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Abstract: In order to study the bearing safety and influencing factors of the support structures of
hydraulic tunnels in cold regions under the action of low-temperature frost heave, a mechanical
model of the support structure and surrounding rock was established. Taking a hydraulic tunnel
of a hydropower station in Xinjiang as the research object, a combination of field measurement and
a numerical simulation method was adopted to study the bearing safety of the support structure
during a period of freezing weather. Based on this model, the effects of different thermal expansion
coefficients, temperature differences, and surrounding rock porosity on the bearing safety of the
support structure in the low-temperature region were studied. From the calculation results, it was
concluded that the simulation results of the numerical model established by using the mechanical
model in this paper were in good agreement with the actual measurement results of the project. The
circumferential freezing and compressive stresses at the arch waist of the supporting structure of
the project were the largest, and significant plastic strain was generated near the arch waist. The
displacement at the arch of the supporting structure was the largest, while the weak points were at
the arch waist and arch top of the supporting structure. The coefficient of thermal expansion, greater
temperature difference, and increased porosity of the surrounding rock all led to an increase in the
rock freezing and swelling force to varying degrees, thus reducing the load-bearing safety of the
supporting structure. The research results could provide a theoretical basis and a reliable mechanical
and numerical simulation model for establishing the bearing safety of tunnels in the cold region.

Keywords: cold region tunnel; support structure; frost heave force; bearing safety; field measurement;
numerical simulation

1. Introduction

Under the “One Belt, One Road” construction initiative, the construction of hydraulic
tunnels in the cold region of western China is gradually increasing, and the impact of low-
temperature frost heave on the tunnels is becoming more prominent. The lining structure
is divided into two types, due to the frost heave damage that can occur outside and inside
the wall. Frost heave increases the stress difference in the lining, which is one of the main
ways it damages tunnels in cold regions [1–6]. The study of the load-bearing safety of the
supporting structures under frost heave and its influencing factors is of great significance
for the prevention of tunnel frost heave damage in cold regions.

At present, shotcrete support is widely used in the construction of tunnels and other
tunnel projects in cold regions. In recent years, many scholars have conducted research on
the strength and load-bearing capacity of low-temperature concrete supporting structures.
Among them, Li Yan et al. [7] determined the strength development rule of concrete at
−10 ◦C under standard curing conditions through experiments, and obtained the calcula-
tion formula of its early maturity through calculation; Dai Jinpeng et al. [8] directly used
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exponential function, hyperbolic function, and logarithmic function models to establish the
relationship between compressive strength and maturity under standard curing conditions,
and obtained the calculation formula for predicting concrete strength at different maturity
under low temperature curing conditions; Li Wei et al. [9] studied the change rule of the
initial thermal conductivity of concrete support structure with the number of freeze–thaw
cycles through numerical simulation. The force changes in the supporting structure caused
by tunnel frost heave in cold regions are mainly due to the action of frost heave pressure
generated by in-situ water freezing in the surrounding rock [10]. Feng Qiang and Lv Zhitao
et al. [11–13] deduced the elastic-plastic analytical solution of the tunnel surrounding rock
and support structure under the action of isotropic and anisotropic frost heave. Peng Xiaoli
et al. [14] analyzed the change law of surrounding rock freezing circle and frost heave force
with time and temperature under the effect of low-temperature water–ice phase change
through theoretical calculation and numerical simulation. However, the above theoretical
analysis assumes that the support structure is an elastic material, which can calculate the
force situation of the support structure but cannot determine its bearing safety. There-
fore, Zeng Yu et al. [15] converted the constitutive model in the design code of concrete
structures to make it correspond to the concrete damaged plasticity constitutive model in
ABAQUS. The availability of using plastic strain values to determine the plasticity parame-
ters of concrete damage for various strength classes was determined by calculation and
experiment. Qi Hu et al. [16] carried out the secondary development of the elastic-plastic
constitutive model in ABAQUS through the subroutine UMAT. The elastic-plastic damage
constitutive model can reflect the failure process of the structure in real-time, which is
convenient for the analyst to grasp the failure form of the structure intuitively. To address
the influence of frost heave and supporting structure forces, Yu Qingyang et al. [17] derived
the analytical equation for frost heave pressure in cold region tunnels based on the overall
frost heave mechanical model of the freeze–thaw circle. The analytical equation of frost
heave pressure in cold region tunnels was derived and the effect of different influencing
factors on frost heave pressure was investigated by using the control variable method.
From the results, it is concluded that the frost heave rate has the greatest influence on frost
heave pressure, followed by the frost heave depth, while the thickness of the lining has the
least influence. Zhang Yuwei et al. [18] established the frost heave model of the broken
circle and used the control variable method to analyze the relationship between the frost
heave force and influencing factors. They concluded that the influence of factors on frost
heave force was: freezing depth > frost heave rate of freeze–thaw circle > elastic equivalent
resistance coefficient of lining. At present, research on hydraulic tunnels in cold regions
mainly focuses on the strength and bearing capacity of the concrete supporting structures
under low-temperature frost heave, the stress change of the supporting structure, and the
factors that influence partial frost heave and supporting structures. There is less research
on the bearing safety of supporting structures under low-temperature frost heave.

