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Cold regional tunnels have been encountering numerous frost damages as a re-
sult of dynamic changes in hydrothermal conditions of tunnel structural layers.
The climate change is recognized as a major contributor for the problems. In this
study, the hydrothermal conditions of a high speed railway tunnel are evaluat-
ed under different climate scenarios based on in-situ data and numerical anal-
ysis. Subsequently, the effect of different thicknesses of insulation board on hy-
drothermal conditions inside the tunnel is compared and the reasonable thickness
is obtained. The main findings are: The temperature and unfrozen water content
gradually decreased and the ice content gradually increased with the service time
of the tunnel in the early 15 years; the maximum frozen depth occurs at the tun-
nel sidewall and it with a depth of 1.64 m within 30 years after the construction.
The hydrothermal conditions inside the tunnel are significantly affected by annu-
al mean air temperature (AMAT) and annual range of air temperature (ARAT);
the maximum frozen depth decreases with AMAT, but increases with ARAT.
After the XPS board with a thickness of 5 cm is laid in tunnel structural layers, the
temperature at the most unfavorable position is 0.55 °C in the cold season, which
suggests that frost damages disappeared and this method can be used to protect
the tunnel against the frost damages. This paper can provide a basis for heat insu-
lation design of the cold regional tunnels.

Key words: cold regions, tunnel, climatic changing, frost damages,
numerical analysis

Introduction

Cold regions are defined as the areas where the mean air temperature during the
coldest month of a complete year remains below 0 °C [1]. Cold regions are widely distributed
in the world, which account for approximately 50% of total terrestrial area [2]. Particularly,
this value can reach 43.5% in China [3]. In cold regions, the problem soils including seasonally
frozen ground and permafrost ground frequently encounter with larger amounts of practical en-
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gineering. On the other hand, with the increase in the extent of human activities, a large number
of traffic engineering have been built in the regions, such as the Lanzhou-Xinjiang high speed
railway, the Qinghai-Tibet railway and the Harbin-Dalian high speed railway, efc. Due to the
influence of extreme climate, these projects are subject to serious damages to varying degrees
during operating period, such as frost heave deformation, thawing and subsidence of roadbed
and uneven settlement of bridge transition section, efc. [4-11]. As a main part of traffic engi-
neering, tunnels are also inevitably threated by a series of problems wherein the icing of vaults,
cracking of side walls, freezing of drainage ditches and snow accumulation at tunnel portal
[12-16]. Those damages can significantly reduce the service life of the tunnels, interrupt traffic
or even cause the tunnel to be scrapped. By 2021, the total length of tunnels has exceeded 19630
km in China [17]. In the future, this number will continue to increase. Thus, the significance
of preventing the frost damages in tunnels is more prominent. How to avoid and migrate frost
damages inside the tunnel is closely linked to hydrothermal conditions of surrounding rocks
and tunnel structures. Therefore, understanding the change process of hydrothermal conditions
is a basis for preventing frost damages and improving the service life of cold regional tunnels.

In-situ monitoring and numerical simulation are the most common methods to study
the hydrothermal conditions of cold regional tunnels. Jiang et al. [ 18] concluded that the thermal
characteristics inside the tunnel are associated with topography, environment and the synergy
of tunnel directions. Chang et al. [19] recorded the temperatures of air, surrounding rocks and
tunnel structures in long-term, which showed the thermal characteristics of the tunnel were af-
fected by traffic-induced thermal effect. Liu et a/. [20] monitored the temperature distributions
of four cross-sections in a permafrost tunnel, indicating that the amplitude of air temperature
in the tunnel decreases gradually as the distance from the entrance to the exit increases. Zhao
et al. [21] proposed a novel distributed temperature monitoring system to test the temperature
distributions at fire-proof, thermal insulation board surface, sidelining and lining surface of a
cold regional tunnel, which reveals that the temperature at thermal insulation surface and in-
side tunnel change slightly compared with the other locations. Besides, the tunnel temperature
variation distributes along the longitudinal direction and also changes with the seasons [16].
The conclusions drawn in previously mentioned literatures by in-situ monitoring provide the
comprehensive and immediate thermal conditions and plays a guiding role in the tunnel design
for the cold regional tunnels.

