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Abstract
The research on the stability of rock slopes under the multi-field coupling has important theoretical and practical significance 
for the analysis and prevention of freeze–thaw disasters of engineering in cold regions. In this paper, COMSOL Multiphysics 
numerical simulation software and numerical simulation methods are adopted. Based on the coupling theory of rock stress 
field, seepage field, temperature field, and chemical field, and field test data, the stability of rock slope under the multi-field 
coupling is studied under the research background of the highway slope of Jinghe to Yining County of G577 line. Based 
on the study of multi-field coupling theory, a numerical calculation model is established, the rationality of the numerical 
calculation model is verified, and the maximum frozen thickness of the slope is determined. On this basis, the change rules 
of the relevant parameters such as stress, temperature, deformation and damage of the highway slope in the engineering area 
are studied. The slope stability analysis is performed based on the YAI slope stability evaluation method. The stability of 
the slope is analyzed from the freezing, thawing and freeze–thaw process states of the shallow layer of the slope. It provides 
a theoretical basis for engineering construction in cold region.

Keywords Multi-field coupling · Freeze–thaw cycles · Chemical damage · Rock slope · Stability

1 Introduction

Research on slope stability has always been a very important 
part in the field of geotechnical engineering construction. 
In the process of mining engineering, water conservancy 
and Hydropower Engineering and other construction pro-
jects, human beings inevitably need to reconstruct some 
surface rocks. At present, scholars at home and abroad have 
conducted in-depth research on the failure mechanism of 
conventional rock slopes and have achieved rich results. 
However, the related research on slope stability under the 

multi-field coupling in cold regions is still insufficient. The 
reason is that many natural and human factors are involved; 
the destruction mode is more complicated and changeable 
and the theoretical knowledge involved is also more exten-
sive [1–3]. In the initial stage of slope excavation, the stress 
field, seepage field and temperature field are redistributed 
to a new equilibrium state. However, with the change of the 
external ambient temperature and the influence of hydro-
chemical solutions, various physical fields are changing. The 
existing research results cannot explain the dynamic process 
well, so it is very important to study the stability of rock 
slope under the coupling of multiple physical fields [1, 3].

Multi-field coupling is a hot research issue, and domes-
tic and foreign scholars have achieved some achievements 
in the research of multi-field coupling theory. The calcula-
tion methods for flexible systems used in slope stabilization 
were further studied by Blanco-Fernandez. An alternative 
modeling for flexible membranes anchored to the ground for 
soil slope stabilization was presented by using smoothed-
particle hydrodynamics to model the unstable ground mass 
in a soil slope, employing a dynamic solve engine [4–6]. 
Based on the basic law of continuum mechanics, Exadak-
tylos put forward the coupling model of freeze–thaw cycle 
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with rock and soil as porous media material and applied 
the model to the freeze–thaw cycle test of porous media 
rock [7]. Tan et al. proposed a unified model of frost heave 
pressure in rocks in order to study the degradation mecha-
nism of rock under low temperature conditions based on the 
theories of continuum mechanics, thermodynamics and seg-
regation potential. The model attempted to unify the volume 
expansion theory, water immigration theory and combina-
tion theory [8–10]. Chen et al. derived a multiphase flow 
THM unity coupling mathematical model in porous media 
based on the principles of continuum mechanics and mixture 
theory. Based on the conservation of momentum, mass and 
energy of solid, liquid and gas three-phase systems, the cou-
pling effects of stress–strain, water flow, gas transfer, steam 
transfer, heat transfer and porosity evolution were consid-
ered in the model. The results deepened the understanding 
of the control equation sets, constitutive relations and the 
calculation parameter characteristics of the multiphase flow 
THM unity coupling, thus laying a foundation for further 
study of the THMC unity coupling problem [11–14]. On the 
basis of heat transfer theory, seepage theory and frozen soil 
mechanics, Lai et al. deduced the mathematical mechanics 
model and control differential equation of temperature field, 
seepage field and stress field with phase transition. Then, 
he obtained the finite element calculation formula of this 
problem by means of Galerkin’s method and applied it to 
the actual engineering construction [15, 16]. Many scholars 
have also studied the physical and mechanical properties of 
rock under the coupling action of hydrochemical solution 
and freeze–thaw. Deng et al. studied the changes of tensile 
strength and porosity of rock under the condition of hydro-
chemical solution and freeze–thaw cycle [17–19]. Li et al. 
carried out laboratory tests on the mechanical properties of 
rocks under the coupling action of acid solution and different 
hydrochemical solutions and freeze–thaw. He studied the 
degradation law of the mechanical properties such as the 
compressive strength and elastic modulus of rocks under the 
coupling action of hydrochemical solution and freeze–thaw 
and also analyzed the change law of the pore structure of 
rocks from the micro perspective [20–22].

