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In seasonally frozen ground, there are many frost problems in highway road tunnel after its excavation due to the heat exchange
between the cold air and lining structure inside the tunnel. To mitigate these frost-related damages, thermal insulation layer is
widely used at entrance and exit sections of the tunnel. In this study, a coupled mathematical model of heat, moisture, and stress
was built for tunnels in seasonally permafrost regions. +en, based on the field-observed air temperature inside a roadway tunnel
at Altun Mountain on the Qinghai-Tibet Plateau (QTP), seasonal freeze-thaw process of the surrounding rocks (SR) and lining
structures were numerically investigated with the consideration of insulation methods: without insulation (WTIL) and laying the
insulation layer on the inner surface of the second lining structure (STIL). Combined with the principle of Miner damage
accumulation, the stress regimes of the lining structures of tunnel were investigated inWTIL and STIL.+e results show that there
was a significantly thermal disturbance of the SR after the tunnel excavation. In the 5th year of the operation period, the maximum
seasonal freeze depth (MSFD) of the SR can reach 1.6m at the vault of the arch and that at the inverted arch was only 1.0m due to
the pavement inside the tunnel. +en, both the absolute maximum value of the maximum principal stress (MAPS) and minimum
principal stress (MIPS) in cold season were bigger than those in warm season comparing the value of the stress filed of the lining
structure. In the same way, both the MAPS and MIPS of the lining structure in WTIL are bigger than those in STIL in numerical
simulation.+e positions of the maximum tensile stress of the primary lining structure in STIL andWTIL were inverted arch. For
the lining structures, the greater tensile stress was generally harmful. +us, the inverted arch of the tunnel should be laid on the
insulation layer.

1. Introduction

Frozen ground is defined as soil or rock including ice with a
temperature at or below 0°C, which can be divided into
permafrost and seasonal permafrost [1]. In China, perma-
frost regions and seasonally frozen regions account for about
20% and 55% of the total land area, which are mainly
distributed in the western, northeastern China, and Qinghai-
Tibet Plateau [1–6]. In recent years, more and more engi-
neered infrastructures were built in seasonally frozen regions

of China. Highway tunnels, as one of the common engi-
neered structures, are commonly affected by the frost
damage [7, 8]. After the excavation, the temperature, stress,
and even water fields of SR change due to the heat exchange
between the lining structure and the air inside the tunnel
[8–11]. As we known, the physical and mechanical prop-
erties of frozen soils (rocks) are connected closely to their
temperature conditions and moisture contents. Hence, with
the changes in temperature and moisture fields, the me-
chanical properties of frozen soils will also change
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significantly. For the tunnels in seasonally frozen regions,
there are frost deformations and moisture migrations in the
SR due to the heat exchange with the cold air in winter,
leading to deformation, cracking, and destruction of the
lining structure [9–11]. +e problems related to freezing of
the lining structures and SR generally seriously affect the safe
operation and the traffic of the tunnel. Engineering practices
indicated that the frost damage to the tunnels in seasonally
frozen regions was serious and common [12]. +us, it is
necessary to study the frost damage mechanisms and pre-
vention methods to the tunnels in seasonal frozen regions.

To mitigate frost related damage, thermal insulation is
widely used at entrance and exit section of the tunnels.
Moreover, the study methods of the frost damage problems
including filed test measurement, evaluation method, and
numerical simulation are widely used to gain the factors
thermal insulation design needed. Since 1963, Johansen et al.
[13] carried out long-term observations of air-temperature
beside a tunnel near the Alaska and gained the distribution
of air temperature beside the tunnel. +rough the field test
measurement of a tunnel in cold environment, Okada and
Matsumoto [14] studied the day variation of air temperature
and the maximum frozen depth inside the tunnel. Nie [15]
observed the air temperature inside and outside a seasonal
frost tunnel in Daxing’anlingMountain, Northeast of China.
+e results showed that the part length of variation rate of air
temperature inside the tunnel occupied 1/2 of the whole
length of the tunnel. Lai et al. [16] studied the difference of
the air temperature inside Daban Mountain tunnel, a road
tunnel in Qinghai province, under the conditions of thermal
insulation gate set in the entrance and exit of the tunnel. +e
results showed that the thermal insulation effect of instal-
lation of the thermal insulation door was better than that of
installation of the snow shelter. Based on the results of field
test measurement, the temperature, stress, and moisture
fields of the SR and lining structures could be investigated
according to the conservation law of mass and energy. In
1973, the Harlan model proposed by Harlan was widely used
in the permafrost engineering, which could describe the
coupling effect of the moisture migration and temperature
flux [17]. Based on the Clapeyron equation and Kelvin
equation, Shingo [18] studied the force power of the liquid
water migration. Taylor and Luthin [19] proposed a coupling
model with the consideration of moisture and temperature
in freezing process of the soils according to the Harlan
model. Shoop and Bigl [20] used the simulation methods of
the coupling model of moisture and temperature to inves-
tigate the results of a large-scale freeze-thaw test. Hansson
et al. [21] proposed a coupling model of moisture and
temperature based on the Richards equation and the model
validity was demonstrated combined the comparison of the
simulated and freezing test results. Based on the above
theories and observed data, many scholars studied insulation
methods and the freeze-thaw process of lining and SR. Using
heat transfer theory and percolation theory, Lai et al. [22]
proposed the coupling model with the consideration of the
temperature, moisture, and stress of the lining and SR inside
the tunnel. Combined the Galiaojin method, the calculation
formula of this model could be gained, which was widely