However, the cost of in-situ monitoring is expensive and time-consuming. With the
development of computer technology and theories related to heat and mass transfer, numerical
simulation becomes popular. In this regard, most scholars have focused on numerical models con-
sidering the influence of ventilation, piston action as well as multi-physics coupling. Yan et al.
[22] provided a reference on frost prevention in cold regional tunnels by analyzing the design pa-
rameters of insulation layer under different mechanical ventilation conditions. Jiang et al. [23, 24]
studied the effect of piston action caused by train running on thermal environment inside the tunnel,
and found that air temperature distribution depended on air temperature outside the tunnel and train
speed. Meanwhile, as the piston action accelerates heat exchange between the air inside and out-
side the tunnel, the frozen depth at tunnel portal is much bigger than that at tunnel middle section.
Yang et al. [25] established a hydro-thermal coupling model for cold regional tunnel considering
heat transfer and water ice phase. Jiang et al. [26] investigated the influence of performance deg-
radation of insulation board on hydrothermal conditions and evaluated the difference between two
insulation measures. The valuable researches about the cold regional tunnels based on numerical
analysis include but are not limited to aforementioned, which gives guidelines for preventing frost
damages of tunnels. Some anti-freezing measures were proposed, such as laying insulation board
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in tunnel structural layers, installing electric heat tracing at secondary lining surface and install-
ing air curtains at tunnel portal, and the excellent effects of those measures have been confirmed
by many cases. Yuan [27] analyzed the temperatures of secondary lining and primary support of
a tunnel, and revealed that the temperatures inside the tunnel significantly increased after using
the foam concrete with high strength and thermal insulation. Lai et al. [28] combined the electric
tracing technology and insulation layer to prevent the tunnel structural layers from frost damages.
Wang et al. [29] found that temperature inside the tunnel significantly increased after installing
the air curtain while frost damage disappeared in cold season. However, most of aforementioned
researches are focused on ordinary railway tunnel instead of high speed railway tunnel. The defor-
mation of high speed railway tunnels is stricter than the ordinary railway tunnels (the settlement
of high speed railway must be less than 15 mm after construction) [30]. On the other hand, the
global climatic warming becoming an unavoidable issue for the railways in cold regions. In the
Qinghai-Tibet plateau [31, 32] and northeast of China [33, 34], the permafrost degrading caused
by climatic warming reduces the bear capacity of the subgrade soils and further causes disasters
[35]. At present, the occurrence of the disasters is still with high frequency and serious severity
[36, 37]. Similarly, the influence of climatic changes on cold regional tunnel also cannot be ignored.

To fill the gaps, the hydrothermal conditions of a high speed railway tunnel located in
northeast of China considering climatic change are investigated based on in-situ monitored data
and numerical analysis. The aims of this study are to:
— determine the evolution of hydrothermal conditions inside the tunnel under different climat-

ic scenarios,

— quantify the relationship between maximum frozen depth and AMAT as well as ARAT, and
— obtain the reasonable thickness of insulation layer for the cold regional tunnels.

This paper can help us understand the change process of hydrothermal conditions and
provide some guidelines for the design and construction of high speed railway tunnels in cold
regions.

In-situ monitoring
Studly site

The Jilin-Tumen-Hunchun passenger dedicated line (JTHPDL) was constructed in
2015 and it is located in the northeast of China. The studied tunnel is Gaotai tunnel located in
Antu County, Jilin province. The total length of the tunnel is 3706 m and the slope is 12.4%o,
as shown in fig. 1. Fully weathered granite, strongly weathered granite and weakly weathered
granite are stratified from the summit to the base of the mountain. The groundwater is mainly
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Figure 1. Basic information of studied tunnel [38]
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quaternary rock pore water and bedrock fissure water. The groundwater depth is generally be-
tween 0.0 m and 5.0 m and the seasonal variation ranges from 0.5-2.0 m. The maximum buried
depth is 188.0 m.