In 2013, there was a serious landslide accident in Lhasa 
Jiama mining area of China. It resulted in serious casualties 
and property losses. The main cause of the accident was 
the deterioration of rock mechanical properties caused by 
freeze–thaw cycle and dynamic load [1]. As a kind of porous 
medium material, the water content in the pore structure of 
rock mass has a great influence on the damage degree caused 
by freeze–thaw cycle. Niu et al. deeply studied the geologi-
cal conditions, environmental conditions, deformation laws 
and instability of the two slopes in the frozen soil region of 
the Qinghai–Tibet Plateau. It is found that the water con-
tent and displacement of the slope change obviously with 
the change of the external ambient temperature. Especially 

after the shallow layer of the slope is frozen, the rise of 
groundwater level and the huge net water pressure inside 
the slope have a great impact on the stability of the slope, so 
it is necessary to pay attention to the drainage of the slope 
[23–26]. Li et al. conducted freeze–thaw cycles and uniaxial 
compression laboratory tests on rock samples and analyzed 
the freeze–thaw degradation mechanism of the rocks. He 
applied the laboratory tests to the stability analysis of an 
open-pit mine rock mass slope and calculated the change 
rule of safety coefficient before and after the freeze–thaw 
cycles of the slope by using Hoek–Brown criterion [3, 27, 
28].

At present, scholars at home and abroad have carried 
out an in-depth study on the stability of conventional rock 
slope. However, the stress field, seepage field and chemical 
field of rock slopes under the action of freeze–thaw cycles 
are always in a dynamic change process. The research on 
the stability of rock slopes under the multi-field coupling 
is insufficient. It is of great significance for the prevention 
and control of slope stability in the process of engineer-
ing construction to study the dynamic changing process 
of slope in cold region under the multi-field coupling. The 
numerical simulation software COMSOL Multiphysics has 
a significant advantage in the research of multi-physical field 
coupling problem because of its fast computing power and 
the ability of multi-physical field direct coupling analysis. 
Based on it, the stability of rock slope under the action of 
multi-field coupling is studied in this paper.

2  Establishment and Verification 
of Numerical Model

2.1  Engineering Background

This paper takes the highway project from Jinghe to Yining 
County of G577 line in the mountain area on the north side 
of Tianshan Mountain as the project background (Fig. 1 is 
the geographical map of the project). Yining County has a 
continental climate with obvious characteristics of four sea-
sons and large temperature difference between day and night. 
The annual average temperature is about 7.3 °C. The average 
temperature in January is − 7.6 °C, the average temperature 
in July is 22.6 °C, the annual extreme minimum temperature 
is − 34.3 °C, and the annual extreme maximum temperature 
is 39.7 °C. The terrain in this area is relatively special, so 
the rainfall is also rich, with a frost period of 202 days, and 
the area is also eroded by acid rain.

The annual average temperature in the project area is rela-
tively low, but above 0 °C, the phreatic water and fissure 
water in the rock and soil layer are repeatedly frozen and 
melted. The temperature change of the original bottom layer 
is divided into two parts. The lower layer is the unfrozen 
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layer and the upper layer is the seasonal frozen layer (the 
freeze–thaw layer or the active layer) [29, 30]. For the slope 
formed by the excavation of the engineering construction, 
the changes of the surface temperature and the atmos-
pheric temperature are basically the same due to human 
disturbance. Therefore, its surface is easy to be affected by 

freeze–thaw cycle, resulting in slope stability reduction and 
risk of instability. It may cause geological disasters such 
as collapse, landslide and debris flow. Therefore, it is very 
meaningful to study the slope stability in the cold region 
(Fig. 2 shows the freeze–thaw slope map of the project area).

