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There is a significant difference between ambient temperature and internal temperature of surrounding rock in the cold season.
Based on the Dulongjiang (DLJ) Tunnel, this paper studies the influence of frost heave force on lining structure and establishes
a thermos-dynamical coupling model using the field. The results show that the environmental temperature and the cavity
behind the lining greatly influence the safety of the tunnel structure. The internal force of the tunnel lining increases with the
decrease of the environmental temperature and stress. The existence of a water-bearing cavity causes the deformation of the
vault position to improve and advance. In contrast, the deformation presence of a water-bearing hole causes the deformation
of the vault position to increase and reach, while the deformation time of the arch foot position to delay.

1. Introduction

One of the critical issues is the effect of freezing and thawing.
In China’s cold region tunnels, seasonal cold region tunnels
are subject to severe climatic conditions during the cold sea-
son, especially for existing tunnels that have suffered struc-
tural damage due to improper construction and
operational maintenance. In Russia and some tunnels in
the northeast and northwest China, hanging ice in tunnels,
ice on roadways, and water leaks in tunnels have been
observed [1–5]. The problem is that the tunnel lining has
been damaged. It is inaccurate to explain the causes of freez-
ing damage in cold tunnels by saying that the tunnel lining is
cracked and damaged by the freezing and swelling of the
surrounding rock. In such cold tunnels, the leading cause
of frost damage is the pressure of the lining caused by the
freezing and swelling of the water that accumulates behind
the lining. The irregularity of the excavation surface in cold
zone tunnels often results in the construction process not
being a tight fit between the surrounding rock and the lining
structure but instead leaving behind-wall voids between the

lining and the surrounding rock. Most of this space exists
in the vault area and is mainly caused by the concrete pour-
ing process and the concrete’s cumulative deformation dur-
ing hydration [6–10].

Therefore, to solve the problem of frost damage in exist-
ing damaged tunnels located in cold areas, it is necessary to
conduct a study on the coupling analysis of temperature and
stress fields in cold area tunnels. Scholars at home and
abroad have shown a wealth of research on this subject
[11–16]. Lai et al. [17–19] carried out a coupled nonlinear
analysis of temperature, seepage, and stress fields in cold
tunnels. Theoretical derivations and numerical calculations
were carried out for the nonlinear temperature field of the
cold region tunnel using the Galerkin method (Zhang et al.
[20, 21]). Xie et al. [22] used the finite element calculations
combined with field tests to study the effect of insulation
on the lining for the phase change problem. Yuan et al.
[23] proposed a numerical solution to the phase change heat
conduction problem utilizing the finite difference method.
Theoretical analysis and simplified calculation based on
engineering for the distribution of freezing and expansion
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forces in cold zone tunnels have achieved good results (Xia
et al. [24]). However, water-bearing cavities behind the lin-
ing inevitably complicate the structural forces and shapes
on the structural safety of mountain tunnel liners. Yuan
et al. [25] established a load calculation model for the prob-
lem of cavities behind the lining through theoretical analysis.
Wang and Zheng [26] established two simplified models for
frost heave of water behind the liner and quantified the
internal force influence law and error of frost heave force
behind the liner. Li and Chen [27] introduced a method to
solve the frost heave force and frost heave deformation con-
sidering water behind the liner using the theory of complex
functions: Gao et al. [28] used indoor model tests to investi-
gate the effect of frost heave on different locations and vol-
umes of water behind the tunnel liner.

Comprehensive analysis shows that scholars are cur-
rently inclined to study the impact of different cavity forms
on the structure and to determine the suitable thickness of
the insulation layer in order to achieve the insulation effect
and reduce the cost at the same time; few scholars have com-
pared and studied the magnitude of the impact of insulation
and water-bearing cavities on the structure. In a comprehen-
sive analysis, scholars mainly study the temperature field in
the tunnel and the stress field and the nonlinear coupling
of the seepage field according to determine the appropriate
insulation measures; for the lining behind the cavity prob-
lem, the academic system is biased toward the study of the
cavity form on the safety of the lining structure, and for
the temperature, effect combined with the cavity to consider
the law of its impact on the lining less research.

This paper relies on the Dulongjiang Tunnel to establish
a thermodynamic coupling analysis model considering the
temperature effect and cavity structure. The paper studies
the influence of ambient temperature and water-bearing cav-
ity behind the lining on the internal force and displacement
of the lining structure, and the results of which can provide
suggestions for the operation and maintenance of this pro-
ject and provide a reference for similar projects.

2. Project Background

The Dulongjiang Tunnel is located on the Dulong River
Highway, about 40 km from Gongshan County. The tunnel
was completed and opened to traffic in 2014. The tunnel
starts at mileage K158+802 to K165+482, with a total length
of 6,680m, a single cavern two-lane tunnel running in oppo-
site directions. The tunnel is designed to have a net width of
8.5m, a net height of 6.8m, an end-wall door, cross ventila-
tion, drainage for the roadside of the cave, and a concrete
road surface. The tunnel suffers from poor drainage at the
top of the cavern, cracking of the lining, and cavities behind
the lining. The tunnel is also located in an alpine area, and
avalanches have damaged the power supply lines during
operation. The DLJ tunnel location is shown as Figure 1.