In this paper, based on previous research, the supporting structure of a cold region
hydropower station transmission tunnel in Xinjiang is taken as the research object, and the
frost heave of the supporting structure of the tunnel is numerically simulated, with the
monitoring temperature value of the tunnel used as the temperature field variable. The
stresses and strains on the supporting structure are used to determine its load-carrying
safety. The effects of the thermal expansion coefficient, temperature difference, and initial
porosity on the bearing safety of the supporting structure of the surrounding rock are also
calculated and analyzed in order to provide a theoretical basis and a reliable mechanical
and numerical simulation model for the bearing safety of tunnels in cold regions.

2. Establishment of Mechanical Model and Numerical Simulation Model
2.1. Constitutive Model of Support Structure

During tunnel construction in cold regions, concrete sprayed with antifreeze is usually
used to provide the initial support for the tunnel. However, the supporting material may be
damaged due to the low tensile strength during the process of low-temperature frost heave.
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In this scenario, the linear elastic model cannot accurately describe the failure process
of concrete, resulting in a large error in numerical simulation results. The elastic-plastic
model in the finite element software can accurately describe the change process of concrete
from the elastic stage to the yield stage and then to the plastic stage according to the
imported stress–strain relationship [19]. Therefore, the stress–strain curve of the concrete
was determined through experiments, and the corresponding values of stress and strain
were imported into finite software to construct an elastic-plastic constitutive model of the
concrete support structure.

2.2. Basic Assumptions

The water–ice phase change produces expansion and generates frost heave force under
the constraints of support and unfrozen surrounding rock, as shown in Figure 1.
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Figure 1. Schematic diagram of lining structure under frost expansion force.

The bearing safety analysis of tunnels is closely related to the freezing process of the
surrounding rock mass. However, since the process of the low-temperature freezing of the
rock mass involves the interaction of multiphase media, the microscopic change process is
complex and difficult to simulate. This paper uses temperature field as the field variable to
study the change of the stress field. The relevant assumptions in the study are as follows:

(1) Both support structure and surrounding rock are composed of ideal materials with
continuous, uniform, and isotropic characteristics.

(2) The phase change occurs in a temperature range around Tm (Tm ± ∆T).
(3) After two-dimensional plane analysis on tunnels in cold regions, the problem of the

axial length of the tunnel much larger than the cross-sectional size can be regarded as
a plane strain problem.