2.2  Establishment of Numerical Calculation Model

2.2.1  Establishment of Numerical Calculation Model

According to the report of “Engineering geological map-
ping and remote sensing interpretation of feasibility study 
of Jinghe to Yining highway project of G577 line” compiled 
by CCCC First Highway Survey and Design Institute, the 
representative rock slope is selected in this paper. Accord-
ing to the survey report, the lithology of the selected model 
slope is sandstone, with a length of 105 m and a height of 
85 m, including a slope height of 45 m and a slope angle of 
45°. Figure 3a is the dimension sketch of the slope geometric 
model and Fig. 3b is the meshing diagram of the slope geo-
metric model. Due to the large temperature difference and 
abundant rainfall in the project area, considering the influ-
ence of acid rain on slope stability, the model also considers 
the influence of chemical field.

Fig. 1  Geographical map of the 
project

Fig. 2  Freeze–thaw slope in the project area

Fig. 3  Slope geometric model 
and meshing diagram
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2.2.2  Determination of Numerical Calculation Parameters

According to the report of “Engineering geological map-
ping and remote sensing interpretation of feasibility study 
of Jinghe to Yining highway project of G577 line” and on-
site sampling for laboratory tests, the numerical simulation 
calculation parameters are selected as shown in Table 1. The 
time step is one quarter (3 months), and the relative toler-
ance is 0.01. The mechanical response is subject to small 
displacements analysis. The material model used geotech-
nical materials and the Hoek–Brown strength criterion is 
selected in this paper.

2.2.3  Determination of Initial Value and Boundary 
Condition of Numerical Calculation

(a) Thermodynamic Conditions
  The determination of the thermodynamic boundary 

conditions affects the change law of the slope temper-
ature. According to reports and local meteorological 
data, the thawing starts slowly around March and April 
every year, and freeze starts around October. Accord-
ing to the historical temperature monitoring data of the 
climate department in the project area, the change law 
of the external temperature with time is simplified as 
Formula (1) [30, 31]. The change curve of the tempera-
ture with time in the project area is shown in Fig. 4.

  In the formula, T represents the ambient temperature 
with the unit of  °C. t represents the time with the unit 
of d.

  In this paper, convective heat transfer is the main 
heat exchange mode between the slope and the ambient 
environment. The boundary expression of convective 
heat transfer is shown in Formula (2). It is assumed that 
the initial state of the rock mass seasonal frozen layer 
is frozen state.

  In the formula, h is the convective heat transfer coef-
ficient and tf  is the ambient temperature.

(1)T = 7.3 − 25.3 cos (2�t∕12)

(2)−�
�t

�n
= h

(

t − tf
)

  Fig. 4 is the change curve of the temperature with 
time in the project area. The abscissa points in Fig. 4 
represent the end of each month, where the 0–1 interval 
represents January.

(b) Mechanical Condition
  The initial stress field is a very important part in 

the numerical simulation of geotechnical engineering. 
There are many factors that affect the initial stress field, 
including the depth of the research object, rock prop-
erties and the ambient environment. The main factor 
affecting the initial stress field is the dead weight stress 
field. For the solid mechanics module of the calculation 
model in this paper, the front and back, left and right, 
and bottom of the module are provided with roller sup-
port boundaries, and the upper is the free boundary.

(c) Seepage Condition
  For the Darcy’s Law module of the calculation 

model, the front and back, left and right, and bottom of 
the module are flow-free boundaries. The upper surface 
of the calculation model is free boundary, and the pres-
sure is 0, that is, the initial pressure is 0 MPa. Accord-
ing to the boundary conditions and initial conditions, 
the static state of pore water under the action of gravity 
is defined. In fact, the seepage of pore water is caused 
by the change of temperature gradient.