In-situ monitoring design

The in-situ monitoring system consists of the monitoring system inside the tunnel and
outside the tunnel. The monitoring system inside the tunnel is composed of the temperature
sensors, the meteorological sensor with five parameters, and the data logger, as shown in fig. 2.
These instruments were mainly used to record air temperature inside the tunnel, the tempera-
tures of tunnel structural layers and the surrounding rocks. The monitoring system inside the
tunnel was powered by electricity. The monitoring system outside the tunnel was installed near
the entrance and exit of tunnel, which was mainly used to record ground temperature and air
temperature at the tunnel portal. All temperature sensors were calibrated based on the related
standard [39]. The record frequency of the data logger is twice per hour.

Figure 2. The monitoring
system inside the tunnel;
(a) the monitoring
system inside the tunnel,
(b) temperature sensor,
(c) the meteorological
sensor with five
parameters, and

(d) data logger [40]

Figure 3. Installation
of monitoring points at
tunnel portal

The temperature gradient near ground surface is larger due to the presence of the
boundary-layer. Therefore, the distance between adjacent temperature sensors in the depths
ranging from 0-10 m is fixed at 0.5 m. When the depth exceeds 10 m, the spacing between adja-
cent temperature sensors is 1 m. All temperature sensors were tied on a wood strip, as is shown
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in fig. 3(a). Afterward, a bore with the depth of 15 m was excavated by a drilling rig and then
put the wood strip inside the bore, fig. 3(b). Finally, the bore was backfilled with sand.

The tunnel profile and locations of tem-
perature sensors along the tunnel radial direc- A
tion are shown in fig. 4. The temperature sensors N\ (1 [/ /
were arranged at three different positions, one ’
sensor was installed 5 cm away from secondary
lining surface to monitor air temperature, and
the two reminding sensors were installed at the
center of secondary lining and the interface be- ,
tween secondary lining and primary support to 1
monitor temperatures at corresponding points, oo
respectively.

Numerical model

Governing equation Figure 4. Tunnel profile and locations of

The coupled hydrothermal model was de-  monitoring points: S/ — the air temperature,
veloped considering heat transfer and ice phase. 52 — the temperature at the center of secondary
Th . . . lining, and S3 — the temperature at the interface

e governing equations should satisfy the fol- g ;

. ; between secondary lining and primary support
lowing assumptions:
— The surrounding rocks are homogeneous and isotropic.
— Ice is incompressible.
— The convective heat generated by water migration is ignored.
— Water migration obeys the Darcy’s law in both frozen and unfrozen zones.

The heat transfer equations in the thawed and frozen zones can be expressed [41]:

oT, 0 oT, 0 oT,
Cup2_u:_ /1u ol ﬂ“u - (l)
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where f'and u are the medium in frozen and thawed states, respectively, 4 — the thermal con-
ductivity, 7 — the temperature, ¢ — the time, ¢ — the specific heat capacity, p, and p; are density
of medium and ice, respectively, L — the latent heat of phase transition, and ; — the volumetric
ice content.

The water migration caused by air and water vapor can be ignored as it is limited in
quantity. At this point, the mass transport of unsteady flow during the freeze-thaw process in
surrounding rocks can be expressed:

o p, Ot Ox ox ) oy oy

where K is hydraulic conductivity, ¢ — the matrix potential, and 8, — the volumetric content of
unfrozen water.
The relationship between temperature and unfrozen water content can be determined:

S
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where 6, is the initial water content of the surrounding rocks, that is 15% for the study tunnel
and a, and b, are empirical constants of 6.989 - 10~ and —0.26, respectively.
The moisture diffusion coefficient is shown:

K
D= ()

The water migration equation can be expressed:
6, , 026 _0(,00,) 0,00, .

o p, Ot Ox Ox oy oy
Then the 6, can be removed and the heat transfer equation can be further expressed:
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The heat conduction equation of surrounding rocks considering ice-water phase and
water migration is further determined by equivalent substitution method and can be expressed:

Cea_T=£|:l§a_T:|+i lea_T (10)
o 0Ox ox | oyl Yoy

where 4¢ and C* are the equivalent thermal conductivity and equivalent specific heat capacity,
respectively. When the surrounding rocks is thawed ("> T,,), C¢ = cp,, A° = 1,. When the sur-
rounding rocks is frozen (T'< T,,),

e ae]l e 8914
C =Cfp2 +L,Dwa—T, A 21}( +LpWD or .

In this study, the required parameters of tunnel structural layers are listed in tab. 1.