(4) The porosity of the surrounding rock remains unchanged during the freezing process
and the surrounding rock is always in a saturated state.
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2.3. Temperature Field Control Equation

The frost heave problem of tunnels in cold regions is due to the freezing and expansion
of in-situ pore water caused by the decrease in temperature in the tunnel during the
freezing period. In addition, under the action of the temperature gradient, the water in the
unfrozen area flows continuously to the frozen area through the seepage channel, resulting
in a greater frost heave effect. The expansion of the surrounding rock in the frozen area
is constrained by the support structure and the unfrozen surrounding rock, which will
produce frost heave force. Therefore, the fundamental reasons for the frost heave of the
rock surrounding the tunnels are the effect of low temperature, the water–ice phase change,
and water migration in the rock mass. The temperature field equation considering the
water–ice phase transition and water migration must be established to study the bearing
safety of tunnels in cold regions.

According to reference [20], the control equation of the temperature field in the frozen
area, considering the phase change of water–ice and water migration, can be expressed as:

C f
∂T
∂t

+ ρwL f
∂θw

∂t
+∇ ·

(
−λ f

∂T
∂n

)
+ [(νw · ∇)(ρwCwT)] = Qλ (1)

where ρw and Cw are the density and specific heat capacity of water, respectively; vw is
the seepage velocity of water; Lf is the latent heat of the water–ice phase change; θw is
the volume fraction of water; and λf and Cf are the thermal conductivity and specific
heat capacity of the rock mass in the frozen area, respectively. Qf is the heat generated or
consumed by the control body due to heating or exothermic heat in the frozen area.

The control equation of the temperature field of the surrounding rock in the unfrozen
and frozen areas is consistent with the structure of the frozen area, except that there is no
latent heat term of phase change. Therefore, the control equation of the temperature field
of the surrounding rock in the unfrozen area is:

Cu
∂T
∂t

+∇ ·
(
−λu

∂T
∂n

)
+ [(νw · ∇)(ρwCwT)] = Qu (2)

where λu and Cu are the thermal conductivity and specific heat capacity of the rock mass in
the unfrozen area, respectively. Qu is the heat generated or consumed by the control body
due to heating or exothermic heat inside the unfrozen area.

In order to enhance the convergence of numerical calculation, Equation (1) can be
rewritten as:(

C f + ρwL f
∂θw

∂t

)
∂T
∂t

+∇ ·
(
−λ f

∂T
∂n

)
+ [(νw · ∇)(ρwCwT)] = Q f (3)

Equations (2) and (3) have the same form and can be combined as follows:

Cet
∂T
∂t

+∇ ·
(
−λet

∂T
∂n

)
+ [(νw · ∇)(ρwCwT)] = Q (4)

where Cet is the apparent specific heat of surrounding rock; and λet is the apparent thermal
conductivity of surrounding rock.

At present, the apparent heat capacity method is commonly used in the finite element
analysis of geotechnical transformation problems [21]. According to the research on the
initial freezing temperature of surrounding rock in reference [22], the initial freezing
temperature is determined to be −3 ◦C, based on the porosity and salt content of the rock
surrounding the tunnel. Considering the water–ice phase change inside the rock mass,
according to the change of finite element parameters with temperature, the in-situ water
below −3 ◦C is considered in a frozen state. The thermal conductivity and specific heat
capacity of the rock mass are λu and Cu, respectively. The in-situ water with a temperature
above 0.5 ◦C is in an unfrozen state, and the thermal conductivity and specific heat capacity
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of the rock mass are λf and Cf, respectively. When the temperature is between −3 ◦C and
0.5 ◦C, the in-situ water is considered in a freeze–thaw state and the expression for thermal
conductivity is:

Cet =


C f , T < −3 ◦C

L f
2∆T +

C f +Cu
2 ,−3 ◦C

Cu, T > 0.5 ◦C

≤ T ≤ 0.5 ◦C (5)

λet =


λ f , T < −3 ◦C

λ f +
λu−λ f

2∆T [T − (Tm − ∆T)],−3 ◦C ≤ T ≤ 0.5 ◦C

λu, T > 0.5 ◦C

(6)

