state heat conduc-
tion:

Cρs
∂T
∂t

= div λ grad T
!� �

− Lρw
∂θw
∂y

+ βtT
∂εv
∂t

: ð6Þ

Based on the above research, a new coupling equation is
proposed. In the seasonal freezing zone, the influence of
steam on the latent heat of phase change, the latent heat of
salt crystallization, and the volume strain effect under
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temperature changes should be considered at the same time,
and the dimensions of the differential terms are the same.

ρC θð Þ ∂T∂t = λ θð Þ∇2T + Liρi
∂θi
∂t

+ Lvρv
∂θv
∂t

+ Lcρc
∂θc
∂t

+ βtT
∂εν
∂t

,

ð7Þ

where ρ, ρc, ρi, and ρv are the density of soil, salt, ice, and
vapor, respectively (kg/m3); θi, θv, and θc are the volumetric
content of ice, vapor, and salt, respectively (cm3/cm3); C is
the specific heat capacity of frozen soil (J/(kg·°C)); Lc, Li,
and Lv are the latent heat of salt crystallization, water freez-
ing, and water evaporation, respectively (J/g); T is the
temperature (°C); βt is the thermal stress coefficient of the
frozen soil (MPa/k); εv is the volumetric strain (1); and λ
is the thermal conductivity (W/(cm·°C)).

The temperature field theory for frozen soil develops
from conservation of energy, Fourier’s law, and the law of
thermodynamics. The temperature field theory was first pro-
posed for molten soil and later extended to frozen soil.
While the TH coupling theory has been intensively studied
at home and abroad, the THM coupling receives less atten-
tion. For seasonally frozen ground, the temperature
gradients in the temperature field are large during one
freeze-thaw cycle of soil. Therefore, the differential equation
for the temperature field needs to incorporate the differential
term of the volumetric strain effect to consider the tempera-
ture changes in frozen saline soil, the joint action of exother-
mic effect caused by salt crystallization phase change (e.g.,
Glauber’s salt), and the latent heat from ice-water phase

change. In addition, the differential equation of the temper-
ature field in the unsaturated frozen soil should consider the
influence of ice-water phase change and the impact of water
vapor on the migration and freezing of liquid water. Most
past studies focus on the two-dimensional models of the
temperature field of the frozen soil, but rarely on the three-
dimensional models.

2.2. Research on the Mathematical Model of the Frozen Soil
Moisture Field. The unfrozen water in the salinized soil
exists below 0°C, and the pore water migration satisfies
Darcy’s law [18]. Based on the Richards equation, Zhang
et al. [19] considered the influence of frozen water in the
pores on the migration of unfrozen water and the effect of
latent heat of ice-water phase change and phase change of
Glauber’s salt in reducing the content of unfrozen water in
the soil. Hence, the following equation was proposed [16]:

The differential equation of the liquid water migration in
the roadbed made of unsaturated saline soil takes the follow-
ing form:

∂θu
∂t

+ ρi
ρw

∂θi
∂t

+ ρcM180
ρwMmx

∂θc
∂t

� �
= ∇ D θuð Þ∇θu + kg θuð Þ� �

,

ð8Þ

where kgðθuÞ = ∂k/∂z is the permeability coefficient of
the unsaturated soil in the gravitational direction and Dðθu
Þ = kðθuÞ/cðθuÞ ⋅ I is the diffusion rate of water. I is the
impedance factor, representing the impeding effect of ice
on liquid water migration I = 1010θi ; M180 is the molar mass
of 10 water molecules (180 g/mol); Mmx is the molar molec-
ular mass of Glauber’s salt (322 g/mol). Thus, the moisture
content of the saline water is composed of three parts, ice,
liquid water, and crystal water of Glauber’s salt. Therefore,
the volume content of water in the soil is θ = θu + ðρI/ρwÞ
θi + θcðρcM180/ρwMmxÞ.

The differential equation of the water field for unsatu-
rated frozen water should consider the influence of ice-
water phase change and the impact of water vapor on the
migration and freezing of liquid water. Zhang et al., Teng
et al., and Zhang et al. [20–22] demonstrated that the model
proposed by Philip and de Vries [23] was able to simulate
the water-heat-water vapor behavior of unsaturated soil.
Bai et al. [24] established the following equation for the flow

Table 1: Intensity of multiphysical field coupling of the frozen soil and the features of coupling of different intensities.

