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Abstract

Temperature is an important factor in designing and maintaining tunnels, especially in cold regions. We present three-dimensional
numerical simulations of tunnel temperature fields at different temperature conditions. We study the tunnel temperature field in
two different conditions with relatively low and high ambient temperatures representing winter and summer of northeast China. We
specifically study how these temperature conditions affect tunnel temperature and its migration to surrounding rocks. We show how
placing an insulation layer could affect the temperature distribution within and around tunnels. Our results show that the temperature
field without using an insulation layer is closer to the air temperature in the tunnel, and that the insulation layer has shielding effects
and could plays an important role in preventing temperature migration to surrounding rocks. We further analyzed how thermal

conductivity and thickness of insulation layer control the temperature distribution. The thermal conductivity and thickness of insulation

layer only affect the temperature of the surrounding rocks which are located at distances below ~20 m from the lining.
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1 Introduction

Temperature is an important factor to consider in design-
ing and maintaining tunnels specially in cold regions. For
example, the frozen damage is destructive to tunnels built
in cold regions due to dramatic changes in temperature [1].
The damage includes cracks, water leakage through the
lining, and scrap of the main structures [2]. These destruc-
tive problems could potentially affect use and maintenance
of tunnels. Therefore, understanding tunnel temperature
field is critical. The temperature distribution within tunnel
lining and the surrounding rocks is also essential for the
analysis of stress and freeze-thaw effect. The changes in
ambient temperature result in temperature changes for the
tunnel lining and the surrounding rock. Numerical simu-
lations are useful tools to enhance our understanding of
temperature distribution within and around tunnels. In

this paper, we perform three-dimensional (3D) finite ele-
ment (FE) simulations of tunnel temperature field in rela-
tively hot and cold seasons.

Several studies have been conducted to understand the
tunnel temperature field. They include field monitoring
[3-8], analytical methods [9—-16], and numerical simula-
tions [17-22]. We briefly review some important prior work.

Field studies. Lai [3] measured the temperature field
inside and outside of a tunnel in a cold region. Their
results provide basis for antifreeze insulation and design
of operating ventilation. Chen [4] evaluated the effect of
antifreeze thermal insulating materials on tunnel tempera-
ture fields. Li et al. [5] used an autonomous recording sys-
tem to understand the lining surface temperature of the
Hongfu tunnel on hourly basis for about two years. They
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found that the temperature change was nearly sinusoidal.
Chen et al. [6] tested the temperature by eleven sections
of a highway tunnel in a cold region. Variation of yearly
temperature in tunnel was periodical and nearly followed
a sine curve. Ryu et al. [7] investigated behavior and per-
formance of concrete pavement in tunnel using tempera-
ture data. They found that the temperature change in tun-
nels was less than ambient temperature, and it was also
more stable. Zhang et al. [8] experimentally investigated
the heat transfer performance of tunnel lining ground heat
exchangers and its impact including the flow rate, inlet
water temperature, and pipe distance.

Analytical methods. Sutoh et al. [9—11] proposed a model
that approximate yearly periodic changes of atmospheric
temperature in tunnels. Kawamura et al. [12] presented a
theory for estimating temperature in tunnels by consider-
ing heat convection/conduction between the tunnel ground
and air in the tunnel. Their model results reasonably rep-
resented the field measured tunnel temperature. Lee et al.
[13] presented a method to estimate temperature-depen-
dent thermal conductivity by using solution of inverse heat
conduction problem. Luo et al. [14] presented a calculation
method using the meteorological observation data to cal-
culate the temperature of the tunnel portal based on the
Kriging method. Wang et al. [15] presented a stochastic
method for the uncertain temperature characteristics of
tunnel which considers boundary conditions as a stochas-
tic process and the rock properties as random variables.
They found that the temperature of surrounding rock
behaved stochastically, and it affected the thermal stabil-
ity of the tunnel. Nguyen et al. [16] derived an analytical
solution to understand the impact of ice formation on the
surrounding rock. They considered the coupling between
liquid water and ice crystal under thermodynamic equilib-
rium, liquid water transport, thermal conduction, and elas-
tic properties of the phases. They found that the hydraulic
and thermal diffusivity coefficients are the most important
factors to consider. In studied above, specifically Sutoh et
al. [9-11], Kawamura et al. [12], and Lee et al. [13] used
theories to estimate only tunnel temperature. Luo et al.
[14] and Wang et al. [15] presented statistical method to
analyze the tunnel temperature. Nguyen et al. [16] mainly
considered impact of the liquid water and ice.