2.4. Calculation Equation of Frost Heave Force of Frozen Rock Mass

When the temperature of the rock mass is lower than the freezing temperature, frost
heave occurs, and the frost heave force is the extrusion force on the crack wall of the rock
mass caused by the expansion of ice volume of the low-temperature crack water. Therefore,
according to reference [23], Equation (7) is selected as the expression of the frost heave force
of the frozen rock mass as follows:

Pf =
ki − 1

ki
Ki

T +
(

a
b −

1−vsT

2

)
1

GsT(1+vsT)

(7)

where Pf is the frost heave force in the freezing process; ki = (1 + βuT)(1 − ζ) is the volume
expansion coefficient of fissure water considering water migration; Ki

T = Ei
T/(1 − 2vi

T)/3
is the bulk modulus of fissure ice; Ei

T and νi
T are the elastic modulus and Poisson’s ratio of

ice at temperature T, respectively; a and b are the long and short axes of the fracture section,
respectively; Gs

T = Es
T/(1 − vs

T)/2 is the shear modulus of the rock mass at temperature T;
and Es

T and vs
T are the elastic modulus and Poisson’s ratio of the rock mass at temperature

T, respectively.

2.5. Establishment of Numerical Simulation Model

This paper relies on the mechanical model established in a previous paper and uses
the actual engineering monitoring values as the reference variables. By adjusting the
parameters, the finite element software is able to simulate the frost heave of the tunnel
accurately. The stresses and plastic strains of the supporting structure are analyzed to
determine the load-carrying safety of the supporting structure.

According to the analytical theory of Zheng Yingren et al. [24], it is known that taking
a range of five times the cavern diameter around the circular tunnel can meet the practical
problem of solving the stress and displacement analysis of the tunnel. Therefore, the
calculation range of the surrounding rock is 33 m × 33 m, and the grid division of the
model is shown in Figure 2. Zhang Yuwei et al. [25] studied the spatial and temporal
distribution law of tunnel frost heave in cold regions based on the temperature field, and
derived a formula for the calculation of the freezing depth in 2018. Based on this model
and research results, the outer boundary of temperature field of the model in this paper
was identified as the unfrozen constant temperature boundary, and its size was determined
according to the ground temperature value of the buried depth of 20 ◦C. The inner boundary
of the model temperature field was the gas–solid convection heat transfer boundary, the
convective heat transfer coefficient was 39.96 W/(m2·◦C), and the ambient temperature was
taken from the temperature monitoring value inside the tunnel. According to assumption
(4), the in-situ water in the surrounding rock was set to a saturated state. No seepage source
was set because only the phase change of in-situ water was considered and the seepage
was not considered. The model displacement boundary was set to be fully constrained at
the bottom, the left and right boundaries were normal constraints, and the upper part was



Buildings 2023, 13, 544 6 of 17

a free boundary. Load additions to the model included self-weight stress, pore stress, and
pressure on the upper boundary from the upper surrounding rock.
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3. Comparative Analysis of Engineering Measurement and Calculation Results
3.1. Project Overview

Permafrost and seasonally frozen soil are widely distributed in Xinjiang, and the frost
heave problem of water conservancy projects in this region is more prominent.

The hydraulic tunnel of the hydropower station in Xinjiang is located at the edge of
the ice and is in a mountainous area with structural erosion, which is a typical project for
tunnels in cold regions. The excavation section of the hydraulic tunnel is circular, and the
rock mass of the tunnel monitoring section is class IV surrounding rock with a burial depth
of 156 m. Its compressive strength is 18.23 MPa, and its tensile strength is 1.81 MPa. Based
on engineering data, indoor model test, and concrete design specification, the relevant
parameters of the surrounding rock and support structure are shown in Table 1.

Table 1. Physical and mechanical parameters.