The intensity of
multiphysical field coupling

Coupling
method

Coupling features

Strong coupling
Element matrix

method
It is difficult to control the calculation accuracy. Nevertheless, this method has advantages

when used for theoretical analysis of the coupled field of frozen soil

Weak coupling
Superposition

method
The calculation is highly complex and involves many time steps. Therefore, this approach

is more suitable for the numerical analysis of multiphysical fields for frozen soil

Note: element matrix method: use an element matrix (or load vector) to fit the coupling to governing equations entirely. Then, the system of governing
equations is solved directly. Superposition method: the calculation results of the first physical field are imposed onto the second and third physical fields
as an external load to realize coupling between the three fields.

Strong coupling

According to 
the way 

According to 
the strength 

Direct coupling

Indirect coupling

Unidirectional coupling

Two-way coupling

Coupling 
classification 

Weak coupling

According to
 direction 

Figure 1: Coupling classification.
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of unfrozen water and water vapor based on the modified
Darcy’s law and the equation of mass conservation:

∂θl
∂t

+ ∂θv
∂t

+ ρi
ρw

∂θi
∂t

= ∇ ⋅ Klh∇ h + zð Þ + KlT∇T½ �+∇ ⋅ Kνh∇h + KνT∇Tð½ �:

ð9Þ

On the basis of the above research on soil moisture field
[16, 24], a new coupling equation of moisture field is pro-
posed. In seasonally frozen areas with high-salt soils, pore
steam flow, the effect of ice on the transport of unfrozen
water, the influence of the latent heat of ice-water phase
change and concentration changes on the reduction of soil
unfrozen water content should be considered at the same
time. The dimension of each differential term is the same.

∂θl
∂t

+ ∂θv
∂t

+ ρi
ρw

∂θi
∂t

+ ρcM180
ρwMmx

∂θc
∂t

= ∇ ⋅ Klh∇ h + zð Þ½

+ KlT∇T�+∇ ⋅ Kνh∇h + KνT∇Tð½ �,
ð10Þ

where θl, θi, θv , and θc are the volumetric content of soil,
ice, vapor, and salt, respectively (cm3/cm3); ρw, ρi, and ρc are
the densities of liquid water, ice, and salt, respectively (kg/
m3); Klh/Kvh and KlT /KvT are the isothermal and thermal
hydraulic/vapor conductivities for liquid phase fluxes due

to gradients in h and T , respectively; z is the spatial coordi-
nate;M180 is the molar mass of 10 water molecules; andMmx
is the molar molecular mass of Glauber’s salt.

The differential equation of the water field for unsatu-
rated frozen soil should consider TH coupling and the influ-
ence of phase change due to the crystallization of Glauber’s
salt on the unfrozen water content for the salinized soil.
Apart from this, it is also necessary to consider the influence
of water vapor on the migration and freezing of liquid water.

2.3. Research on the Mathematical Model of the Stress Field

2.3.1. Discriminant Method for Formation of Ice Lens. The
formation and development of ice lens are shown in Table 2.

2.3.2. Research on Constitutive Relation. The frozen soil
undergoes a time-varying deformation under the action of
load. According to the seepage test of the frozen soil
[29–32], the Bingham model could well describe the rheo-
logical properties of the frozen soil. The constitutive relation
for a time step per unit time is from the equation below [1,
30, 33]:

Δσf g = DT½ � Δεf g − Δεvp
� 	

+ Δεf h
� 	
 �

, ð11Þ

where DT is the elastic modulus array:

Er is the elastic modulus relative to soil temperature; νT
is the Poisson’s ratio relative to soil temperature; fΔεvpg is
the viscoplastic strain:f_εvpg = γThΦðFÞi∂Q/∂fσg; fΔεf hg is
the strain caused by frost heave; γT is the viscosity parameter
relative to soil temperature; Φ is any function: ΦðFÞ = ðF −
F0Þ/F0,

Φ Fð Þh i =Φ Fð Þ, if F > F0,
Φ Fð Þh i = 0, if F ⩽ F0,

(
ð13Þ

where Q is the plastic potential in the law of flow and Q
is equivalent to the yield function of F [31, 34]. Since adopt-
ing the D-P yield criterion in this literature [31, 34], there is
∂Q/∂fσg = ∂F/∂fσg = f∂F/∂σr∂F/∂σz∂F/∂τrz∂F/∂σ0gT ; as
the soil freezes, the resulting frost heave is caused by in situ

transformation with moisture migration and freezing. Thus,
the increase in soil volume is given by Liu et al. [1], Li et al.
[35], Lai et al. [31], and Zienkiewicz and Taylor [34]. ΔεVf h
= θt+Δti + θt+Δtw − nts, where nts is the volume porosity. If Δ

εVf h < 0, then ΔεVf h = 0.
THM coupling behavior is a complex and highly nonlin-

ear problem. Due to the complexity of analytical solution, Li
et al. [36] developed MHMIP-2D based on the FORTRAN
program, which found practical applications [29, 30, 37].