Numerical simulations. Lai et al. [17] used a 3D model
for simulating temperature fields in ventilated embank-
ments in a cold region. Tan et al. [18, 19] presented a
method in terms of the three-zone theory including frozen
zone, freezing zone, and an unfrozen zone. The model was
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used to discuss the effect of insulation material of a tunnel
in Tibet region. Lai et al. [20] used the FE package to ana-
lyze heat insulation effect of separate lining. Their results
show that the temperature of lining and rock decreases
gradually by decreasing ventilation temperature and that
the maximum temperature difference occurred in a closed
air layer. Zhou et al. [21] developed a model to study the
heat convection between the air and the tunnel wall, as well
as the heat transfer in the surrounding rock and at interfaces
between different materials in the structure of the tunnel.
They found that mechanical ventilation winds during oper-
ation and train-induced winds significantly influence the
temperature field distribution in the tunnel. Li et al. [22]
built a coupled heat-water model for the tunnel in cold
regions based on energy and mass conservation principles.
They determined the optimal thickness of the thermal insu-
lation layer by a series of coupled heat-water simulations.

This paper is organized as follows: Section 2 presents
our numerical models. Section 3 presents site description
and input parameters for our numerical models. In Section
4 we discuss the test results of tunnel temperature fields.
In Section 5 we present our sensitivity analysis results to
insulation layer parameters. Finally, Section 6 highlights
conclusions of this work.

2 Numerical model

We developed 3D numerical models to better understand
how ambient temperature affect temperature distribution
within the tunnel and in the surrounding rock. The tem-
perature transfers in the air, lining, and surrounding rock
are calculated based on the general temperature conduc-
tion equation with the heat flux, ¢ [W/m?], as [1]:

L (1)
dx
where £ is the thermal conductivity [W/m-°C], and dT/dx is
the temperature gradient. Using the heat convection coeffi-
cient, i[w/m?-°C], the temperature convection equation is g
= W(T,— T,) where T is surface temperature of lining and
rock, and T, is temperature of ambient. Finally, the governing
equation for heat transfer which we solve for is as follows:

1o} orT 1o} or 0 or) .. . dT
_[kxx_ a4, _[kzz_]+q =Ac—, @)
Ox ox) Oy oy | 0z\ © Oz dt
where k_, kyy, and k_ are the thermal conductivity in x, y,

and z directions, respectively, 07/0x, 01/0y, 0T/0z are ther-
mal gradient along x, y, and z directions, respectively, ‘g [J]
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is internal heat, p[kg/m?] is the rock density, and ¢ [J/ kg-°C]
is specific heat capacity. The FE formulation of Eq. (2)
results in the following systems of equations is as follow:

[c{T}+[K{T}={2}, 3

where C is specific heat capacity matrix, K is thermal con-
ductivity matrix, 7 is derivative of temperature, 7T is tem-
perature (unknown), and Q is heat flux. In this work, we
only focus on a steady-state solution of the governing equa-
tions above, and only focus on how changing the boundary
conditions for ambient temperatures in summer and winter
affects temperature penetration in surrounding rocks.

In this paper, we choose our model parameters using
data obtained in Huitougou tunnel located in the northeast
China (see Section 3 for more detail). The model geome-
try is shown in Fig. la. The tunnel width is 10 m with the
overburden depth of 15 m. The length, width, and height
of the computational domain are 65 m, 90 m, and 100 m,
respectively (see Fig. la). The model extension was cho-
sen based on sensitivity simulations to make sure that
there is no boundary effect. We also performed simula-
tions by placing an insulation layer with 5 cm thickness
(see Fig. 1b). The lining thickness is 80 cm. Inside the tun-
nel is filled with air. A cross-section of the numerical grid
is also shown in Fig. 1b. We used 89,500 hexahedral ele-
ments with 375,023 nodes.