Table 1  Initial thermodynamic 
and physical mechanical 
parameters of rock mass

Rock E/GPa Poisson ratio � Density �/km/m3 Porosity Compressive 
strength �/MPa

Thermal 
conductivity 
W/(m ◦

C)

Sandstone 5.04 0.18 2740 0.045 35 2.7
Water – – 1000 – – 0.52
Ice – – 916.8 – – 2.21

Fig. 4  The change curve of the temperature with time in the project 
area
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(d) Hydrochemical Condition
  Considering the influence of acid rain, groundwater 

and other hydrochemical factors on the slope, the cal-
culation model also needs to add the transport of dilute 
species module. The frozen state and the melted state 
need to be analyzed separately. When the pore water is 
frozen, it is considered that no hydrochemical reaction 
occurs. When the pore water is in the melted state, the 
pore water will flow and the hydrochemical reaction 
will occur.

2.3  Verification of Numerical Calculation Model

Generally, the rain water is weakly acidic, and the pH value 
of rain water can be roughly considered as 5.6. Figure 5 
shows the slope temperature distribution in January, April, 
July and early October of the year. Compared with the field 
measured temperature (0–2 m) close to the slope, it is found 
that the temperature distribution of numerical simulation is 
in good agreement with the measured data. The maximum 
frozen thickness of the model is 1.7 m, and it is consistent 
with the maximum frozen seasonal thickness of about 1.7 m 
in the report “Engineering geological mapping and remote 

sensing interpretation of feasibility study of Jinghe to Yin-
ing highway project of G577 line.” It shows that it is reliable 
for Formula (1) to represent the temperature change in the 
project area within 1 year and the calculation model.

Since the contact area with the ambient environment 
becomes larger and changes with the change of ambient tem-
perature after the formation of slope excavation, the slope 
initial state of the numerical simulation is melting. This is 
related to the annual average temperature of the project area. 
It is set to 7.3 °C and calculated from the beginning of Janu-
ary of the year. It can be seen from Figs. 6, 7, 8 and 9 that 
the ambient temperature in January is relatively low and the 
average temperature is lower than 0 °C. The shallow layer of 
the slope is affected by the ambient temperature. The tem-
perature gradually decreases and starts to freeze from the 
outside to the inside, with the maximum freezing thickness 
of 1.7 m. At this time, the pore water in the shallow layer of 
the slope stops flowing, and the hydrochemical reaction also 
temporarily stops. By about April, the ambient temperature 
will warm up, with an average temperature of about 10 °C. 
The frozen part of the shallow layer of the slope begins to 
melt, and the melting is gradually melting from the slope 
surface and the frozen maximum thickness at the same time. 

Fig. 5  Slope temperature distribution in different months
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Until July, the average temperature reaches 30 °C, the pore 
water in the entire slope is in a melting and flowing state, 
and the rate of hydrochemical reaction is the highest. Around 
October, the temperature begins to drop and the average tem-
perature is below 0 °C. The surface of the slope begins to 
freeze gradually, and the hydrochemical reaction decreases 
with the decrease of temperature.

2.4  The Coupling Model of Stress Field, Seepage 
Field, Temperature Field and Chemical

(1) Stress Equilibrium Equation [32]
  Stress equilibrium equation of frozen zone in rock 

mass. Because of the low temperature and the low con-
tent of unfrozen water in the frozen area of rock mass, it 
is assumed that there is no unfrozen water in the frozen 
area of rock mass, so the effective stress coefficient of 
unfrozen water is 0. Therefore, the stress balance equa-
tion of frozen zone in rock mass is:

  Stress equilibrium equation in the freezing zone of 
rock mass. The rock mass in this state is composed of 
rock matrix, unfrozen water and solid ice. Therefore, 
the stress balance equation of rock mass in the frozen 
area is:

  Stress equilibrium equation of unfrozen rock mass. 
The temperature of the unfrozen zone is above the 
freezing point. In this state, the water in the pores of 
the rock mass is all liquid and there is no ice. The effec-
tive stress coefficient of the ice in the rock mass is 0. 
Therefore, the stress balance equation of the unfrozen 
area of rock mass is as follows:

(3)
{

Kijkl

[

𝜀kl − 𝛽r
(

Tr − Tro
)

𝛿kl
]

+ 𝛼ipi𝛿ij
}

j
+ 𝜌e ��⃗Xi = 0

(4)

{

Kijkl

[

𝜀kl − 𝛽r
(

Tr − Tro
)

𝛿kl
]

+
(

𝛼wpw + 𝛼ipi
)

𝛿ij
}

j
+ 𝜌e ��⃗Xi = 0

(5)

{

Kijkl

[

𝜀kl − 𝛽r
(

Tr − Tro
)

𝛿kl
]

+ 𝛼wpw𝛿ij
}

j
+ 𝜌e ��⃗Xi = 0

Fig. 6  Change cloud chart of equivalent von Mises stress under different freeze–thaw cycles
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(2) Chemical transfer equation [33]. In the form of ten-
sor, the chemical transfer equation can be obtained by 
introducing the hydrodynamic dispersion coefficient D.