used in related studies of seasonal frozen tunnels. Zhang
et al. [23] studied the freeze-thaw process of SR inside a
seasonal frozen tunnel under the conditions of different
construction seasons, different initial temperatures, and
different insulation materials using finite element methods.
With the consideration of the wind filed inside the tunnel,
Tan et al. [24] investigated the temperature filed of SR inside
the tunnel, Galongla tunnel on the QTP, under the con-
ditions of different wind speeds and temperatures. Zhou
et al. [25] established a mathematical optimization model
with the consideration of the factors including insulation
parameters, tunnel depth, and economic costs. Ma et al. [26]
analyzed the insulation effect of different insulation thick-
nesses and laying positions and established the relationship
between the insulation effect and the thicknesses. Com-
bining Plath’s equation and Fourier integral transform, Liu
et al. [27] studied the temperature filed of a tunnel in cold
environment under the conditions of different convective
heat transfer coefficients, different insulation thicknesses,
and different initial temperatures.

In this paper, the Altun Mountain highway tunnel was
taken as the research object. In order to observe the air
temperatures inside the tunnel, corresponding measurement
sensors and a weather station were installed inside and
outside the tunnel. According to the design of Altun
Mountain highway tunnel, geological survey report, and
monitoring meteorological data, a coupling model consid-
ering the damage of tunnel lining structure was established.
With the model, the distribution of temperature field of
surrounding rock body under different insulation laying
methods was systematically studied by using numerical
method. Under the different methods, the temperature field
of SR and the stress field of lining were compared and
analyzed with the equivalent indoor experimental freeze-
thaw damage model. It is hoped that the filed observations
and numerical simulations in this study would provide
references for thermal insulation design of tunnels built in
seasonally frozen regions.

2. Mathematical Model and
Governing Equations

2.1. Liquid Water Flows. Based on the law of mass con-
servation, the equivalent volume of water content θ without
the consideration of water vapor and salt migration in
freeze-thaw soils can be written as [5, 21, 28]

zθ
zt

�
zθu

zt
+
ρi

ρw

zθi

zt
� ∇ qlh + qlT( 􏼁, (1)

where θ, θu, and θi are the equivalent volume of water,
unfrozen water, and ice content, respectively (m3·m−3); ρi
and ρw are the density of ice and water (kg·m−3); t is the time;
and qlh and qlT are the liquid water flux density related to
pressure head gradient and temperature gradient, respec-
tively (m·s−1).

Based on thecHarlan model, there is a similar law of
liquid water migration in frozen and unfrozen unsaturated
soil, which can be described by Richard equation [1, 17]. In a
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previous study, the regulation law of liquid water migration
in freeze-thaw soils can be assumed to Darcy’s law [5, 29].
+e flux density of liquid water under the potential gradient
in freeze-thaw soil can be written as [5, 17, 21, 28, 29]

qlh � −Klh∇(h + y), (2)

where y is the vertical coordinate (m); h is the pressure head
of liquid water in freeze-thaw soils (m); and Klh is the water
conductivity coefficient of liquid water under potential
gradient in freeze-thaw soils (m·s−1). +e liquid water flux
density qlT related to temperature gradient can be written as

qlT � −KlT∇(T), (3)

where KlT is the water conductivity coefficient related to
temperature gradient (m2·K−1·s−1), which can be written as

KlT � Klh hGwT

1
c0

dc

dT
􏼠 􏼡,

c � 75.6 − 0.1425T − 2.38 × 10− 4
T
2
,

(4)

where GwT is gain factor, which can evaluate the temperature
effect due to the surface tension of solid granule; c is surface
tension of the solid granule; and c0 is the surface tension of
the solid granule at 25°C (approximately 71.89 g·s−2). +en,
the mass conservation equation of liquid water in freeze-
thaw soil can be written as [5, 30]

zθ
zt

� ∇ · Klh∇(h + y) + KlT∇(T)􏼂 􏼃. (5)