Fig. 1 (a) Model geometry, and (b) a cross-section of the mesh in the
middle of the domain. The locations of insulation layer and the lining
are clear.

Table 1 Material parameters of tunnel temperature field (extracted

from Yufu [23]).
. Thern}a% Spemﬁc Heat density
Material conductivity capacity (ke/m?)
(W/m*C) (/ kg°C) £
Surrounding 3.35 1080 2030
rock
Lining 2.4 853.5 2400
Insulation 0.02 1789 55
layer
Air 0.025 1006.4 1.225

3 Site description and input parameters for the
numerical model

The input parameters for our models are from Huitougou
tunnel located in the northeast of China. The data mainly
come from Yufu [23]. Huitougou tunnel is in the northwest
of Changbai Mountain in the northeast of China. Even
though we parametrize our model based on conditions
in Changbai Mountain, there are many tunnels in cold
regions with similar conditions in Canada, Norway, Japan,
and Russia (see Tan et al. [24] for more information). In the
Changbai Mountain some of the tunnels are not practically
used for up to 8 to 9 months of a year due to frozen dam-
age. The elevation of the tunnel is 814-930 m. The mean
temperature in winter (November to January) is ~—20°C.
The maximum temperature occurs in July and is ~30°C.
The annual average temperature is ~5°C. According to
geological investigation and the rock mechanical test,
the surrounding rock of Huitougou tunnel is of grade V,
using JTG classification [25]. We consider temperature
conditions that often occur in cold regions. Therefore, we
expect that our results presented in this work have some
broad implications in understanding temperature field in
other regions worldwide. Main input parameters (material
properties) are presented in Table 1. Importantly, the sur-
rounding rock has the highest thermal conductivity and
specific heat capacity. The insulation layer has the low-
est thermal conductivity to be able to block temperature
migration into surrounding rocks. Here, we will quantify
the heat migration depth into surrounding rocks with and
without placing this low conductivity layer.

4 Numerical results

We study the tunnel temperature field in two different con-
ditions with relatively low and high ambient temperature
of —20°C and 30°C representing winter and summer con-
ditions of northeast China. Using different types of insula-
tion layer and lining are common practice in cold regions.



Here to better understand how using an insulation layer
control temperature penetration (from ambient air in the
tunnel) into the surrounding rocks, we performed addi-
tional simulations by placing insulation layer in the tunnel
(see the discussion by Tan et al. [24] on different mate-
rial used as insulation layer). Specifically, we look at the
temperature field distribution of a tunnel, lining, and sur-
rounding rock. Chosen boundary conditions representing
conditions of Huitougou tunnel are shown in Fig. 2. As per
Takumi et al. [12], we assume temperature deep into the
surrounding rock are not affected by the ambient tempera-
ture and is equal to 5°C. We defined the boundary condi-
tions of the left and right boundaries as perfectly insulated
with heat flow of 0 w. Similar to Lai et al. [3], air in the tun-
nel and the environment exchange heat convectively with a
convection index of 15 W/m? °C. We set the top boundary
temperature of 0° and 15°C for winter and summer, respec-
tively. This is consistent with prior work studying tempera-
ture field in cold regions (see Tan et al. [24]).

4.1 Temperature results without insulation layer

In this section, we present the temperature distribution
results with no insulation layer placed in our model (see
location of the insulation layer in Fig. 1b). Our simulation
results are shown in Fig. 3. It is clear that the air tempera-
ture in the tunnel is the same as the ambient temperature
(=20 °C for winter and 30°C for summer) near the tunnel
entrance. The temperature of lining and surrounding rock
is affected by the ambient temperature. The temperature
gradually transfers to the surrounding rock with initial tem-
perature of 5°C). In winter, an average freezing depth is
~5 m from the lining surface. This is in consistent with
Takumi et al. [12] findings where they developed a theoret-
ical equation for estimating the temperature in the tunnel.