Materials Density/
(kg/m3)

Elastic
Modu-

lus/GPa

Poisson’s
Ratio

Thermal
Conduc-

tivity/
(w/(m·◦C)

Specific
Heat

Capacity/
(J/(kg·◦C)

Cohesion/
MPa

Internal
Friction
Angle

/(◦)

Porosity
Ultimate

Plastic
Strain

Support
structure 2400 30 0.2 1.8 960 3.18 60.3 0.16 3.3 × 10−3

frozen rock 2156 4 0.29 3.5 1150 0.61 36 0.21 3 × 10−3

unfrozen
rock 2156 3.2 0.33 2.9 1350 0.68 32 0.21 3 × 10−3

The measured values of frost heave during the low-temperature period of the hydraulic
tunnel of this hydropower station are shown in Table 2.

Table 2. Measured values of frost heave in the hydraulic tunnel.

Section

Monthly
Average

Temperature
T/◦C

Maximum
Freezing
Depth/m

Freeze Dis-
placement

∆h/cm

Frost Heave
Rate η/%

Frost Heave
Force p/MPa

Vault
−16.3

1.56 13.4 8.59 0.44
Arch waist 1.48 10.1 6.82 0.68

Arch bottom 1.51 10.9 7.22 0.41
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3.2. Comparative Analysis

The volume expansion of the pore water in low-temperature rock mass produces the
frost heave force that acts as a load on the support structure. Therefore, the frost heave
force is the intuitive influencing factor of the frost heave effect on tunnel in cold regions on
the bearing safety of the support structure. The effect of frost heave on the bearing safety of
the support structure can be obtained from the change of the force of the support structure
with the frost heave force.

In this paper, according to Yang Qing et al. [26], we used the method of subtracting
the initial in-situ stress from the calculation result of the nodal stress to arrive at the frost
heave force caused by the temperature drop of the frozen rock, thus obtaining the annular
distribution of the frost heave force of the rock mass in the monitoring section through
numerical calculation, as shown in Figure 3.
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Comparing the simulated values with the measured values in Table 2, the errors of
frost heave pressure at the top, waist, and bottom of the arch are 0.04 MPa, 0.06 MPa, and
0.07 MPa respectively. The overall error is small, which indicates that the accuracy of the
simulation results of the numerical model established by using the mechanical model in
this paper is good.

The numerical simulation results of the temperature field, displacement field, stress,
and plastic zone of the monitoring section of the project are shown in Figure 4. Taking
[−3 ◦C, 0.5 ◦C] as the freeze–thaw interval and the surface formed at −3 ◦C in the tem-
perature field as the freezing front, the freezing depth of the rock mass can be obtained.
The temperature field distribution of surrounding rock can then be obtained by inversion
through the freezing depth. Whether the frost heave amount is similar to the measured
value can be determined by the displacement field of the support structure to evaluate the
accuracy of the model. The bearing safety of the support structure can be examined by
comparing the stress and plastic strain obtained by taking the temperature field as a field
variable with the allowable strength value and ultimate plastic strain.

A comparison of the measured results of the project and the numerical calculations
shows the following.

(1) The freezing depth of the rock is 1.54 m. The temperature field of the rock is dis-
tributed in a circular pattern and the temperature become higher with greater distance
from the cave wall. The freezing depth in the numerical simulation is consistent in all
directions, while the measured freezing depth varies slightly in different directions.
The maximum error between the numerical simulation and the measured freezing
depth is 4.1% at the waist of the arch. This is mainly due to the fact that the surround-
ing rock and supporting structure are considered to be homogeneous in all directions
in the numerical simulation. Conditions such as joints and seepage are not considered.
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(2) The displacement range of the support structure is 9.23~14.85 mm, which first de-
creases and then increases along the vault to the arch bottom. The frost heave at the
vault is 14.85 mm, which is 10.8% higher than the measured value. The frost heave
at the arch waist is 10.76 mm, which is 6.5% higher than the measured value. The
frost heave at the arch bottom is 11.17 mm, which is 2.5% higher than the measured
value. This is because the model assumes that the surrounding rock is always in a
saturated state. The displacement value caused by the freezing and expansion of pore
water inside the rock mass is larger than the measured value, but the overall error is
controllable.