3  Analysis of Calculation Results

3.1  Slope Stress Change Under Multi‑field Coupling

Figure 6 shows the change cloud chart of the equivalent von 
Mises stress of the slope with the number of freeze–thaw 
cycles in the freezing state under the action of multi-field 
coupling. Among them, Fig. 6a–d is change cloud charts of 
equivalent von Mises stress under 10, 20, 30 and 40 times 
of freeze–thaw cycles compared with 0 time of freeze–thaw 
cycle, respectively. The change cloud chart eliminates the 
effect of the stress redistribution caused by the initial stress 

(6)
�ci

�t
+ ∇ ⋅

(

−Di∇ci
)

+ u ⋅ ∇ci = Ri

field and reflects the changing process of frost heave force 
with the number of freeze–thaw cycles in the process of the 
freeze–thaw cycle. It can be seen from the figure that the 
freeze–thaw cycle has a great impact on the frost heave force 
of the slope. With the increase of the number of freeze–thaw 
cycles, the frost heave force on the slope increases gradually. 
In the early stage of freeze–thaw cycle, the frost heave force 
is small. In the middle and late stages of freeze–thaw cycle, 
the increase rate of frost heave force is accelerated. The main 
reason is that under the coupling action of hydrochemical 
solution and freeze–thaw cycle, the pore structure of the 
shallow slope rock mass is developed and the porosity is 
increased. It provides more channels for the pore water to 
enter the rock mass. The frost heave force of the slope rock 
mass near the surface is obviously greater than that far away 
from the surface. With the increase of the depth of the slope, 
the frost heave force decreases. The equivalent stress of the 
slope rock mass beyond a certain depth is close to 0 and it 
indicates that the frost heave effect of the shallow slope rock 
mass is more obvious.

Fig. 7  Change cloud chart of equivalent von Mises stress in a freeze–thaw cycle (20 times of freeze–thaw cycles)
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Figure 7 shows the frost heave force cloud chart of dif-
ferent months (early January, early April, early July and 

early October) in the 20th freeze–thaw cycle. Generally, 
the rock mass of the slope starts to melt around April and 

Fig. 8  Change cloud chart of displacements in the x direction of the slope under multi-field coupling

Fig. 9  Cloud chart of displace-
ments in the y direction of the 
slope under multi-field coupling
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freeze around October. From Fig. 6, it can be seen that the 
frost heave force of the slope in the frozen state is signifi-
cantly greater than that of the slope in the melted state, 
and the frost heave force of the slope in the melted state 
is almost 0. With the periodic change of the atmospheric 
environment temperature, the frost heave force of the shal-
low layer of the slope also changes.

3.2  Change of Slope Displacement Under 
Multi‑field Coupling

Figure 8 is a change cloud chart of the displacement of the 
slope in the x direction with the number of freeze–thaw 
cycles under multi-field coupling. Figure 9 is a cloud chart 
of displacements in the y direction under multi-field cou-
pling. In this paper, there are many factors that affect the 
displacement of the slope, including frost heave in the 
process of freeze–thaw cycle, hydrochemical corrosion of 
hydrochemical solution and gravity field of the slope itself. 
Among them, the gravity field of the slope itself has the 
greatest impact on the overall displacement of the slope. 
In the process of freeze–thaw cycle, frost heave and hydro-
chemical corrosion of hydrochemical solution also have 
certain influence on the displacement of slope under the 
action of gravity field, mainly reflected in the shallow layer 
of slope. This is not obvious in the displacement cloud chart, 
especially the displacement in y direction, with small differ-
ence. Therefore, the displacement cloud chart in the y direc-
tion of slope rock mass under 40 times of freeze–thaw cycles 
and the displacement change cloud chart in the x direction 
of slope under different freeze–thaw cycles are given here.