Soil-water characteristic curve (SWCC) can describe the
connection between liquid water and energy in freeze-thaw

soil. Based on a previous study, the relationship among
matric, volume water content, and saturation in freeze-thaw
soils also can be described by SWCC [29]. In this study, the
hydraulic properties of unsaturated freeze-thaw soil based
on van Genuchten model and Mualem model can be written
as [30, 31]
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(6)

where Se is effective saturation of soils; Ks is saturation water
conductivity coefficient (m·s−1); θl, θs, and θr are liquid
water, saturated liquid water, and residual water content,
respectively (m3·m−3); α is the derivative of the soil intake
value (m−1); and n and l are experience parameters and
m� 1− 1/n [31].

2.2. Heat Transfer. With the considerations of the convec-
tion, phase change of ice-water and liquid water migration,
heat transfer during the transient flow in freeze-thaw soils
can be written as [1, 3–5, 17, 21, 28, 29]

C
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zt
�

z

zx
λ

zT

zx
􏼠 􏼡 +

z

zy
λ
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zy
􏼠 􏼡 + Lρi

zθi

zt
+ Cw∇ Klh∇(h + y) + KlT∇T( 􏼁T􏼂 􏼃, (7)

where C is volume heat capacity; λ is thermal conductivity;
and L is the latent heat of freezing of liquid water (ap-
proximately 3.34×105 J·kg−1).

In freeze-thaw soils, a part of liquid water can exist even
at a very low temperature, which is unfrozen water. In
previous studies, the empirical expression as follows is used
to describe the variation of maximum unfrozen water
content θumax under low temperatures in freeze-thaw soils
[1, 3–5, 28, 29]:

θumax � a(T − 273.15)
−b

, (8)

where a and b are experimental parameters. +en, based on
the law of conservation of mass, the volume liquid water
content θl can be written as [5, 28, 29]

θl �
θ, others,

θumax, T<Tf and θ> θumax,

⎧⎨

⎩ (9)

where Tf is the freezing point of the soil, which is assumed to
be 0°C in this study. Based on a previous study, the freezing
point of soil should be a temperature value where ice starts to
grow [32].

2.3. Mechanism Equation. Based on the theory of linear
momentum balance, the equation of linear momentum in
the lining structures and SR can be written as [8]

σij,j + ρfi � ρ
dVi

dt
, (10)

where σij is the component of stress tensor; ρ is the density;
and fi is the component of volume force. Only with the
consideration of the gravity in volume force, fi can be written
as

fi � gi � (0, 0, g)
T
, (11)

where g is the acceleration of gravity (approximately 9.8m/s2).
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Combining equation (10) with equation (11), the
equation of static equilibrium in the lining structure and SR
can be described as

σij,j + ρfi � 0. (12)

Based on the previous studies and theories related to
the linear thermal stress, the elastic deformation dis-
placement and stress produced by external force can be
superposed with those produced by the temperature ac-
tion algebraically. Hence, combined the theory of elastic
mechanics, the stress in the lining structure and SR can be
written as

ε � εe
ij + εT

ij + εi
ij, (13)

where ε is the stress in the lining structure and SR; εe
ij is the

increment of elastic stress; εT
ij is the increment of heat stress

produced by the temperature action; and εi
ij is the increment

of stress produced by the frost expansion due to ice-water
phase change and liquid water migration, which can be
described as [6]

εi
ij � 0.09 θ − θw( 􏼁 +(θ − n). (14)

+e elastic constitutive equation in lining structure and
SR can be written as

σij � C
e
ijkl εkl − εT

kl − εi
ij􏼐 􏼑 � C

e
ijkl εkl − βs Ts − Ts0( 􏼁δkl − εi

ij􏽨 􏽩,

(15)

where Ts and Ts0 are the temperatures of the lining structure
and SR and reference temperature (approximately 20°C),
respectively; βs is coefficients of linear thermal expansion of
the lining structure and SR; and Ce

ijkl is the elasticity matrix.
Combining equation (12) with equation (15), it can be gained
as follows:

C
e
ijklεklc Ts − Ts0( 􏼁δij − εi

ij􏽨 􏽩
,j

+ ρfi � 0. (16)

It is assumed that the deformation of the lining structure
and SR are all small deformations. Hence, based on the
elastic mechanics, the geometric equation of lining structure
and SR can be written as

dεij �
1
2

zdui

zxj

+
zduj

zxi

􏼠 􏼡, (17)

where εij is the component of stress tensor and ui is the
component of the deformation. Combined with equation
(16), the mechanism equation of lining structure and SR can
be written as

1
2

C
e
ijkl

zdui

zxj

+
zduj

zxi

􏼠 􏼡 − cs Ts − Ts0( 􏼁δij − εi
ij􏼢 􏼣

,j

+ ρfi � 0.