In 2020, Zhang et al. [38] considered the influence of soil
gravity and expansion caused by ice-water phase change on
soil deformation. The governing equation of the stress-strain
relation of the frozen soil becomes

∇ D½ � ε½ � − εth½ �ð Þ½ � + Fν½ � = 0, ð14Þ

DT½ � =

ET 1 − vTð Þ
1 + vTð Þ 1 − 2vTð Þ

ETvT
1 + vTð Þ 1 − vTð Þ 0 ETvT

1 + vTð Þ 1 − v2Tð Þ
ETvT

1 + vTð Þ 1 − v2Tð Þ
ET 1 − vTð Þ

1 + vTð Þ 1 − v2Tð Þ 0 ETvT
1 + vTð Þ 1 − v2Tð Þ

0 0 ET

2 1 + vTð Þ 0

ETvT
1 + vTð Þ 1 − v2Tð Þ

ETvT
1 + vTð Þ 1 − v2Tð Þ 0 ET 1 − vTð Þ

1 + vTð Þ 1 − 2vTð Þ

2
66666666666664

3
77777777777775

, ð12Þ
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where ½D� is the elasticity matrix:

D½ � = E
1 + νð Þ 1 − 2vð Þ

1 − ν ν ν 0 0 0
ν 1 − ν ν 0 0 0
ν ν 1 − ν 0 0 0

0 0 0 1 − 2v
v

0 0

0 0 0 0 1 − 2v
v

0

0 0 0 0 0 1 − 2v
v

2
6666666666666664

3
7777777777777775

,

ð15Þ

E is the elastic modulus (Pa), ν is Poisson’s ratio, ½ε� is
the strain matrix, and ½εth� is the thermal strain matrix. For
the thermal expansion of ordinary material, a linear thermal
expansion coefficient represents the thermal strain of frozen
soil caused by frost heave related to ice-water phase change.

½εth� = ½ενx ενy ενz γνx γνy γνz �T , where εth is the total strain
matrix; εvx, εvy, and εvz are the typical strain components
of thermal expansion in x, y, and z directions, respectively.
For frozen isotopic soil, ενx = ενy = ενz = −αðT − Tref Þ, where
α is the coefficient of linear thermal expansion (l/°C), which
is related to the mass content and temperature; Tref is the
reference temperature (°C); and γvx, γvy, and γvz are the
components of shear stress induced by thermal expansion
in the x, y, and z directions, respectively. For isotropic frozen
soil, γvx = γvy = γvz = 0, ½Fv� is a volume force matrix.

2.4. Numerical Simulation-Theoretical Solution-Test Solution
Method and Process

2.4.1. Simulation-Test Solution Process

(1) Mathematical equations for the temperature field,
moisture field, and stress field of frozen soil

(2) Input simulation frozen soil software, such as COM-
SOL, ANSYS, and ABAQUS (using MATLAB
language, ABAQUS as solver development THM
multifield coupling program, and analysis of frozen
soil multifield coupling effect)

(3) Obtain a regular model consistent with the
experiment

2.4.2. Theoretical Solution-Experimental Solution Process

(1) Mathematical equations for temperature field, mois-
ture field, and stress field of frozen soil

(2) When unknown variables are greater than the num-
ber of equations, supplementary equations need to
be added

(3) Software MATLAB calculates the theoretical value

(4) Obtain the law theory consistent with the
experiment

3. Current Research Status of THM
Coupling for the Frozen Soil

3.1. Mechanism of Multiphysical Field Coupling for the
Frozen Soil. At present, the theory of multiphysical field cou-
pling is one of the most discussed topics related to frozen
soil. It is also a cutting-edge field of international research:
moisture migration, stress, and heat exchange jointly influ-
ences the frozen soil environment. If more factors of the
frozen soil environment are considered, the calculation
results will be more accurate [23, 39, 40].

Some scholars [41–46] developed the THM coupling
model by combining the TH coupling model with the
porosity-strain relationship and conducted a further study
on the THM coupling mechanism for the frozen soil by inte-
grating Galerkin discretization, fluid dynamics theory, and
an actual case. The phase change equation for the tempera-
ture field takes porosity as the variable, and the moisture
migration equation is in Figure 2. Phenomenological
thermodynamics, Fourier’s law, and the law of energy con-
servation form the basis for the above temperature, whereas
the Richards equation, the law of conservation of energy,
and Darcy’s law form the basis for the moisture field. The
stress field depends on the Navier-Stokes equation and elas-
toplasticity theory.