(3) The stress of the support structure is all compressive stress in the range of
11.45~15.96 MPa. The stress first increases and then decreases from the vault to
the arch bottom. The maximum compressive stress at the arch waist is 15.96 MPa,
and does not reach the compressive strength of the support structure of 18.23 MPa.
It can be seen from the cloud diagram of plastic strain that the arch waist section of
the support structure enters a plastic state, and the maximum plastic strain is also at
the arch waist, which is 1.976 × 10−3 and does not reach the ultimate plastic strain
of 3.3 × 10−3.

Buildings 2023, 13, x FOR PEER REVIEW 8 of 18 
 

of the simulation results of the numerical model established by using the mechanical 
model in this paper is good. 

The numerical simulation results of the temperature field, displacement field, 
stress, and plastic zone of the monitoring section of the project are shown in Figure 4. 
Taking [−3 °C, 0.5 °C] as the freeze–thaw interval and the surface formed at −3 °C in the 
temperature field as the freezing front, the freezing depth of the rock mass can be ob-
tained. The temperature field distribution of surrounding rock can then be obtained by 
inversion through the freezing depth. Whether the frost heave amount is similar to the 
measured value can be determined by the displacement field of the support structure to 
evaluate the accuracy of the model. The bearing safety of the support structure can be 
examined by comparing the stress and plastic strain obtained by taking the temperature 
field as a field variable with the allowable strength value and ultimate plastic strain. 

  

(a) (b) 

  
(c) (d) 

Figure 4. Numerical calculation results. 

A comparison of the measured results of the project and the numerical calculations 
shows the following. 

(1) The freezing depth of the rock is 1.54 m. The temperature field of the rock is dis-
tributed in a circular pattern and the temperature become higher with greater distance 
from the cave wall. The freezing depth in the numerical simulation is consistent in all 
directions, while the measured freezing depth varies slightly in different directions. The 
maximum error between the numerical simulation and the measured freezing depth is 
4.1% at the waist of the arch. This is mainly due to the fact that the surrounding rock and 
supporting structure are considered to be homogeneous in all directions in the numeri-
cal simulation. Conditions such as joints and seepage are not considered. 

(2) The displacement range of the support structure is 9.23∼14.85 mm, which first 
decreases and then increases along the vault to the arch bottom. The frost heave at the 
vault is 14.85 mm, which is 10.8% higher than the measured value. The frost heave at the 
arch waist is 10.76 mm, which is 6.5% higher than the measured value. The frost heave at 
the arch bottom is 11.17 mm, which is 2.5% higher than the measured value. This is be-
cause the model assumes that the surrounding rock is always in a saturated state. The 

Figure 4. Numerical calculation results.

Therefore, combined with the engineering measurement results and numerical calcu-
lation results, it can be judged that the tunnel supporting structure in this cold region has
sufficient load-bearing capacity in this low-temperature section, and it can guarantee load-
bearing safety before the secondary support. When assessing the safety of other similar
cold region tunnel supporting structures, the mechanical model and numerical simulation
model in this paper can be used and the reliability of the results obtained is high.

4. Analysis of Influencing Factors on Mechanical Characteristics of Support Structures

The thermal expansion coefficient, internal and external temperature difference, and
surrounding rock porosity have important effects on the frost heave conditions of tunnels in
cold regions and the bearing safety of support structures. The above-mentioned method for
analyzing the bearing safety of support structures based on frost heave is used to analyze
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the influence of these three factors on the bearing characteristics of support structures
under the effect of frost heave.