(18)

According to previous and related studies, the equivalent
elastic modulus E and equivalent poison’s ratio v of the SR in
freezing and thawing processes can be written as [33]

E �
csEs 1 − 2vi( 􏼁 + ciEi 1 − 2vs( 􏼁􏼂 􏼃 csEs 1 + vi( 􏼁 + ciEi 1 + vs( 􏼁􏼂 􏼃

csEs 1 − 2vi( 􏼁 1 + vi( 􏼁 + ciEi 1 − 2vs( 􏼁 1 + vs( 􏼁
,

v �
csEsvs 1 − 2vi( 􏼁 1 + vi( 􏼁 + ciEivi 1 − 2vs( 􏼁 1 + vs( 􏼁

csEs 1 − 2vi( 􏼁 1 + vi( 􏼁 + ciEi 1 − 2vs( 􏼁 1 + vs( 􏼁
,

(19)

where cs and ci are the volume contents of the solid granule
and ice, respectively.

3. A Tunnel Built on the Qinghai-Tibet Plateau

3.1. Study Area and Tunnel. In this study, a highway tunnel
on the QTP was used to study the freeze-thaw process of the
lining structure of tunnels in seasonal frost regions. +e
study area is located at southeast edge of the QTP, with an
elevation above 3000m. According to Lenghu weather
station closet to this site, the mean annual air temperature is
about 3.6°C, and the maximum and minimum air tem-
peratures are 26.9 and −21.7°C in past 10 years, respectively
(Figure 1). Meanwhile, this engineering site is in an alpine
and semi-arid climate zone, with a little annual precipitation.

3.2. Air Temperature Observation along the Tunnel. +e
tunnel on the QTP has a length of 7,527m and faces po-
tential frost damage according to the air temperature data
monitored by Lenghu weather station. In previous studies,
the section closest to the entrance of the tunnel generally
suffers worst frost damage. To gain the variation of air
temperature at that entrance (D1) of the tunnel (Figure 2),
an air temperature sensor was placed at 5m from the en-
trance. +e sensor used in this monitoring test was man-
ufactured and calibrated by TASCO (Japan), with a
calibrated range from −30 to 60°C and a resolution smaller
than 1.0°C.+e date acquisition of air temperature was set as
4 hours.

4. Numerical Simulations

4.1. Computational Model. Based on previous studies and
related works, the boundary error in numerical simulations
would be less than 10% when the computational domain is
3–5 times of the equivalent diameter of the tunnel [5, 34].
+en, the computational model was constructed based on
the actual section D1 of the tunnel in this study (Figure 3).
+e insulation methods were considered in this study:
without insulation (WTIL) and laying the insulation layer on
the inner surface of the second lining structure (STIL).

According to the geological survey conducted, the SR at
D1 section of tunnel can be simplified as one kind material.
+e thermal and hydraulic parameters of the SR and lining
structure are listed in Table 1, which were gained based on
the borehole drilling, related laboratory tests, and previous
studies [1, 17, 21, 28, 29].

For the lining structures of tunnel in seasonal frost re-
gions, the effect of freeze-thaw circle is one of main factors
affecting the mechanical properties of lining structures. At
present, although massive rapid freeze-thaw test data of
concrete have been accumulated, it was still considerably
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Figure 1: Observation of air temperature and precipitation in the study area monitored by Lenghu weather station.
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Figure 2: Observation of air temperature at D1 inside the tunnel monitored with a temperature sensor.
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Figure 3: Numerical model of the Altun mountain tunnel.
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difficult to apply in practical prediction of concrete dura-
bility and freeze-thaw damage due to the great differences of
freeze-thaw between in actual and lab environments. In
previous studies and related works, based on the principle of
Miner damage accumulation, Liu and Tang established a
calculation expression of equivalent lab freeze-thaw cycles of
concrete by comparing and analyzing the difference and
relation between the actual and lab environments [35].+en,
the expression of equivalent freeze-thaw cycles Neq in lab
tests of concrete can be written as

Neq � 􏽘
i

Ni

NFi

⎛⎝ ⎞⎠NF � 􏽘
i

Ni

κ−ξ
i NF

⎛⎝ ⎞⎠NF � 􏽘
i

κξi Ni, i � 1, 2, . . . ,

(20)

where Neq is the equivalent freeze-thaw cycles in lab tests of
concrete; N1 is the number of freeze-thaw cycles in actual
environment of concrete; NF1 is the fatigue life under dif-
ferent freeze-thaw cycles in actual environment of concrete;
κi is the proportional coefficient between hydrostatic pres-
sures in lab and actual environments; and ξ is a material
parameter related to concrete (approximately 0.946), which
is a constant under the assumption that the properties of
concrete materials do not change with the freeze-thaw en-
vironment [36]. Based on previous studies and related
works, κi can be written as