For multiphysical field coupling, most scholars prefer the
weak form theory of partial differential equation and
attempt to connect the weight function in the weak state
and the shape function in the finite element method. The
existing governing equations of temperature, moisture, and
stress fields weaken their derived forms. Besides, the tasks
and governing equations are simplified and translated into
the finite element model. The models have evolved from a
simple form to a much more complex version. The algo-
rithms are constantly modified so that it is more likely for
the finite element simulation to achieve a convergent
solution.

3.2. Development of THM Coupling for the Frozen Soil. Based
on research on hydro-thermal (TH) coupling [47], the the-
ory of hydro-thermal-mechanical (THM) coupling has been
developed. A rigid ice model presumes the existence of the
frozen fringe. Y. Zhou and G. Q. Zhou. [48] simplified the
heat-fluid coupling model based on equivalent water pres-
sure and explained the mechanism of the growth of a single
ice lens (fitting degree = 0:3202). Despite the abundance of
TH coupling models proposed so far, few of them deal with
the problems caused by stress during the freezing process.
Considering the stress change and the corresponding defor-
mation, Li et al. [36] studied the phase change, convective
heat transfer, and development of ice lens
(fitting degree = 0:8930). Thomas et al. [49] built the heat-
fluid coupling model (fitting degree = 0:2270). However,
the two-field coupling is insufficient to characterize the
stress pattern of pipelines in the frozen soil or realistically
study the multiphysical coupling problem in the frozen soil.
Based on the principle of effective stress, Nishimura et al.
[50] proposed a THM coupling model to characterize the
interactions in the saturated soil during the freeze-thaw
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cycles. Since unsaturated soils are prevalent in cold regions,
the above model needs revision. Lai et al. [51] proposed a
THM coupling model for frost heave based on the
Clapeyron equation. They believed that the negative pore-
water pressure was the primary driving force for moisture
migration (fitting degree = 0:4058).

The value (fitting degree=) is the fitting degree of the
curve (test-simulation; test-calculated value) for time-frost
heave amount/frost heave force. The smaller the value, the
better the fit. Specific processes and code are described in
the appendix. And the overall process is shown in Figure 3.

The heat-fluid coupling model proposed by Y. Zhou and
G. Q. Zhou [48] did not consider the mutual influence
between stress development and heat transfer during the
frost heave. Zhou et al. [52] described the THM multiphysi-
cal coupling model (fitting degree = 1:0643). Koniorczyk
[53] conducted a theoretical study of the hydrothermal
transfer process related to material deformation based on
water phase-change dynamics. The volume averaging theory
opens up an even broader horizon for THM coupling [54] .
Based on this theory, Tong et al. and Na and Sun (2017) [55,
56] proposed the multiphase flow model for THM coupling
and the porous medium model for stable THM coupling.
Based on the volume average theory, the above models can
reasonably simulate the freezing process where moisture
migration, heat conduction, stress, and strain interact with
each other in the soil in engineering construction.

The interactions between pressures caused by frost heave
and frosting have been rarely studied. Ji et al. [57] discussed
the role of frosting-caused pressure in the frost heave
equation (fitting degree = 0:7634). They were devoted to
developing a one-dimensional device. The frosting-induced
pressure affects the equivalent water pressure on the warm
side of the ice lenses, which further influences the moisture
flow velocity. The frosting-induced pressure between the soil
particles can lead to the consolidation of liquid water. This
pressure can also inhibit ice crystal formation, thus prevent-

ing frost heave. Therefore, new ice crystals are formed when
the segregation pressure at the ice-water interface is larger
than the sum of the frost heave pressure and the critical
pressure.

Considering the complexity of the nonlinear THM cou-
pling model during the freezing process, Li et al. [36]
employed the FORTRAN program to develop MHMIP-2D
code, which provides new perspectives for the coupling
study of the frozen soil.

Research on the mechanism of complex frost heave path
has been rarely reported before 2019. Bai et al. [58] studied
the role of frost heave path in the frost heavemechanism based
on the existing observations of ice lens distribution and the
corresponding numerical simulation (fitting degree = 0:2655
). They further proposed the three-dimensional THM cou-
pling model with the presence of segregated ice.

Lei et al. [12] simplified the three-phase heat transfer
into single-phase heat transfer using the weighting algo-
rithm. The relationship between soil freezing, porosity, water
conductivity, and thermal conductivity of soil was discussed,
and the new conditions for the formation of ice lenses were
clarified (fitting degree = 1:6288). However, the defects of
the above study lie in the following aspects. (1) The COM-
SOL simulation of soil freezing does not consider the
compressibility of pore water, pore ice, and soil particles.
Neither can this model be used to simulate the soil freezing
process at a deeper layer. (2) The proposed model is specific
for saturated soil, while unsaturated soil is prevalent in most
cold regions. Therefore, the engineering applicability of the
model is improved by changing the saturation when
necessary. (3) No details are provided for the COMSOL sim-
ulation to solve the temperature field and displacement field.
Therefore the coupling between the temperature field and
the stress field may not be accurately solved.