3. Heat Transfer Theory Analysis for Tunnels in
Cold Regions

3.1. Basic Assumptions. The tunnel is a complex structural
body, and to obtain theoretical solutions for the tunnel lin-
ing and envelope temperature fields, the following simplifi-
cations and assumptions are made.

(1) The actual tunnel section is in the form of a horse-
shoe, very close to a circle, and for calculating, the
actual section is considered as a circular section

(2) The thermal resistance of the contact between the
insulation and the second lining, the second lining
and the primary lining, and the lining and the sur-
rounding rock is not considered, and the persistent
condition of equal temperature and heat flow is sat-
isfied at the contact boundary

(3) The tunnel lining and surrounding rock are normo-
thermic, i.e., the thermal conductivity, specific heat
capacity, and density do not change with
temperature

(4) Considering only the heat transfer occurring in the
radial direction in the tunnel envelope, the heat
transfer in the tunnel envelope is calculated as two-
dimensional heat transfer

(5) Equal air temperature at any location within the tun-
nel cross-section

(6) Unfrozen soil in the cavity behind the wall is consid-
ered to be isotropic material

(7) Disregarding heat migration during water transfer
from the liquid to the solid-state

(8) The pressure value at which water changes to ice
remains the same

3.2. Radial Heat Transfer in the Tunnel. Tunnel excavation
will affect the original temperature field of the surrounding
rock within a specific area (the tunnel temperature field
influences circle). The temperature of the surrounding rock
within the influence circle is affected by both the tempera-
ture inside the cave and the surface temperature. In contrast,
the temperature field of the surrounding rock outside the
influence circle is only affected by the surface temperature
and is not affected by the tunnel excavation. For the conve-
nience of theoretical calculations, the influence radius rd of
the temperature field of the tunnel surrounding rock is used
to describe the influence circle of the tunnel temperature
field quantitatively, and the thickness of the influence circle
of the tunnel temperature field is 6~ 10m under general
conditions.

A sketch of the temperature field calculation in a cold
tunnel is shown in Figure 2. In Figure 2: r and θ are the
parameters of the polar coordinate system. The heat transfer
of the tunnel surrounding rock considering the lining and
insulation is a circular multilayer medium heat transfer
problem. The circular multilayer medium heat transfer
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theory establishes the tunnel heat transfer equation consid-
ering the lining and insulation. The heat transfer equations
for insulation, second lining, primary lining, and perimeter
rock are as follows

∂2T1
∂r2

r, tð Þ + 1
r
∂T1
∂r

r, tð Þ = 1
α1

∂T1
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r
∂T4
∂r

r, tð Þ = 1
α4

∂T4
∂t

r, tð Þ, ð4Þ

where T1 ~ T4 are the insulation temperatures, second-
ary lining, initial lining, and surrounding rock, respectively;
α1 ~ α4 are the thermal diffusion coefficients of insulation,
secondary lining, initial support, and surrounding rock,
respectively; t is time.

The forced convective heat exist in the cave air and the
cave wall.

−k1
∂T1
∂r

r0, tð Þ = −h T1 r0, tð Þ − f z, tð Þð Þ: ð5Þ

f ðz, tÞ is the air temperature field inside the tunnel.
The shallow depth of the tunnel is subject to both surface

air temperature and in-cavity air temperature, resulting in
very complex temperature distribution and a phase change
in the surrounding rock outside the circle of influence in
winter. From Figure 2, in order to obtain the temperature
field of a shallow buried tunnel, the temperature at the outer
boundary of the influence circle needs to be determined. So
that the temperature field of the tunnel lining and the sur-
rounding rock can be calculated based on the temperature
inside the cavern and the temperature at the outer boundary
of the influence circle.

When the surface air temperature is below the phase
change temperature of the water, the temperature field of
the rock below the surface consists of 3 zones: the frozen
zone, the mixed zone, and the unfrozen zone (Figure 3).
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Figure 1: The DLJ tunnel location.
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Figure 2: Temperature field calculation sketch of tunnel.
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The temperature field distribution in the frozen, mixed,
and unfrozen zones is calculated as follows:

T1d z, tð Þ = Tm − Tsð Þ ⋅ T1 z
ffiffiffiffiffiffiffiffiffiffi
α1t/2

p� �
f1 ψð Þ + Ts 0 ≤ z ≤ Z1 tð Þ,

ð6Þ

T2d z, tð Þ = Tm − T f

� � f1 z
ffiffiffiffiffiffiffi
α4t

p /2ð Þ − f1 γð Þ
f1 γð Þ − f1 ψ

ffiffiffiffiffiffiffiffiffiffiffi
α1/α4

p� � + T f Z1 tð Þ < z ≤ Z2 tð Þ,

ð7Þ

T3d z, tð Þ = T f − T0
� � f2 z

ffiffiffiffiffiffiffi
α3t

p /2ð Þ
f2 γ

ffiffiffiffiffiffiffiffiffiffiffi
α4/α3

pð Þ + T0 z ≥ Z2 tð Þ,

ð8Þ

where T1dðz, tÞ, T2d ðz, tÞ, and T3dðz, tÞ are the tempera-
tures in the frozen, mixed, and unfrozen zones, respectively;
Z1ðtÞ is the ice and water mixing moving boundary, Z1ðtÞ
= 2ψ ffiffiffiffiffiffiffi

α1t
p

; Z2ðtÞ is the frozen surface, Z2ðtÞ = 2γ ffiffiffiffiffiffiffi
α4t

p
; Ts

is the minimum monthly mean surface temperature; Tm is
the temperature at which water is completely converted to
ice; T f is the temperature at which the phase change occurs;
z is the depth of the soil layer; f1ð•Þ is the error function;
f2ð•Þ is the complementary error function. The following
equations determine the parameters ψ and γ.
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,
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α4 =
k2

c2 + 1 − εð ÞρrLiΔξ/ T f − Tm

� � , ð12Þ

Δξ =
ερw

1 − εð Þρr
−

εSwresρw
1 − εð Þρr

, ð13Þ

where ε is the porosity of the rock mass; Swres is the resid-
ual saturation of pore water; Lf is the latent heat per unit
volume in the frozen state; k1, k2, and k3 are the thermal
conductivity of the rock mass in the frozen, mixed, and
unfrozen zones, respectively, which can be expressed as

k1 = εkwSwres + εkw 1 − Swresð Þ + 1 − εð Þkw,
k2 = εkwSw + εki 1 − Swð Þ + 1 − εð Þkr ,

k3 = εkw + 1 − εð Þkr ,
ð14Þ

where Sw is the saturation of water; kw, ki, and kr are the
thermal conductivity of water, ice, and rock, respectively; c1,
c2, and c3 are the specific heat capacities of rock in the fro-
zen, mixed, and unfrozen zones, respectively, which can be
expressed as

c1 = ερwcwSwres + ερici 1 − Swresð Þ + 1 − εð Þρrcr ,
c2 = ερwcwSw + εwci 1 − Swð Þ + 1 − εð Þρrcr ,

c3 = ερwCw + 1 − εð Þρrcr ,
ð15Þ

where cr , cw, and ci are the heat capacities of rock, water,
and ice, respectively; ρr , ρw, and ρi are the densities of rock,
water, and ice, respectively.

In order to reduce the influence of surface air tempera-
ture on the tunnel lining temperature field, the thickness of
the surrounding rock above the tunnel in the cold zone is
greater than the standard freezing depth of the tunnel site
area. Suppose the radius of influence of the buried tempera-
ture field is known, in that case, the temperature field at the
outer boundary of the tunnel temperature field influence cir-
cle can be calculated with the f2ð•Þ.

Td θ, tð Þ = T f − T0
� � f2 R

ffiffiffiffiffiffiffi
α3t

p /2ð Þ
f2 γ

ffiffiffiffiffiffiffiffiffiffiffi
α4/α3

pð Þ + T0,

R = dR + rd 1 − sin θð Þ½ �:
ð16Þ

After determining the temperature field at the outer
boundary of the cold tunnel influence circle, the complex
heat transfer problem in the shallow buried section of the
cold tunnel can be transformed into a heat transfer problem
in a circular multilayer medium.

The outer boundary conditions for the temperature field
in the shallow section of the tunnel where the temperature at
the outer boundary changes with time are calculated by the
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Figure 3: Calculation model of surrounding rock temperature field
under surface.
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following equation.

Td θ, tð Þ = T f − T0
� � f2 R

ffiffiffiffiffiffiffi
α3t

p /2ð Þ
f2 γ

ffiffiffiffiffiffiffiffiffiffiffi
α4/α3

pð Þ + T0: ð17Þ

According to the structural characteristics of the tunnel
and the law of temperature distribution, the temperature of
the surrounding rock at the location of the vault in the tun-
nel cross-section (θ = π/2) is the lowest; the temperature of
the surrounding rock at the maximum freezing depth Z2 ðt
Þ = z0 is the lowest temperature; in order to meet the needs
of the tunnel to prevent freezing and keep warm to the max-
imum and to facilitate theoretical calculations, according to
the principle of the most unfavorable design calculation,
the temperature at θ = π/2 and Z2ðtÞ = z0 is taken as the
temperature at the outer boundary of the influence layer of
the tunnel temperature field is obtained:

T0 =
1
4α4

z0
γ

� �
, ð18Þ

where z0 is the standard freezing depth for the area.
The inner boundary of the heat transfer calculation

model for the shallow buried section of the tunnel is the con-
vective heat exchange that occurs between the air inside the
cave and the cave wall. Once the internal and external
boundary conditions have been determined, the formulae
for solving the tunnel temperature field can be derived.