4.1. Influence of Thermal Expansion Coefficient on the Force of Support Structure

When the temperature field and other conditions were kept constant, the thermal
expansion coefficient α was set to 3× 10−6/◦C, 5× 10−6/◦C, and 7× 10−6/◦C, respectively
to obtain the annular distribution of the frost heave force of the rock mass using the single
factor analysis method, as shown in Figure 5. The effect of changing the thermal expansion
coefficient on the bearing characteristics of the support structure is shown in Figure 6.
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From Figures 5 and 6, when the temperature field is constant and the freezing depth
does not change, the frost heave increases with the increase of the thermal expansion
coefficient. It shows that the frost heave rate is proportional to the thermal expansion
coefficient. The compressive stress at the arch waist of the support structure gradually
increases from 15.59 MPa to 16.65 MPa with the increase of the thermal expansion coefficient.
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This result is consistent with the conclusion of the frost heave analysis of channel concrete
lining studied by Wang Zhengzhong et al. [27]. The compressive stress at the vault and arch
bottom decreases from 11.99 MPa and 11.24 MPa to 11.67 MPa and 11.71 MPa, respectively.
This is because the increase of the thermal expansion coefficient leads to an increase in
the expansion value of water freezing, and the frost heave force in all directions becomes
greater. The extrusion effect in the vertical direction becomes more obvious, which is
manifested as a larger displacement change at the arch bottom than that at the arch waist,
leading to partial tensile stress at the vault and arch bottom to offset the compressive stress.
The compression at the arch waist increases the compressive stress, making the compressive
stress at the arch waist constantly approach the compressive strength value of the support
structure. The plastic zone of the support structure does not extend significantly with
the increase of the thermal expansion coefficient, but the plastic strain at the arch waist
gradually increases. Therefore, it is considered that the increase of the thermal expansion
coefficient leads to the increase of the frost heave force and thus reduces the bearing safety
of the support structure.

4.2. Influence of Temperature Difference on the Force of Support Structure

When the thermal expansion coefficient and other parameters were kept constant,
we set the temperature in the tunnel to −10 ◦C, −20 ◦C, and −30 ◦C, and the internal
temperature of surrounding rock at the buried depth to 20 ◦C, so the temperature difference
∆T between the inside and outside was 30 ◦C, 40 ◦C, and 50 ◦C, respectively. Then, the
annular distribution of the frost heave force of the rock mass under different temperature
differences was obtained by numerical calculation, as shown in Figure 7. The effect of
changing the temperature difference on the mechanical characteristics of the support
structure is shown in Figure 8.
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From Figures 7 and 8, it can be seen that the temperature difference of the rock mass
changes the temperature field. As the temperature in the tunnel gradually decreases from
−10 ◦C to −30 ◦C, the freezing depth of the rock mass increases from 0.73 m to 3.06 m,
and the frost heave force also gradually increases from annular to elliptical distribution.
The displacement of the support structure and the temperature difference are proportional.
The displacement at the vault is the largest and gradually decreases along the annular
direction, reaching the minimum at the arch waist, and then increasing to the arch bottom.
The displacement range changes from 8.96~14.70 mm to 9.52~15.16 mm. The reason for
the increase in the displacement is that the increase of the freezing depth leads to the
increase of the expansion zone and the accumulated expansion caused by the water–ice
phase transition. The stress of the support structure is proportional to the temperature
difference, because the expansion area caused by the water–ice phase change increases
with the increase of the freezing depth, and the compression in the vertical direction and
the contraction in the horizontal direction of the support structure increase together with
the self-weight and the lateral constraint of the model, resulting in the compressive stress
of the support structure at each position along the annular direction increasing gradually.
According to the changing law of plastic strain of the support structure, the maximum
plastic strain value is proportional to the temperature difference. Therefore, the decrease in
the temperature inside the tunnel leads to an increase in the freezing depth and the increase
of frost heave force, which causes an increase in the overall stress of the support structure
and has a negative impact on the bearing safety of the support structure.