Under the action of freeze–thaw cycle, the displacements 
of shallow layers of slope also present obvious periodic frost 
heave and thaw collapse with the freezing and thawing of 
shallow rock mass. If the average temperature of the ambi-
ent environment is lower, the maximum freezing thickness 
affected by the freeze–thaw cycle is greater and the frost 
heave displacement caused by freezing of the rock mass is 
greater. The direction of this frost heave displacement is 
upward. It can be seen from the displacement cloud chart 
of the slope in the x direction under the multi-field cou-
pling that the displacements at the shallow slope toe and 
the slope top in the x direction are larger, while the dis-
placements at the left and right positions in the middle of 
the slope are relatively small. But with the increase of the 
number of freeze–thaw cycles, the displacement of the slope 
top gradually increases and extends along the slope to the 
middle and lower parts of the slope. It can be seen from the 
displacement cloud chart in the y direction under the multi-
field coupling that the displacement at the slope top in the 
y direction is the largest and the displacement at the bottom 
of the slope in the y direction is the smallest.

3.3  Changes of Slope Damage Under Multi‑field 
Coupling

The equivalent plastic strain is used to define the damage 
variable and the damage analysis of slope under multi-
field coupling is carried out. Figure 10 shows the damage 
cloud chart of the slope in the frozen state under different 
freeze–thaw cycles.

Figure 10 is a change cloud chart of the damage degree 
with the number of freeze–thaw cycles when the slope is in 
the frozen state under multi-field coupling. Figure 10a–d is 
damage change cloud charts after 10, 20, 30 and 40 times 
of freeze–thaw cycles, respectively. It can be seen from 
the figures that with the increase of freeze–thaw cycles, 
the damage degree of the slope increases obviously under 
multi-field coupling. After 10 times of freeze–thaw cycles, 
the damage degree of slope is not obvious. After 20 times 
of freeze–thaw cycles, obvious damage areas can be seen 
on the slope, which are mainly reflected in the slope toe 
and the shallow area parallel to the slope. When the slope 
undergoes 30 times and 40 times of freeze–thaw cycles, the 
damage areas gradually expand. The damage area at the 
slope toe is centered at the slope toe and gradually develops 
deeper into the slope. On the slope surface, the damage area 
develops deeper into the slope parallel to the slope surface, 
but the area with larger damage does not exceed the maxi-
mum freezing depth. This is because the freeze–thaw cycle 
only occurs above the maximum freezing depth. Under the 
repeated frost heaving, the damage of the slope rock mass 
in this range gradually accumulates, while the rock mass 
outside this range will not be affected by the freeze–thaw 
cycle. The rock mass is always in a melting state and the 
content of groundwater is low. The structure of rock mass is 
relatively complete and the flow of groundwater in the slope 
rock mass is also very slow. Therefore, the damage degree is 
very small. Compared with the damage degree of slope toe 
and shallow layer, it can be ignored. The damage evolution 
process of slope rock mass is consistent with the change law 
of its stress and displacement.

The damage of the slope is gradually accumulated under 
multi-field coupling, and the influencing factors are also var-
ious, mainly reflected in the frost heave damage caused by 
the freeze–thaw cycle, the hydrochemical corrosion damage 
caused by the acid water solution, and the damage caused by 
the stress field of the slope itself. The effects of these factors 
are very slow and can only be manifested under long-term 
cumulative effects.
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4  Stability Analysis of Rock Slope Under 
Multi‑field Coupling

The time effect characteristic of rock slope stability in the 
alpine region is very obvious. It is a dynamic equilibrium 
problem. The number of freeze–thaw cycles has a positive 
correlation with slope stability. With the increase of the 
number of freeze–thaw cycles, the possibility of potential 
landslide in the engineering area is greater. Under the action 
of freeze–thaw cycle, the rock mass in the seasonal frozen 
layer has the effect of frost heave and thaw shrinkage. The 
porosity of rock mass increases gradually, its mechanical 
parameters deteriorate gradually, and its potential slid-
ing surface is parallel to the slope surface. By using yield 
approach index (YAI) to study the stability of rock slope 
under multi-field coupling, it can well reflect the change rule 
of local damage degree of the shallow layer of the slope with 
time. Based on the theory of YAI, the slope stability is ana-
lyzed from the freezing, thawing and freeze–thaw process 
states of the shallow layer of the slope.