According to the assumptions, the thermal resistance of
the contact between the multilayer media is neglected. The
contact boundary temperature and heat flow are equal, i.e.,
the contact boundary between the multilayer media satisfies.

Ti ri, tð Þ = Ti+1 ri, tð Þ,

ki
∂Ti ri, tð Þ

∂r
= ki+1

∂Ti+1 ri, tð Þ
∂r

:
ð19Þ

Tunnel construction inevitably affects the initial temper-
ature field of the surrounding rock. Based on the air and sur-
rounding rock temperature characteristics in the cavern, the
initial temperature field f ðrÞ (steady-state temperature field)
is determined by the annual average air temperature, the
actual ground temperature of the surrounding rock.

T r, 0ð Þ = f rð Þ: ð20Þ

Using the superposition principle and the Laplace trans-
form method, the theoretical solution of the radial tempera-
ture field of the tunnel lining and the surrounding rock in
the cold zone is

T r, tð Þ = Re F ω, rð ÞTA,i,n zð Þei at+φð Þ
h i

+ �F rð Þ:TM,in zð Þ + �G rð ÞTd:

ð21Þ

3.3. Thermal Coupling Theory. In order to facilitate the
quantitative analysis of the state of deterioration, assump-
tions are made: (1) the unfrozen soil in the cavity behind

the wall is considered to be anisotropic material; (2) the
migration of heat during the change of water from liquid
to solid is not considered; (3) the pressure value at which
water changes to ice remains constant.

According to the first law of thermodynamics and the
basic theory of heat transfer, the temperature change inside
the cavity space follows the law of energy conservation and
simplifying the nonstationary heat conduction equation
yields

∂T
∂t

= α
∂2T
∂x2

+
∂2T
∂y2

+
∂2T
∂z2

 !
+
qv
cγ

, ð22Þ

where T is the cavity space temperature; t is time; α is the
thermal diffusivity of the lining; qv is the heat released per
unit volume per unit time; γ is the volumetric weight of
the lining; c is the thermal diffusivity of the lining.

The heat conduction equation was discretized using the
Galliakin method and the weighted residual method in the
postwall cavity range Ω [6].

∭
Ω
W

∂2T
∂x2

+
∂2T
∂y2

+
∂2T
∂z2

 !
−

1
α

qv
λ

−
∂T
∂t

� �
2
66664

3
77775dxdydz = 0, ð23Þ

whereW is the weight function; λ is the thermal conduc-
tivity of the cavity wall.

The thermodynamic coupled stress-strain control equa-
tion can be obtained for the cavity conditions behind the
tunnel lining wall.

∂σx

∂x
+
∂τyx
∂y

+
∂τzr
∂z

= f x,

∂τxy
∂x

+
∂σy
∂y

+
∂τzy
∂z

= f y,

∂τxz
∂x

+
∂τyz
∂y

+
∂σz
∂z

= f z ,

ð24Þ

ε =
1
2

∇u + ∇uð ÞT
� �

, ð25Þ

σ =
Eμ

1 + μð Þ 1 − 2μð Þ εx + εy + εz
� �

+
E

1 + μð Þ ε: ð26Þ

When T < 0 ° C, as Figure 4 shows.

εwi =
1
2

ρw
ρi

− 1
� �

θw: ð27Þ

f is the body stress; σ is a positive stress; τ is the shear
stress; E is the modulus of elasticity; μ is the Poisson’s ratio;
ε is a positive strain; u is the displacement vector; εwi is the
strain resulting from the coupling of temperature and water.
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The tunnel thermal-structural coupling problem, where
the structural stress has a small effect on temperature and
the temperature has a significant effect on the structural
strain, is therefore analyzed using a one-way coupling
method, where the temperature from the thermal analysis
is applied as a thermal load to the structural analysis, as
shown in the following equation.

u = f Tð Þ: ð28Þ

4. Numerical Calculation Model

4.1. Defining Shape Functions.

T =NT �T ,
∂T
∂x
∂T
∂y

∂T
∂z

2
66666664

3
77777775
= BT

�T ,

∂T
∂t

=N
∂�T
∂t

,

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð29Þ

where NT and BT are the vector-matrix; �T is the unit
node temperature.

The thermal coupling equation (30) is obtained by com-
bining the theoretical formulation and the finite element
shape function equation. The temperature values of the
nodes in the central region can be obtained by using the
ANSYS solver.

RTr + S
∂Tr

∂t
= P, ð30Þ

where Tr is the temperature column matrix.

R =〠
e

∭
Ω
BT
t Btdxdydz +

β

λ
∬

S
NNTds

� �
,

S =〠
e

∭
Ω

1
α
NNTdxdydz

� �
,

P =〠
e

∭
Ω

1
α
NNTdxdydz +

βTa

λ
∬

S
NTds

� �
,

8>>>>>>>>><
>>>>>>>>>:

ð31Þ

where β is the exothermic coefficient of the media sur-
face; Ta is the external temperature; s is the contact area of
the lining and the cavity behind the wall; e is the collection
of the cavity behind the wall and the lining.