Table 1. The required parameters of tunnel structural layers [26]

. Thermal conductivity Heat capacity
Parameters I[);:ISI{?]I [Wm'°C"] [kg°C]
Frozen state Thawed state Frozen state Thawed state
Surrounding rocks 2590 2.27 1.83 1020 1058
Secondary lining 2500 1.76 1.60 1102 1149
Primary support 2300 2.23 1000

The diffusion coefficient and hydraulic conductivity coefficient in frozen zone are
much smaller than those in thawed zone due to the formation of ice lenses, which can be de-
scribed by the impedance factor /. At this time, the diffusion rate and hydraulic conductivity of
unfrozen water inside the surrounding rocks can be determined:
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where D/(0) and K;(6) are the diffusion coefficient and hydraulic conductivity in the frozen
zone, respectively, [ is the impedance coefficient of ice, 7 = 10!, 9, — the volumetric ice con-
tent, a,, by, as, by are the empirical coefficients, which are 3.56 - 107, 10.86, 3.24 - 10°%, 3.76,

K;(0)

respectively. A = 50 8
Geometric model and boundary conditions Q
The dimension of the geometric model - 1438 = !
is shown in fig. 5, the radial depths around the i
tunnel outline is 50 m. The buried depth is 7.20 m \
(this value is the buried depth near the tunnel 1249 50
portal). The detailed boundary conditions are
as follows. 1
The AB is the process of temperature ¢! _— ! D
change outside the tunnel, and can be simplified: Figure 5. Geometric model [m]
T,, = 5.64+17.25si 2n(i-105)| 14
=D. LS| ————
ab 365 | ( )
The EFG is the air temperature inside the tunnel, and it varies:
[2n(e-111)]
Tefg =4.69+14.02sin T (1 5)

The heat flux of CD at the bottom of the model is taken as 0.06 W/m?, AC and BD
are the adiabatic boundaries. The convective coefficient at the boundary of EFG is 15 W/m?°C.

Results and discussion
Model verification

In order to verify the accuracy and to improve the convergence of the numerical mod-
el, the monitored data and the simulated data are compared in the cold season and in the warm
season, respectively. As shown in fig. 6, the ground temperature is approximately constant
when the depth is more than 700 cm. In the cold season (July 28, 2019), the ground tempera-
ture decreases with depth while its opposite to that in warm season (December 27, 2018). Be-
sides, the monitored data and simulated data of ground temperature at the depth of 50 cm were
22.72 °C and 21.06 °C, respectively on July 28, 2018. While for the monitored data and simu-
lated data of ground temperature at a depth of 1000 cm were —6.02 °C and —7.01 °C, respective-
ly on December 27, 2019. Therefore, it indicates that the simulated data agrees well with the
monitored data and the accuracy of the numerical model is credible.

In addition, the temperature of S2 (the central point of the secondary lining), and S3
(the interface between the secondary lining and the primary support) are selected to analyze the
temperature change process for monitored data and simulated data. In general, the frozen depth
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monitored value and simulated value of S2 were
—7.02 °C and —6.83 °C, respectively on 16
1400 January, 2019. While these values of S3 were
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the numerical model is with high accuracy.

Figure 6. Comparison of ground temperature
between monitored data and simulated data
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Figure 7. Temperature comparison between monitored data and simulated data
at different locations; (a) the center of the second lining and
(b) the interface between the secondary lining and the primary support

Fvolution process of hydrothermal characteristics

As the formation of free face after the tunnel is excavated, the heat transfer is also
enhanced. Based on the numerical model, the temperature behind the primary support at tun-
nel entrance (near the direction of Hunchun city) is simulated. When the tunnel works at the
coldest time in the 30" year, the temperature at five different positions, A, B, C, D, and E
are shown in fig. 8, respectively. The temperatures of the positions are —2.96 °C, —3.28 °C,
-3.39°C,-2.19 °C, and -3.10 °C, respectively. Therefore, the point C can be recognized as the
most unfavorable position. The dynamic changing process at point C is shown in fig. 9. Clearly,
the temperature at this point decreases significantly when the tunnel works in the early three
years. The lowest temperature in the cold season is below —0.05 °C during the 30" year, which
indicates that frost damage can occur in the studied tunnel without any protected measures.