4.1  Stability Analysis of Rock Slope with Thawed 
Seasonal Frozen Layer

In July of each year, the average temperature of the project 
area is the highest, reaching about 30 °C. The pore water of 
the whole slope is in a state of melting and flowing, with the 
fastest flow rate and the largest hydrochemical reaction rate. 
The stability of rock slope is studied in July every year when 
the seasonal frozen layer is thawed.

YAI is used to express the damage degree at a certain 
point of the study object. For the local stability analysis of 
slope under the multi-field coupling, it can select the area 
with greater impact on the seasonal frozen layer slope for 
analysis. Generally, YAI ≤ 0.6 is the selection standard. The 
local YAI can be expressed as:

In the formula Yi—YAI of each study unit; Vi—the volume 
of the YAI corresponding to the study unit.

(7)YAI
local

=

n
∑

i=0

YiVi

n
∑

i=0

Vi

Fig. 10  Change cloud chart of slope damage under multi-field coupling
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The smaller the value of YAI is, the greater the damage 
degree is. Gao Liyan, Li Guofeng, etc. [34, 35] pointed out 
that when YAI ≥ 0.2, this point is in a temporary safe state. 
0.2 < YAI ≤ 0.6 indicates a damaged area, 0 < YAI ≤ 0.2 indi-
cates an area close to damage, and YAI = 0 indicates that it 
has been damaged.

Figure 11 shows the change curve of local YAI with the 
number of freeze–thaw cycles in thawed state of slope. It can 
be seen from the figure that with the increase of the num-
ber of freeze–thaw cycles, the YAI of the slope gradually 
decreases. When the number of freeze–thaw cycles reaches 
40, the YAI of the slope reaches 0.3 and remains stable. 
Although the local YAI is more than 0.2, the YAI of some 
study units has been less than 0.2 or even equals to 0. It 
indicates that after 40 times of freeze–thaw cycles, some 
parts of the slope have been in a state of damage or critical 
damage and the slope may be unstable.

Figure 12 shows the cloud chart of slope displacement in 
x direction under 40 times of freeze–thaw cycles. It can be 
seen from the figure that when the YAI of the slope reaches 
0.3, the maximum displacement in x direction of the slope 
surface closer to the slope toe reaches 7.6 mm, with a larger 
displacement increment. Figure 13 shows the cloud chart 
of slope damage under 40 times of freeze–thaw cycles. It 
can be seen from the figure that when the YAI of the slope 
reaches 0.3, the damage degree of the slope at the position 
where the slope surface is closer to the foot of the slope is 
the largest. The results of displacement change and dam-
age change of slope are consistent with those of local YAI 
curves. Therefore, when the number of freeze–thaw cycles 
reaches 40, the slope is likely to lose stability and protective 
measures need to be taken.

4.2  Stability Analysis of Rock Slope with Frozen 
Seasonal Frozen Layer

In January of each year, the average temperature in the pro-
ject area is the lowest, reaching about—7.6 °C. The pore 
water in the shallow layer of the whole slope is frozen and 
the hydrochemical reaction has stopped. When the seasonal 
frozen layer of rock slope is frozen, the stability of the slope 
is studied according to the research standard of January 
every year. Figure 14 shows the change curve of local YAI 
with the number of freeze–thaw cycles in frozen state of 
slope. It can be seen from the figure that with the increase 
of the number of freeze–thaw cycles, the YAI of the slope 
decreases gradually. When the number of freeze–thaw cycles 
reaches 40, the YAI of the slope reaches 0.376. Compared 
with Fig. 11, it can be found that the YAI of the frozen 
slope is significantly greater than that of the thawed slope, 
indicating that the frozen slope is more stable and less prone 
to instability.
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Fig. 11  Change curve of local YAI with the number of freeze–thaw 
cycles in thawed state of slope