κi ≈
_Ti

_T
≈

Ti/t
T/t2

, (21)

where ΔTi is the difference between daily maximum air
temperature and minimum temperature in actual envi-
ronment; t1 is the time interval between daily maximum air
temperature and minimum temperature in actual envi-
ronment; ΔT is the difference between maximum air tem-
perature and minimum temperature in lab environment;
and t2 is the time interval between daily maximum air
temperature andminimum temperature in lab environment.
In previous studies, ΔT/t2 is approximately 12.5°C/h [37].
Based on the measured air temperature data in this study, κi
can be calculated using equation (21), as shown in Table 2.
Meanwhile, the equivalent freeze-thaw cycles in lab tests of
concrete (EFTC) of this tunnel is 0.92 1/y in actual envi-
ronment with WTIL.

But for STIL, the EFTC of the lining structure would be
smaller with the effect of insulation layer. Due to the limited
of actual site operation, there was no temperature sensor
laying in the lining structure of the tunnel. +en, based on
the measured air temperature, the EFTC with STIL can be
gained using numerical simulation in this study.

According to the construction instructions of the tunnel,
a 5 cm thick insulation material was laid with STIL. In

numerical simulation, the thermal conductivity and specific
heat capacity of insulation layer were set as 0.025W/(m·°C)
and 5000 kg·°C, respectively. Based on measured air tem-
perature, the maximum air temperature at D1 section was
17.3°C and the minimum was −17.5°C. Using equation (21),
ki was 2.9 under most unfavorable situation. In numerical
simulation, the inner surface of TIL with STIL was set as
convection heat transfer boundary and the air temperature
can be written as

Tair �

34.8t

12
− 17.3, 0≤ t≤ 12 h,

−
34.8(t − 12)

12
+ 17.5, 12 h≤ t≤ 24 h.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(22)

Based on the simulation results, it could be found that
the temperature of the inner surface of the TIL is basically
the same as the air temperature after the whole freeze-thaw
cycle, while the change of inner surface of the second lining
structure is much smaller than that of inner surface of TIL
(Figure 4). Meanwhile, the EFTC of the second lining
structure (SLS) under STIL was 0.17 1/y using equation (21).

Based on previous studies and related works, the rela-
tionship between the dynamic elastic modulus and time of
concrete can be written as [38]

En1 � −7.07 + 3.54e
(n/59.89)

+ 3.54e
(n/73.20)

R
2

� 0.99􏼐 􏼑,

En2 � −5.16 + 2.58e
(n/84.38)

+ 2.58e
(n/103.13)

R
2

� 0.97􏼐 􏼑,

(23)

where En1 and En2 are the dynamic elastic modulus of
primary lining structure (PLS) and second lining structure
(SLS), respectively, and n is the number of freeze-thaw cycles
in lab environment. In this study, the physical parameters in
numerical simulation are listed in Table 3.

4.2. BoundaryConditions. +e thermal boundary conditions
of the tunnel in the numerical simulation were determined
as follows. +e upper boundary AB and the inner wall of the
tunnel were set as heat convection boundary. According to
the geothermal gradient beneath the tunnel, the heat flux at
CD was 0.03W/m2. +e lateral boundary BC was thermal
insulation boundary and AD was the symmetry boundary.
+e water boundary conditions were determined as follows.
+e boundaries AB, BC, and CD were set as waterproof
boundaries without the consideration of rainfall on the water
content of SR. +e boundary AD was also set as symmetry
boundary. +e stress boundary conditions were determined
as follows. +e displacement of boundary BC in lateral

Table 1: +ermal and hydraulic parameters of lining structures, insulation layer, and SR in the simulation.

Parameters λu W/(m·°C) λf W/(m·°C) Cu J/(kg·°C) Cf J/(kg·°C) a b α (m−1) θr θs Ks (m·s−1) ρ (kg·m−3) Ls (J·m−3)

PLS 2 2 2.30×106 2.30×106 — — — — — — 2500 —
SLS 2 2 2.30×106 2.30×106 — — — — — — 2500 —
TIL 0.037 0.037 9.40×105 9.40×105 — — — — — — 188 —
SR 1.47 1.82 2.09×106 1.84×106 9.3 0.52 2.3 0.02 0.25 1.2×10−8 1700 3.77×107
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Table 2: +e calculation value of κi at D1 section of the tunnel using equation (21).