The THM coupling model will find more applications
for boundary conditions, stress-strain relationships, and
hydrothermal coupling processes.
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Figure 2: THM coupling diagram of frozen soil.
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4. Conclusions and Future Prospects

4.1. Conclusions. The latent heat of ice-water phase change,
the influence of steam on the latent heat process of phase
change, the latent heat of salt crystallization phase change,
and the volume strain effect during temperature change are
considered at the same time. TM coupling (equation (7))
has certain guiding significance for the study of the temper-
ature field of saline soil in a seasonal frozen region. The TH
coupling (equation (10)) considering the concentration
change is also proposed. Quantitative evaluation of a match-
ing degree about the test-model curve from a mathematical
and physical perspective is proposed, which has certain
guiding significance for the generalization of civil
engineering.

When there are more unknown variables of differential
equations in multiphysical field coupling than differential
equations, empirical equations and ice-water ratios are usu-
ally introduced to solve the differential equations. The
empirical coefficients calculated from experiments may vary
from one study to another, pointing to the necessity of
improving the empirical coefficients for different soils in
different regions.

Freeze-thaw cycles are common occurrences in soils in
seasonally frozen ground. It is necessary to introduce the
differential term of the volumetric strain effect under tem-
perature changes into the differential equation of the
temperature field to realize thermo-mechanical coupling in
the real sense.

The COMSOL is a powerful tool for weighting mechan-
ical, physical, heat transfer, and fluid parameters. This
software fits actual engineering data to calculate the weights
of different parameters for different engineering projects and
thus achieve accurate THM coupling for the frozen soil. The
refinement of test equipment, modern nondestructive
detection methods, for example, real-time CT scanning tech-
nology, SEM, TEN, X-ray stereo ultrasonography, and
nuclear magnetic resonance imaging (NMRI), and the
improvement of the coupling between the stress boundary
conditions and TH boundary conditions have laid a solid
foundation for the multiphysical field coupling for the
frozen soil.

4.2. Future Prospects. The coupling of the multiphysical field
for the frozen soil is an integral part of structure and oil
pipeline design and railway operation in cold regions. Multi-

physical field coupling for frozen soil is a complex, multidis-
ciplinary topic, and more work needs to be done to improve
the prediction of the soil freezing process, coupling mecha-
nism, coupling method, and solving approach [59–62].
However, many issues remain unsolved concerning the mul-
tiphysical field coupling of the frozen soil.

(1) THM coupling for the frozen soil has been exten-
sively studied. However, most of these studies only
achieve weak coupling on the hydrothermal and
stress boundaries. Although pairwise couplings have
existed between the mechanical equation, heat trans-
fer equation, and fluid equation, they were not
coupling in the real sense

(2) There seems to be a lack of academic interest in the
THVM and THCM coupling models for unsaturated
soil under the freeze-thaw cycles. Besides, in most
studies, the upper boundary is generally an open
boundary. Therefore, one cannot depict the liquid
water migration, vaporous water migration, ice con-
tent, heat distribution, and stress and strain status in
the overlying roadbed in cold regions. There is a
scarcity of theories and quantitative analysis tools
for the coupling of water, ice, water vapor, tempera-
ture, stress, and strain when studying the damage
mechanism of roadbed related to frost heave in these
regions

Appendix

Comparison of theoretical-experimental curve and
simulation-experimental curve fitting algorithm process is
as follows:

(1) Extract time-frost heave/frost heave force curve
(equation theoretical solution and test, simulation
and test) by software getdata. In order to eliminate
the influence of different dimensions/orders of mag-
nitude on the results, the data are normalized

(2) Fit the curve with the fifth degree polynomial of the
software MATLAB

(3) Take out the coordinate points

(4) According to the DiscreteFrechetDist algorithm,
compare the similarity of the two curves

Find out the test-simulation time
 history curve of soil frost heave 

Software getdata extract data Comparison test-simulation curve 
matching degree 

Import DiscreteFrechetDist algorithmNormalization of horizontal and 
vertical coordinates of curves 

Equidistant removal of coordinates

Import MATLAB for quintic 
polynomial fitting Quantitative evaluation optimal model

Figure 3: The flow chart for calculating the matching degree of the mathematical physics algorithm.
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