0°C(winter)
b 15°C(summer)
B ‘ ﬁé"\*v
O
o
oS

Fig. 2 Boundary conditions
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65 m

90 m

Fig. 3 Cross-section of temperature distribution without insulation
layer for (a) winter condition and (b) summer condition

a

100 m

58 10 12 14 16 18 20 22 24 26 28 30
Fig. 4 Temperature distribution in the tunnel without insulation layer
for (a) winter condition, and (b) summer condition. The left side of the

domain corresponds to the tunnel entrance

Additionally, the temperature distribution within the
tunnel itself is shown in Fig. 4. It is clear that the tun-
nel entrance temperature has limited effect on the section
deep inside the tunnel, which temperature still maintains
5°C. In winter, the temperature of tunnel portal is affected
by ambient temperature and drops to —20°C. The tempera-
ture of the air rises gradually along the tunnel. In summer,
the temperature of tunnel portal is affected by ambient
temperature, and it rises to 30°C. The temperature drops
gradually along the tunnel. It is clear that both in winter
and summer the temperature deep in the tunnel stays con-
stant due to insulation boundary condition used.
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Fig. 5 Temperature distribution of tunnel lining without insulation layer
in (a) winter, and (b) summer. The left side of the domain corresponds
to the tunnel entrance
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Fig. 6 Cross-section of temperature distribution with insulation layer

65 m

for (a) winter condition and (b) summer condition

The temperature distribution of the tunnel lining is
shown in Fig. 5, from which we can see that in winter
the temperature of the lining near the tunnel entrance is
close to the ambient temperature, which reaches —20°C.
As we move through the tunnel, the temperature gradually
increases and stabilizes to 5°C. In summer, the temperature

of the lining near the tunnel portal is close to the ambient
temperature and reaches 30°C, and as we move through
the tunnel, the temperature gradually drops and stabilizes
to 5°C. Overall, nearly full length of the lining (mainly the
top part) is affected by ambient temperature.

4.2 Temperature results with insulation layer

In this section, we show how placing an insulation layer
between the tunnel lining and the air affects the tempera-
ture distribution. As mentioned, the insulation layer thick-
ness is only 5 cm, similar to what was suggested by Feng
et al. [26]. We expect that the insulation layer hinders
the temperature to migrate into surrounding rocks. Our
numerical modeling results for temperature distribution is
shown in Fig. 6.

As shown in Fig. 6, the insulation layer seems to be
effective in keeping the surrounding rock’s temperature
at 5°C due to its low thermal conductivity. In winter, even
though the tunnel air temperature is —20°C, the tempera-
ture outside the insulation layer is still above zero, and
there is no freezing effect. This is not true when an insula-
tion layer is not used (see Fig. 3a). In summer, the tempera-
ture is 14°C near the lining outside the insulation layer,
which is less than the ambient temperature. As shown, the
insulation layer acts effectively in moderating tempera-
ture migration into surrounding rocks. Using the insula-
tion layer could potentially decrease freezing damage to
the surrounding rocks to some extent.

The temperature distribution of lining is shown in Fig.
7. Comparing Figs. 5 and 7 reveals that the temperature
distribution of lining is different in two conditions with
and without insulation layer. This is more obvious near
the entrance where the temperate is much closer to ambi-
ent temperature when there is no insulation layer (Fig. 5).
Overall, when the insulation layer is used, the tempera-
ture of the lining is above zero. Therefore, the lining is
unlikely to be frozen in winter. The practical implication
is that the insulation layer is essential for tunnels built in
cold regions. To make this conclusion clear, we present
the temperature distribution of the surrounding rock along
the radial direction in Fig 8. The temperature of the sur-
rounding rock with insulation layer is close to the air tem-
perature (-20°C in winter and 30°C in summer). In winter,
the temperature without insulation layer near the lining is
—4.4°C. However, when insulation layer is used the tem-
perature is close to zero. In summer, the temperature of
the surrounding rock without insulation is 17°C, whereas
the temperature with insulation is about 14°C. As we move



Fig. 7 Temperature distribution of tunnel surrounding rock with
insulation layer in (a) winter, and in (b) summer. The left side of the

domain corresponds to the tunnel entrance

away from the tunnel itself, the temperature remains the
same for both cases with and without the insulation layer.
At depth of ~20 m, the surrounding rock has the same tem-
perature with and without insulation layer.