Date Minimum air temperature (°C) Maximum air temperature (°C) Time interval (h) ki
2019/11/21 −0.47 1.90 12 0.02
2019/11/22 −0.12 2.50 8 0.03
2019/11/25 −2.55 1.00 12 0.02
2019/11/27 −1.05 2.00 8 0.03
2019/11/28 −6.77 1.20 16 0.04
2020/3/7 −2.67 0.80 8 0.03
2020/3/18 −3.07 1.30 8 0.04
2020/3/19 −2.45 0.60 8 0.03
2020/3/20 −2.23 0.80 8 0.03
2020/3/22 −1.47 1.70 8 0.03
2020/3/23 −1.80 0.90 8 0.03
2020/3/25 −1.08 2.00 8 0.03
2020/3/26 −1.28 0.30 8 0.02
2020/3/27 −0.65 1.80 8 0.02
2020/3/29 −1.98 0.50 8 0.02
2020/3/30 −2.35 0.50 8 0.03
2020/4/1 −1.90 1.80 12 0.02
2020/4/2 −3.33 1.20 8 0.05
2020/4/4 −2.87 0.40 8 0.03
2020/4/5 −1.53 2.20 12 0.02
2020/4/6 −2.00 0.80 8 0.03
2020/5/7 −1.87 0.30 8 0.02
2020/10/10 −0.63 3.30 16 0.02
2020/10/11 −2.02 1.00 20 0.01
2020/10/14 −2.67 2.10 20 0.02
2020/10/15 −3.03 0.50 16 0.02
2020/10/16 −2.20 1.40 16 0.02
2020/10/17 −2.43 0.10 8 0.03
2020/10/18 −1.33 2.20 16 0.02
2020/10/22 −0.15 4.00 16 0.02
2020/10/24 −0.83 4.10 16 0.02
2020/10/25 −2.63 0.20 16 0.01
2020/10/29 −2.15 3.20 16 0.03
2020/11/2 −2.37 0.40 16 0.01
2020/11/8 −0.83 0.60 8 0.01
2020/11/10 −0.65 2.30 12 0.02
2020/11/16 −4.72 2.90 16 0.04
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Figure 4: +e variation of temperatures at inner surfaces of TIL and SLS.
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direction was set as 0m. +e displacement of boundary CD
in vertical direction was also 0m. +e boundary AD was set
as symmetry boundary.

With the mathematical model including liquid water
flows, heat transfer, and mechanism equation mentioned
above, the frost problem could be solved by the commercial
software of COMSOL Multiphysics. +e spatial and tem-
poral discretization of mathematical model and governing
equations were carried out through using finite method [5].
+is simulation was conducted over a time period of 50 years
before the tunnel excavation to gain the initial field con-
ditions. After the excavation, the boundary conditions were
set as the ones described above.

5. Results and Analysis

5.1. Long-Term Cermal and Stress Regimes at D1 of the
Tunnel. For the most tunnels in permafrost regions on the
QTP, the MSFD generally occurs in mid-April. In the fol-
lowing analysis, the timepoint was chosen to investigate the
long-term thermal regimes of the SR and stress regimes of
the lining structures.

Figure 5 shows the thermal regimes at D1 in WTIL on
April 15 in 5 years of the operation period of the tunnel. It
can be seen that, due to the heat exchange between the air
changing with the time and the lining structures, the SR close
to the lining structures had a lower temperature on April 15
in 5 years of the operation period, while with the distance
from the lining structures increasing, the temperature of the
SR gradually rose. In the 5th year of the operation period, the
MSFD of the SR was 1.6m, approximately. +en, due to the
geometrical shape of the tunnel, the thermal regimes of
different position of the tunnel were considerably different.
For example, the MSFD of the SR at the inverted arch was
obviously smaller than that of the vault, while the MSFD of
the SR at the foot of arch was situated between the two.

Figure 6 shows the stress regimes of the primary lining
structure at D1 in WTIL on April 15 in 5 years of the
operation period of the tunnel. It can be seen that both the
MAPS and MIPS of the primary lining structure in cold
season are bigger than those in warm season. For example,
the absolute maximum value of MAPS in cold season was
−3.6MPa, while that in warm season was −2.3MPa.
Moreover, the absolute maximum value of MIPS in cold
season was −1.4MPa, while that in warm season was
−1.0MPa. +e tensile stress of the primary lining structure
was 0.7MPa in cold season and 0.2MPa in warm season. It
reflected that in cold season, due to the heat exchange be-
tween the cold air and the SR, the liquid water in the SR was
transferred to the solid ice leading the frost heave force
loading on the primary lining structure, while in warm

season, there was no frost heave force surrounding the
primary lining structure. Moreover, the material of the
primary lining structure belonged to be the material which
cannot resist too much tensile stress. +en, it was consid-
erably essential to decrease the tensile stress related to the
frost heave force on the primary lining structure.