Volume changes due to temperature stresses mainly
cause frost damage of tunnel linings in cavity spaces. Based
on the strain increment method and the temperature values
of the nodes mentioned above, the equivalent nodal loads
due to creep and volume expansion are calculated according
to the following equation.

Δ Rf g =
ð
B½ �T D½ � Δ εcf g ± Δ εvf gð Þdv, ð32Þ

where Δfεcg is the creep strain increment matrix; Δfεeg
is the expansion deformation increment matrix; v is the
postwall cavity range; ½B� is the unit shape function; ½D� is
the lining temperature-dependent plasticity matrix; ΔfRg
is taken as positive for icing and harmful for melting.

4.2. Delimitation Conditions

4.2.1. Initial Conditions.

Tijt=0 = T0 x, y, zð Þ, ð33Þ

where Ti ði = r,wÞ is the initial conditions for the lining
temperature field and the initial conditions for the tempera-
ture field in the cavity behind the wall, respectively; T0 is the
boundary temperature.

4.2.2. Boundary Conditions.

−λi
∂Ti

∂n

				
s x,y,z,tð Þ

= β Tr − Twð Þ, ð34Þ

where n is normal; sðx, y, z, tÞ is the surface area of the
contact surface; λi ði = r,wÞ denotes the thermal conductiv-
ity of the lining and the thermal conductivity of the medium
in the cavity behind the wall, respectively.

4.2.3. Boundary Coupling Conditions. The intersection of the
lining and the cavity behind the wall is the coupling surface,
subject to two conditions.

Tw = Tr ,

λr
∂Tr

∂n
= λw

∂Tw

∂n
:

8<
: ð35Þ

4.3. Computational Models. The numerical model is based
on the main cavern of the DLJ tunnel. In order to highlight
the effect of localized behind-wall voids on the deterioration
of the secondary lining, the numerical simulations in this
paper do not consider the effect of tunnel burial depth on
the cracking of the tunnel lining structure but mainly con-
sider the failure of the lining bearing capacity due to lining
concrete crushing, tension cracking, and crack extension.
The maximum principal stress failure criterion is used for
the extension of lining cracks. The DLJ tunnel has a

Pi Pe

Figure 4: Frozen expansion force of the cavity.
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composite lining with a thickness of 60 cm. The inner profile
of the tunnel is a curved-wall, equal-section, three-center cir-
cle with a vault height of 7.0m. The net width is 10.5m.
Long-term monitoring data and data from the DLJ tunnel
maintenance and improvement works in 2018 show that
the tunnel has 23 circumferential cracks in the lining,
including approximately four circumferential through
cracks, with a width of 0.5m. 4 cracks with a width of 0.1
~ 5.0 mm and a length of 10~130 mm. most of the circum-
ferential cracks have the phenomenon of water seepage
and alkali flooding The width of these cracks ranges from
0.2 to 0.6mm, and the length of these cracks ranges from
5.0 to 16.0m. Most of the diagonal cracks have the phenom-

enon of water seepage and alkali flooding; there are two
cross cracks in the lining. They are mainly concentrated in
the top of the vault and the sidewall, with the crack width
ranging from 0.2 to 0.5mm, and most of the cross cracks
have the phenomenon of water seepage and alkali flooding
(as shown in Figure 5). Based on the above-cracked condi-
tion of the DLJ tunnel lining, one of the monitoring sections
was selected, and the location and size of the water body in
this section were identified by geo-radar and input hydro-
static level meter.

According to the characteristics of the Dulongjiang tun-
nel, which shows cracking of the vault lining, complex geo-
logical conditions, and significant differences in the
temperature environment inside and outside the tunnel,
and considering the situation of water-bearing cavities
behind the tunnel lining, the MADPL module of ANSYS
was used to realize the numerical simulation analysis of the
cold zone tunnel thermal coupling. The calculation model
is shown in Figure 6.

As the distance from the center of the tunnel increases,
the temperature of the tunnel envelope is gradually reduced
by the influence of the air in the tunnel, so the model was
chosen to calculate a height of 100m and a width of
100m. The model includes the envelope, lining, water, and
air, assuming that the air is an ideal gas, not compressible,
and the pressure does not change with temperature. The lin-
ing in the model has a certain thickness. The cavity size
behind the lining is 0:5 × 0:65 × 1:0m. To ensure the accu-
racy of the calculation, the lining and the cavity behind the
lining are locally meshed and refined as shown in Figure 7.
In order to ensure the accuracy of the calculation, the lining
and the cavity behind the lining are partially refined as
shown in the figure, considering that there are 68220 cells
in the lining cavity calculation model.