5 Sensitivity to insulation layer parameters

In this section, we perform sensitivity analysis to better
understand the potential effects of heat transport parame-
ters of the insulation layer on temperature of surrounding
rock. The parameters include thermal conductivity, and
thickness of the insulation layer. We found that specific
heat capacity and density have no significant effects on
temperature migration into surrounding rocks using con-
ditions of Changbai Mountain. Therefore, we only show
our sensitivity results for thermal conductivity and thick-
ness. To perform the sensitivity, we only focus on win-
ter condition with the ambient temperature of —20°C.

5.1 Thermal conductivity

Thermal conductivity is one of the most important param-
eters affecting heat transport. We chose the thermal con-
ductivity of insulation layer as 0.005, 0.01, 0.02, 0.04, and
0.06 W/m-°C. Note that the results presented in previous
section were for thermal conductivity of 0.02 W/m-°C.
In order to compare the temperature distribution in the
surrounding rock, we looked at temperature distribution
along the radial direction. The temperature of surrounding
rock along the radial direction is as Fig. 9.
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Fig. 8 Temperature distribution of surrounding rock along the radial
direction in (top) summer, and (bottom) winter
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Fig. 9 The temperature versus distance from the tunnel for different
values of insulation layer thermal conductivity. Using smaller values
of thermal conductivity result in smaller temperature migration in to

surrounding rocks
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Fig. 10 The temperature versus distance from the tunnel for different
values of insulation layer thickness
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As shown in Fig 9, increasing the thermal conductiv-
ity results in a larger variability in temperature in sur-
rounding rocks. When the thermal conductivity is 0.005
W/m-°C, the temperature difference in surrounding rock
and near the lining is ~1°C, and the affected distance is
nearly 25 percent shorter than the case with thermal con-
ductivity is 0.06 W/m-°C, in which the temperature of sur-
rounding rock near the lining is ~—0.5°C. It is worth noting
that there is no significant difference in temperature at dis-
tance of 20 m away from tunnel, for any values of thermal
conductivity.

5.2 Insulation layer thickness

The insulation layer thickness is the second important fac-
tor that affects the heat transport to surrounding rocks. We
chose thickness of 0.05, 0.1, 0.15, and 0.2 m. Note that the
results presented in previous section were for thickness of
0.05 m. Results of temperature in surrounding rock along
the radial direction are as Fig. 10.

Fig. 10 shows how changing the insulation layer thick-
ness affects the temperature distribution. The more is the
thickness of the insulation, the less is the heat migration
into surrounding rocks. When the thickness is 0.05 m, the
temperature of surrounding rock near the lining is 0.4°C.
When the thickness changes to 0.2m, the temperature of
surrounding rock near the lining is 1.2°C.

6 Conclusions

In this paper, we numerically analyzed the temperature
field within a tunnel and surrounding rock. The tempera-
ture field within the tunnel, its lining, and the surround-
ing rock under the typical winter ambient temperature
(-20°C) and the summer ambient temperature (30°C) in
cold regions area were analyzed. Specifically, we parame-
trize our model based on data from Huitougou tunnel in
Changbai Mountain of northeast China. We also studied
the potential influence of insulation layer on the tempera-
ture migration into the tunnel lining and of surrounding
rock. Additionally, we performed sensitivity simulations
to better understand how thermal conductivity, thickness
of the insulation layer, heat capacity and density of the
insulation layer control on temperature migration into
surrounding rocks. We found that (1) insulation layer is
important in hindering ambient temperature migration
into surrounding rocks; (2) depth of ~20 m is the max-
imum depth affected by ambient temperature; (3) there
is no significant effects from heat capacity and density
of the insulation layer; however, both smaller thermal

conductivity and higher thickness of the insulation layer
could decrease the maximum temperature penetration
depth into surrounding rocks; (4) surrounding rocks
located close to tunnel entrance are more sensitive areas
to ambient temperature variation. Therefore, we recom-
mend using thicker insulation layer with smaller thermal
conductivity for areas close to the tunnel entrance. Future
work could consider transient heat transport simulations,
incorporate surrounding rock heterogeneity, and study
different boundary conditions among others.
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