Figure 7 shows the stress regimes of the second lining
structure at D1 in WTIL on April 15 in 5 years of the
operation period of the tunnel. It can be seen that the size
relationship of the MAPS and MIPS of the second lining
structure was generally the same as that of the primary lining
structure. For example, the absolute maximum value of the
MAPS of the second lining structure in cold season was
−5.4MPa, which was 0.9MPa bigger than that in warm
season. +e absolute maximum value of the MIPS of the
second lining structure in cold season was −2.8MPa, which
was also 1.7MPa bigger than that in warm season.Moreover,
the tensile stress in cold season was 0.8MPa, while that in
warm season was only 0.46MPa.

+e above results showed that in cold season both the
absolute values of MAPS and MIPS of the primary and
second lining structure were bigger than those in warm
season. Moreover, both the values of tensile stress of the
primary and second lining structure were bigger than those
in warm season. For the lining structures of the tunnel,
which cannot resist too much tensile stress, it was consid-
erably essential to decrease the tensile stress related to the
frost heave force on lining structures.

5.2. Impacts of InsulationLayingMethods onCermalRegimes
at D1 of the Tunnel in Cold Seasons. Figure 8 shows thermal
regimes of SR at D1 inWTIL and STIL on April 15 in 5 years

Table 3: +e physical parameters of lining structure and SR in numerical simulation.

Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio +ermal expansion coefficient (1/°C)
SR 1800 900 0.3 5×10−5

PSL 2500 2800 0.2 6×10−5

SLS 2500 3000 0.2 6×10−5

TIL 188 0.2 0.2 5×10−5
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Figure 5: +ermal regimes at D1 inWTIL on April 15 in 5 years of
the operation period of the tunnel.
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of the operation period of the tunnel. +e MSFD calculated
from the outer surface of the primary lining in WTIL was
1.6m at vault of the tunnel and it was only 1.0m at the
inverted arch, while in STIL, the MSFD at vault of the tunnel
was 0.1m and it at the inverted arch was 1.0m. +e value of
the MSFD can reflect the thermal effect of the heat exchange
between the air inside the tunnel and the lining structure.
+en, the values ofMSFD at vault and inverted arch inWTIL
were generally bigger than those in STIL. Moreover, al-
though there was insulation layer laid on the surface of the
lining structure, the values of MSFD at inverted arch were
basically the same both in WTIL and in STIL due to the
design of insulation layer. In STIL, only the lining structure
above the foot of the arch was laid on the insulation layer due

to the difficulties of laying below the pavement inside the
tunnel.

5.3. Impacts of Insulation LayingMethods on Stress Regimes at
D1 of the Tunnel in Cold Seasons. Figure 9 shows MAPS in
STIL, MAPS in WTIL, MIPS in STIL, and MIPS in WTIL of
the primary lining structure at D1 on April 15 in 5 years of
the operation period of the tunnel. It can be seen that both
theMAPS andMIPS of the primary lining structure inWTIL
are bigger than those in STIL. For example, the absolute
maximum value of MAPS in STIL was −3.6MPa, while that
in WTIL was −5.8MPa. Moreover, the absolute maximum
value of MIPS in STIL was only −1.4MPa, while that in
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Figure 6: Stress regimes of the primary lining structure at D1 inWTIL on April 15 in 5 years of the operation period of the tunnel. (a) MAPS
in cold season. (b) MAPS in warm season. (c) MIPS in cold season. (d) MIPS in warm season.
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WTIL was −3.0MPa. +e tensile stress of the primary lining
structure was 0.7MPa in STIL and 0.2MPa in WTIL. It
reflected that in STIL, due to the existence of the insulation
layer, the thermal effect of heat exchange between the cold
air and the lining structure decreased. +en, with this
thermal effect, the liquid water in the SR was transferred to
the solid ice leading the frost heave force loading on the
primary lining structure.+is meant that, in STIL, the values
of the MAPS and MIPS were all smaller than those in WITL
due to the existence of the insulation layer. Moreover, both
the positions of the maximum absolute value of MAPS in
STIL and WTIL were at the hance of the arch. +e positions
of the maximum tensile stress of the primary lining structure
in STIL and WTIL were at the hance and inverted arch.