According to the engineering design data a, the thermo-
dynamic parameters of the calculated model can be obtained
as shown in Table 1. The vertical displacement is con-
strained at the bottom of the model, the standard displace-
ment is constrained at the front and back of the model, the
horizontal displacement is constrained at both sides of the
model, and the upper surface of the model is a free boundary
with fixed constraints. Without considering the heat transfer
effect of the air, the heat transfer between the liner and the
air is convective, with a convective heat transfer coefficient
of a = 15 (W/m2∙°C). According to the tunnel design data,

Figure 5: The DLJ tunnel lining cracking and water seepage flooding.

Figure 6: Computational model.

Figure 7: Partial grid refinement.

7Geofluids



Table 1: Calculation of thermodynamic parameters of model materials.

Materials
Specific heat

capacity J/kg∙°C

Thermal
conductivity W/

m∙°C

Coefficient of thermal
expansion °C-1

Density
kg/m 3

Elastic
modulus
MPa

Poisson’s
ratio

Cohesion
MPa

Internal
friction
angle°

Surrounding
rocks

698 2.26 0:6 × 10−5 2000 1500 0.4 0.22 34

Lining 960 3.01 0 2800 32000 0.2

Air 1 — — 1.29 — —

Water 4 200 0.6 5:1 × 10−5 1000 2160 0.49

17.132 Max
11.896
6.6586
1.4217
–3.8153
–9.0522
–14.289
–19.526
–24.763
–30 Min

Figure 8: Temperature cloud of lining structure at air temperature -10°C.

17.132 Max
11.896
6.6586
1.4217
–3.8153
–9.0522
–14.289
–19.526
–24.763
–30 Min

Figure 9: Temperature cloud of lining structure at air temperature -30°C.
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Figure 10: Internal structural forces at -10°C air temperature under w/ and w/o water-bearing cavities.
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the average ground temperature in the area is 0.5°C. Then,
the initial temperature of the surrounding rock can be
obtained by increasing the geothermal gradient in the per-
mafrost by 2.5%, calculating the geothermal heat flow den-
sity at the base of the model q = 0:06W/m2. The heat of
the phase change of the surrounding rock of 8.21 kJ/kg is
considered in the calculation process. The thermal conduc-
tivity of the surrounding rock is taken to be 2.26W/(m.°C)
by thermal conductivity determination. In order to verify
the influence of air temperature on the tunnel structure,
two working conditions were chosen: -10°C and -30°C. The
calculations were carried out for 50 days.

5. Analysis of Calculation Results

5.1. Air Temperature Sensitivity Analysis of the Lining
Structure. In order to facilitate the convergence of the model,
the water storage space is assumed to be a semiellipsoid, and
the process of numerical simulation does not take into
account the effect of temperature changes on the stresses in
the lining structure but only calculates the additional stresses
generated by the local water storage space and the effect of
freeze-thaw cycles on the deterioration of the secondary
lining.

In order to study the sensitivity of the lining structure to
temperature, the internal forces and displacements of the

lining structure were calculated for the air temperature of
-10°C and -30°C, respectively. The temperature calculation
clouds of the lining structure under the two working condi-
tions are as shown in Figures 8 and 9. The temperature cal-
culation clouds for the lining structure under the two
working conditions are shown in the figure below.

From the temperature calculation cloud chart, it can be
seen that when the air temperature is -30°C, its temperature
distribution is uneven compared to -10°C. At the location
near the vault, the heat transfer in the vault part is not suffi-
cient compared to other parts due to the water-containing
cavity behind the lining, and it is low in the vault part. At
-10°C, the average temperature at the top of the lining vault
was -8.22°C and at the foot of the vault -6.58°C. At -30°C, the
average temperature at the top of the lining vault was
-26.65°C, and at the foot of the vault -19.41°C. Due to the
existence of water-laden cavities behind the tunnel lining,
the tunnel lining structure exhibits different temperature
sensitivity under the effect of different temperatures. The
lower the temperature, the more uneven the temperature
distribution of the lining structure. The internal forces of
the structure without/with a water-bearing cavity behind
the lining are calculated as shown in Figures 10 and 11.

Analyzing the effect of temperature on the lining struc-
ture, it can be seen that the lower the temperature, the more
pronounced the effect on the lining structure, and regardless
of whether there is a water-bearing cavity behind the lining,
as the calculation time increases, the internal force of the lin-
ing structure increases, indicating that the more thoroughly
the tunnel lining structure and air heat exchange is affected
by the air temperature, at the 50th day of calculation, the
internal force of the lining structure gradually tends to
stabilize.

When the ambient temperature is -10°C, the internal
forces in the lining structure are mainly tensile stresses, with
a maximum tensile stress of 119.6 kPa and maximum com-
pressive stress of 48.2 kPa at the top of the vault and maxi-
mum tensile stress of 20.1 kPa and maximum compressive
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Figure 11: Internal structural forces at -30°C air temperature under w/ and w/o water-bearing cavities.

Table 2: Internal structural forces without water-bearing cavities.