4.3. Influence of Surrounding Rock Porosity on Supporting Structure Stress

Keeping other parameters such as the thermal expansion coefficient constant, the
porosity n of the surfacing rock is set to 0.13, 0.23, and 0.33 respectively. Numerical
calculations are carried out to obtain the annular distribution of frost heave pressure
for different surfacing rock porosities, as shown in Figure 9. The effect of varying the
porosity of the surfing rock on the force characteristics of the supporting structure is shown
in Figure 10.

From Figures 9 and 10, the variation law of the displacement of changing the initial
porosity is consistent with that of changing the thermal expansion coefficient. However,
the stress change of the support structure increases with the increase of porosity in the
whole annular direction. This is because the rock mass is assumed to be always in a
saturated state, and increasing the porosity is equivalent to increasing the water content of
the rock mass. Under the same frozen domain, the higher the water content, the greater
the expansion caused by the water–ice phase change, and the greater the frost heave force.
This results in a greater force on the support structure, a greater overall displacement of the
support structure, and a greater maximum plastic strain value of the rock mass, which is
unfavorable to the bearing safety of the supporting structure.
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5. Conclusions

This paper establishes a mechanical model considering frost heave, uses engineering
measurements combined with numerical simulations, and analyzes the load-bearing safety
of the supporting structure during the freezing period. The influence of different factors
on the load-bearing characteristics of the supporting structure is also analyzed and the
following conclusions are drawn.

(1) The measured monthly average temperature of the project, −16.3 ◦C, is used for the
numerical calculation. The results show that the maximum compressive stress of the
supporting structure is located at the arch waist, which is 15.96 MPa. Although it
does not exceed the compressive strength of the concrete, a plastic zone is created at
the arch waist. Therefore, attention should be paid to strengthening the compressive
measures at the arch waist during the secondary support construction to prevent the
arch waist from cracking due to compressive deformation. The overall displacement
trend of the supporting structure is inward contraction. The displacement of the top
of the arch sinking is the largest, at 14.85 mm. The displacement of the bottom of
the arch is in the middle of the range, at 11.17 mm. The shrinkage displacement of
the arch waist is the smallest, at 10.76 mm. During the construction of the support,
attention should be paid to strengthening the displacement control measures at the
top of the arch.

(2) After analyzing the coefficient of thermal expansion, temperature difference, and
porosity of the surrounding rock, three factors affecting tunnel frost heave and force
characteristics of cold regions can be obtained as follows. When other parameters
are constant, the larger the thermal expansion coefficient, the larger the frost heave
pressure of the rock mass, the larger the heave rate of the supporting structure, the
larger the stress value and plastic strain at the haunch, and the more unfavorable
the bearing safety. Moreover, a greater temperature difference leads directly to an
increase in the freezing depth, meaning that the frost heave pressure also increases,
and the displacement of the supporting structure gradually increases, leading to more
unfavorable load-bearing safety. When the surrounding rock porosity is larger, the
higher the water content of the rock mass, the greater the amount of expansion gener-
ated by the freezing, the greater the frost heave pressure, the greater the displacement
and stress–strain value of the supporting structure, and the more unfavorable the
bearing safety.

(3) By increasing the strength of the supporting structure, actively or passively insulating
the structure and installing effective drainage measures, the frost heave rate of the
supporting structure can be reduced, the temperature difference reduced and the
water content reduced, thus effectively enhancing the load-bearing safety of the
supporting structure.

(4) The accuracy of the simulation results of the numerical model established by using the
mechanical model in this paper is good, and the agreement between the engineering
measured results and the numerical calculation results is high. When assessing the
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safety of other tunnel supporting structures in similar cold regions, the mechanical
model and numerical simulation model in this paper can be used.

This study provides a theoretical basis and reliable mechanical and numerical simula-
tion model for establishing the bearing safety of tunnels in cold regions. In the future, it
is necessary to change some important influence parameters and simulate more different
working conditions for further analysis. According to the analysis results, efforts should be
made to propose more reliable preventive measures to guide actual projects.
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