Figure 10 shows MAPS in STIL, MAPS in WTIL, MIPS
in STIL, and MIPS in WTIL of the second lining structure
at D1 on April 15 in 5 years of the operation period of the
tunnel. It can be seen that both the MAPS and MIPS of the
second lining structure in WTIL were bigger than those in
STIL. For example, the absolute maximum value of MAPS
in STIL was −5.4MPa, while that in WTIL was −11.0MPa.
Moreover, the absolute maximum value of MIPS in STIL
was only −1.1MPa, while that in WTIL was −4.7MPa. +e
tensile stress of the primary lining structure was 0.5MPa
in STIL and 2.3MPa in WTIL. It reflected that in STIL,
due to the existence of the insulation layer, the thermal
effect of heat exchange between the cold air and the lining
structure decreased. +en, with this thermal effect, the
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Figure 7: Stress regimes of the second lining structure at D1 inWTIL on April 15 in 5 years of the operation period of the tunnel. (a) MAPS
in cold season. (b) MAPS in warm season. (c) MIPS in cold season. (d) MIPS in warm season.
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Figure 9: Stress regimes of the primary lining structure at D1 on April 15 in 5 years of the operation period of the tunnel. (a) MAPS in STIL.
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liquid water in the SR was transferred to the solid ice
leading to the frost heave force loading on the primary
lining structure. +is meant in STIL the values of the
MAPS and MIPS were all smaller than those in WITL due
to the existence of the insulation layer. Moreover, both the
positions of the maximum absolute value of MAPS in
STIL and WTIL were at the hance of the arch. +e po-
sitions of the maximum tensile stress of the primary lining
structure in STIL and WTIL were at the inverted arch. For
the lining structures, the greater tensile stress was gen-
erally harmful. +us, the inverted arch of the tunnel
should be laid on the insulation layer.

6. Conclusions

In seasonal permafrost regions, there are many frost problems
of the tunnel due to the heat exchange between the air and
lining structure after excavation. In this paper, a coupled
mathematical model of heat, moisture transfer, and stress was
constructed to investigate the long-term thermal and stress
regimes of lining structures and SR of Altun highway tunnel
on the QTP. Using numerical simulations, thermal and stress
regimes of the tunnel in cold seasons were analyzed during a
5-year period, as well as the impact of the insulation layer
methods. +e conclusions were obtained as follows:
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Figure 10: Stress regimes of the second lining structure at D1 on April 15 in 5 years of the operation period of the tunnel. (a) MAPS in STIL.
(b) MAPS in WTIL. (c) MIPS in STIL. (d) MIPS in WTIL.
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(1) In seasonally permafrost regions, there was a sig-
nificant thermal disturbance of the SR after the
tunnel excavation. In the 5th year of the operation
period, the MSFD of the SR can reach 1.6m at the
vault of the arch. Moreover, the MSFD at the
inverted arch was only 1.0m due to the pavement
inside the tunnel, while the MSFD of the SR of the
foot of arch was situated between the two, which
reflects that the thermal regimes of different posi-
tions of the tunnel were considerably different due to
the geometrical shape of the tunnel.

(2) Both the absolute maximum value of MAPS and
MIPS in cold season were bigger than those in
warm season. In the 5th year of the operation
period, the absolute maximum value of MAPS in
cold season was −3.6MPa, while that in warm
season was −2.3MPa. Moreover, the absolute
maximum value of MIPS in cold season was
−1.4MPa, while that in warm season was
−1.0MPa. +e tensile stress of the primary lining
structure was 0.7MPa in cold season and 0.2MPa
in warm season. And the law of stress regimes of
primary lining structure was the same as those of
the second lining structure. It reflected that in cold
season, due to the heat exchange between the cold
air and the SR, the liquid water in the SR was
transferred to the solid ice leading to the frost
heave force loading on the lining structure, while
in warm season, there was no frost heave force
surrounding the lining structure.

(3) Both the MAPS and MIPS of the lining structure in
WTIL are bigger than those in STIL.

+e absolute maximum value of MAPS of the primary
lining in STIL was −3.6MPa, while that in WTIL was
−5.8MPa. Moreover, the absolute maximum value of MIPS
of primary lining in STIL was only −1.4MPa, while that in
WTIL was −3.0MPa.+e tensile stress of the primary lining
structure was 0.7MPa in STIL and 0.2MPa in WTIL. And
the law of stress regimes of primary lining structure was the
same as those of the second lining structure. It reflected that
in STIL, due to the existence of the insulation layer, the
thermal effect of heat exchange between the cold air and the
lining structure decreased, while the position of maximum
value of MAPS and MIPS differs in STIL and WTIL. +e
positions of the maximum tensile stress of the primary
lining structure in STIL and WTIL were at the hance and
inverted arch, while the positions of the maximum tensile
stress of the primary lining structure in STIL and WTIL
were at the inverted arch. For the lining structures, the
greater tensile stress was generally harmful. +us, the
inverted arch and the hance of the tunnel should be laid on
the insulation layer.
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