Ambient
temp, °C

Top of the vault Foot of the vault
Max.
tensile

stress, kPa

Max.
compressive
stress, kPa

Max.
tensile

stress, kPa

Max.
compressive
stress, kPa

-10 119.6 48.2 20.1 8.2

-30 169.8 295.8 31.2 51.5

%
increase

42% 514% 55% 528%
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stress of 8.2 kPa at the foot of the vault. When the ambient
temperature is -30°C, the internal forces in the lining struc-
ture are mainly compressive stresses, with a maximum ten-
sile stress of 169.8 kPa at the top of the vault and
maximum compressive stress of 295.8 kPa, an increase of
513.63% compared to the ambient temperature of -10°C.
The maximum tensile stress at the top of the arch is
169.8 kPa, an increase of 41.98% compared to the ambient
temperature of -10°C. The maximum compressive stress is
295.8 kPa, an increase of 513.63%; the maximum tensile
stress at the foot of the arch is 31.2 kPa, an increase of
55.22%; and the maximum compressive stress is 51.5 kPa,
an increase of 528.05%. Thus, as the ambient temperature
decreases, the internal force of the lining structure is chan-
ged from mainly tensile stress to mainly compressive stress.
The compressive stress affects different locations of the lin-
ing structure to different degrees. The compressive stress at
the top of the vault is more significant than that at the foot
of the vault, with a stress ratio of 474.36%, and an obvious
stress concentration phenomenon at the top of the vault.
The specific research results are shown in Table 2.

In the case of a water-bearing cavity behind the tunnel
lining, the internal force curve increases abruptly at 12 d
for the -10°C ambient temperature condition, which is ana-
lyzed as the water in the cavity starts to freeze. In contrast,
for the -30°C ambient temperature condition, the internal
force curve changes smoothly, indicating that the water in

the cavity freezes in 1-2 d due to the shallow ambient tem-
perature. The ambient temperature of -10°C and -30°C both
show that compressive stresses dominate the internal force
at the vault of the lining structure, but the difference between
tensile and compressive stresses is relatively tiny. When the
ambient temperature is -10°C, the maximum tensile stress
at the top of the arch is 212.8 kPa, and the maximum com-
pressive stress is 362.4 kPa; the maximum tensile stress at
the foot of the arch is 15.3 kPa, and the maximum compres-
sive stress is 26.2 kPa. When the ambient temperature is
-30°C, the maximum tensile stress at the top of the arch is
382.6 kPa, increasing the stress ratio by 79.79%; and the
maximum compressive stress is 598.8 kPa, increasing the
stress ratio by 65.23%. The maximum tensile stress at the
foot of the arch is 126.5 kPa, with an increased stress ratio
of 726.69%, and the maximum compressive stress is
31.8 kPa, with an increased stress ratio of 21.36%. Thus, in
the case of a cavity behind the lining, the internal forces of
the lining structure show uneven characteristics. The stresses
at the top of the arch are concentrated, and as the ambient
temperature decreases, the stresses at the top of the arch
are concentrated. The internal forces at the foot of the arch
are converted from mainly compressive stresses to mainly
tensile stresses. The specific research results are shown in
Table 3.

5.2. Impact of Water-Laden Voids on Lining Structures. In
order to investigate the effect of water voids behind the lin-
ing on the lining structure, the internal forces and displace-
ments of the lining structure were calculated for the absence
and presence of water voids behind the lining. At an ambient
temperature of -30°C, the lining structure’s displacements at
different locations are shown in Figure 12.

As can be seen from the above figure, when the ambient
temperature is -30°C, the frost expansion of the water-
bearing cavity behind the lining has a weak effect on the dis-
placement at the foot of the arch. The maximum displace-
ment at the foot of the arch changes from 0.2mm to
0.24mm, and its increase is mainly due to the increased
deformation at the top of the arch, i.e., the deformation of
the water-bearing cavity behind the lining at the foot of the
arch is indirect. The maximum deformation at the top of
the arch increased from 0.48mm to 1.61mm, an increase
of 235.42%, which is due to the frost expansion of the
water-bearing cavity acting as a significant downward force
on the top of the arch, causing the deformation at the top
of the arch to increase. In addition, when there is no
water-bearing cavity behind the lining, the deformation time
of the vault top and footing is around 20 d, while when there
is a water-bearing cavity behind the lining, the deformation
time of the vault top is earlier, and the deformation time of
the footing is delayed.

It can be seen that the presence of a water-bearing cavity
behind the tunnel lining has a significant effect on the inter-
nal forces of the lining structure compared to the absence of
a water-bearing cavity, with both ambient temperature con-
ditions showing a significant increase in internal forces in
the lining structure. Taking the ambient temperature of -30
degrees Celsius as an example, the maximum tensile stress

Table 3: Internal structural forces with water-bearing cavities.