Fig. 12  Cloud chart of slope 
displacement in X direction in 
the thawed state under 40 times 
of freeze–thaw cycles
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Figure 15 shows the cloud chart of slope displacement in 
X direction in the frozen state under 40 times of freeze–thaw 
cycles. It can be seen from the figure that the maximum dis-
placement in X direction of the slope surface closer to the 
slope toe reaches 9.7 mm, with a larger displacement incre-
ment. This is larger than the X direction displacement incre-
ment at the same position in the thawed state. It is caused 
by the frost heave effect in the frozen state. Figure 16 shows 
the cloud chart of slope damage in the frozen state under 40 
times of freeze–thaw cycles. It can be seen from the figure 
that the damage degree of the slope surface closer to the 
slope toe and the shallow layer of the slope is the largest, but 
the possibility of instability is small due to its frozen state. 
Therefore, when the number of freeze–thaw cycles reaches 

Fig. 13  Cloud chart of slope 
damage in the thawed state 
under 40 times of freeze–thaw 
cycles
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40, the stability of the slope in the frozen state is stronger 
than that in the thawed state.

4.3  Effect of Freeze–Thaw Cycle on Slope Stability 
Under Multi‑field Coupling

Taking the 20th freeze–thaw cycle as the research object, 
the stability of rock slope in a freeze–thaw cycle is ana-
lyzed. Figure 17 shows the change curve of local YAI of 
slope rock mass with months in a freeze–thaw cycle. It can 
be seen from the figure that the stability of the freeze–thaw 
slope has a very significant timeliness. With the increase 
of the freezing depth, the stability of the slope is enhanced, 
and with the increase of the melting depth, the stability of 
the slope is gradually weakened. Therefore, it is necessary 
to select appropriate research standards for slope stability 
analysis under multi-field coupling. In this paper, the worst 

time of slope stability in a year (i.e., July) is selected as the 
research standard to analyze the stability of the engineering 
slope. It is consistent with the conclusion of the engineering 
geological report.

5  Conclusion

In this paper, COMSOL Multiphysics numerical simu-
lation software and numerical simulation methods are 
adopted. Based on the coupling theory of rock stress 
field, seepage field, temperature field, and chemical field, 
and field test data, the stability of rock slope under the of 
multi-field coupling is studied under the research back-
ground of the highway slope of Jinghe to Yining County 
of G577 line. Combining local meteorological data such 
as temperature change range, rainfall range, pH value of 
acid rain and geological investigation reports, the stability 
of rock slope under the multi-field coupling is studied. The 
change law of the relevant parameters such as the stress, 
temperature, deformation and damage of the highway 
slope in the engineering area is studied, and the stability 
of the highway slope in the engineering area is analyzed. 
It provides a certain theoretical basis for the engineering 
construction in the cold area. With the increasing com-
plexity of cold region engineering, the research on the cold 
region engineering problem under the action of multi-field 
coupling will be paid more attention. The conclusion is 
as follows:

(1) According to the geological investigation report and 
meteorological data, the temperature variation equa-
tion of the project area with time is obtained. Based 
on the study of multi-field coupling theory, the appro-
priate numerical calculation parameters, initial values 

Fig. 16  Cloud chart of slope 
damage in the frozen state under 
40 times of freeze–thaw cycle

0 2 4 6 8 10 12
0.32

0.33

0.34

0.35

0.36

0.37

0.38

0.39

Lo
ca

l Y
A

I

Month
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and boundary conditions (including thermodynamic 
conditions, seepage conditions and hydrochemical 
conditions) are selected to establish the numerical cal-
culation model, and the rationality of the numerical 
calculation model is verified.

(2) According to the established numerical calculation 
model, the maximum frozen thickness of the slope 
is 1.7 m. The change law of stress, displacement and 
damage of the slope in the engineering area under the 
multi-field coupling is studied. With the increase of the 
number of freeze–thaw cycles, the stress field and dis-
placement field of the shallow layer of the slope change 
accordingly, and the damage gradually accumulates.

(3) Based on the evaluation method of the YAI of slope 
stability, the slope stability analysis is carried out. The 
stability of the slope is analyzed from the freezing, 
thawing and freeze–thaw process states of the shallow 
layer of the slope.
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