Ambient
temp, °C

Top of the vault Foot of the vault
Max.
tensile

stress, kPa

Max.
compressive
stress, kPa

Max.
tensile

stress, kPa

Max.
compressive
stress, kPa

-10 212.8 362.4 15.3 26.2

-30 382.6 598.8 126.5 31.8

%
increase

80% 65% 727% 21%

D
isp

la
ce

m
en

t (
m

m
)

0 10 20 30 40 50
Time (d)

Arch roof (without cavities)
Arch feetT(without cavities)
Arch roof (with cavities)
Arch feet (with cavities)

0.0

0.3

0.6

0.9

1.2

1.5

1.8

Figure 12: Lining displacement without water-bearing cavities.
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at the top of the arch is 169.8 kPa, and the maximum com-
pressive stress is 295.8 kPa, while the maximum tensile stress
at the foot of the arch is 31.2 kPa, and the maximum com-
pressive stress is 51.5 kPa in the case of a water-bearing cav-
ity behind the lining. 125.32%, maximum compressive stress
598.8 kPa, 102.43%, maximum tensile stress 126.5 kPa,
305.45%, maximum compressive stress 31.8 kPa, -38.24% at
the foot of the arch. Due to the existence of the water-
bearing cavity behind the lining, the frost swelling force at
the top of the arch increases, and the tensile stress at the foot
of the arch also increases significantly. The results obtained
in this paper agree with the previous study [2–5] on the
stress and deformation laws of tunnels in five cold regions
of China.

6. Conclusion

The temperature difference between the ambient tempera-
ture and the internal temperature of the surrounding rocks
in tunnels in the freezing season is so great that the tunnel
lining structure often faces the problem of frost heave dam-
age, especially when the existing tunnel lining structure has
broken rings. To study the effect of freezing and to swell
on the lining structure, this paper uses a combination of field
tests and ANSYS numerical simulations to establish a
coupled thermal model of the lining structure, taking into
account the temperature effect and analyzing the effect of
ambient temperature and the cavity behind the lining on
the internal force and deformation of the lining structure.
The results show that the ambient temperature and the cav-
ity behind the lining significantly impact the structure’s
safety. The internal force of the tunnel lining structure
increases as the ambient temperature decreases, and stress
concentration occurs at the top of the vault. Water-laden
voids increase deformation at the top of the vault and an ear-
lier deformation time, while the deformation time at the foot
of the vault is delayed. In this paper, the effect of the pres-
ence or absence of water voids on the internal forces of the
lining structure at ambient temperatures of -10°C and
-30°C is compared and investigated by establishing a calcula-
tion model that takes into account the effect of water voids
and temperature behind the tunnel lining, and the following
conclusions are drawn.

(1) In the absence of a water-bearing cavity behind the
tunnel lining, the internal forces in the tunnel lining
structure increase as the ambient temperature
decreases, and the internal forces in the structure
are converted from tensile stress dominant to com-
pressive stress dominant, with a maximum tensile
stress increase stress ratio of 41.98% and a maximum
compressive stress increase stress ratio of 513.63% at
the top of the vault

(2) The tunnel lining structure is not uniformly stressed
by the freezing force, and the stress is concentrated
at the top of the vault. Under the condition of
water-free cavity, the compressive stress at the top
of the vault is 474.36% higher than the stress at the

foot of the vault when the ambient temperature is
-10°C

(3) In the case of a water-bearing cavity behind the tun-
nel lining, the stress at the top of the vault is signifi-
cantly increased due to the effect of the freezing and
expansion of the water-bearing cavity, with a maxi-
mum tensile stress of 382.6 kPa and maximum com-
pressive stress of 598.8 kPa. In contrast, the stress at
the foot of the vault varies unevenly, with the tensile
stress increasing and the compressive stress
decreasing

(4) The existence of water-bearing cavities leads to an
increase in deformation at the vault position, with
the maximum deformation at the vault position
increasing from 0.48mm to 1.61mm, an increase of
235.42%, and the deformation time at the vault posi-
tion is advanced. In contrast, the deformation time at
the foot position is delayed

(5) The ambient temperature and the water cavity
behind the lining have a more significant impact
on the safety of the lining structure. From the per-
spective of structural safety, it is recommended that
thermal insulation measures and slurry sealing of
the cavity behind the lining be adopted

(6) The double superposition effect of extreme ambient
temperature and water-bearing cavity behind the lin-
ing greatly influences the safety of the lining struc-
ture. According to previous construction experience
[29–36], appropriate engineering measures for the
two factors are taken, respectively. Laying polyphe-
nolic insulation board on the lining surface and
grouting filling method to seal the cavity behind
the lining have proven effective measures

In this paper, the tunnel heat transfer model is assumed
to be a multilayer radial heat transfer model, which is equiv-
alent to the multilayer plate constant heat flow heat transfer
model, and the contact thermal resistance and axial heat
transfer are ignored. In the case of thermal stress failure,
the team will further study the superposition failure mecha-
nism of thermal stress in the loss mode of the lining struc-
ture and the influence range of water-bearing cavity
location on temperature stress concentration of lining
structure.
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