To visualize the hydrothermal conditions inside the tunnel in the cold season, the
temperature, unfrozen water content and ice content are shown in fig. 10. It is evident that
temperature rises as depth increases in the radial direction. The temperature of secondary lin-
ing surface is —7.0 °C. Besides, the —0.05 °C isotherm locates in the surrounding rocks, which
indicates that the surrounding rocks is frozen. The unfrozen water content increases with the
increasing of depth along the radial direction and the ice content is opposite to that of unfrozen
water content. However, the unfrozen water content and ice content at the surrounding rocks are
12% and 6%, respectively in the 30" year and their total are greater than initial water content
(15%), which is caused by water migration from unfrozen zone to frozen zone during freezing
process. Water migration results in the accumulation of large amounts of water at the freezing
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Figure 10. Hydrothermal conditions inside the tunnel when it works
in the 30™ year; (a) temperature [°C], (b) unfrozen water, and (c) ice content

front. The accumulated water phases into ice at negative temperatures, which further generates
frost heave force and accelerates the damages of tunnel structural layers and surrounding rocks.
Conversely, the damages can further increase the amount of water migration and lead to more
serious damages to occur.

To illustrate the spatio-temporal evolution rules of thermal condition inside the tunnel,
fig. 11 depicts the temperature distribution when the tunnel works in the coldest months (Febru-
ary) of the 5*, 15%, and 25" years after construction. The maximum frozen depth reaches 1.59 m
in the 5" year and is essentially stays at 1.64 m after the 15" year. The phenomenon has to do with

15 15 15
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Figure 11. Hydrothermal conditions inside the tunnel when it works
in different years; (a) the 5" year, (b) the 15" year, and (c) the 25" year
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heat transfer path. The original heat condition around the tunnel is disturbed due to excavation.
The heat transfer between tunnel structural layers and atmosphere promotes the development of
frozen depth. The temperature inside the surrounding rocks gradually decreased during the cold
season, which can be reflected by the distribution of 6 °C isotherm in different years. From figs.
11(a)-11(c), the zone enclosed by the 6 °C isotherm becomes smaller with time, where it com-
pletely disappeared in the 15% year and the 25" year at tunnel invert. Meanwhile, the temperature
in tunnel structural layers and surrounding rocks is stable after the 15® year, it suggests that the
heat balance inside the tunnel is achieved in the year. Therefore, special attention should be focus
on the temperatures of tunnel structural layers in the early 15 years after construction.

Anti-freezing design of the tunnel

Based on the section Evolution process of hydrothermal characteristics, it is clear that
the measures must be employed to protect tunnel from frost damages. As laying the insulation
board in tunnel structural layers is a common and effective method based on [27-29]. However,
the thickness of insulation board is not same for the different tunnels because the climatic and
geological conditions are often various in tunnel site. Therefore, this section aims to determine a
reasonable thickness of insulation board (extruded polystyrene panel, XPS) based on numerical
analysis. The thickness of XPS board is designed as 3.5 cm and 5 cm, respectively in hydrother-
mal model to further determine the reasonable thickness of insulation board. It should be noted
that the density and heat capacity of the XPS board are 35 kg/m?* and 800 J/kg°C, respectively.

12 Figure 12 shows the temperature change

=—35cm —=—5cm

94

#
%
6 j
Rz
777777%770 7#7 77,%”%’}’ -

w
I

Temperature at most
unfavorable position [°C]

o

Time [year]
Figure 12. Temperature changing process of
surrounding rocks at the most unfavorable
position after laying XPS board

process at the most unfavorable position with
different thicknesses of XPS board. As the low-
est temperature of surrounding rocks is —0.23 °C
in the cold season after laying the XPS board
with the thickness of 3.5 c¢m, the frost damag-
es can still exist. However, when the XPS board
with the thickness of 5 cm, the temperature of
surrounding rocks is 0.55 °C and is higher than
initial freezing temperature (—0.05 °C). There-
fore, it suggests that the frost damages disap-
peared after XPS board is laid inside the tunnel
with the thickness of 5 cm.

In addition, the hydrothermal conditions inside the tunnel under different thicknesses

of XPS board are shown in figs. 13 and 14, respectively. When the XPS board with the thick-
ness of 3.5 cm, the maximum frozen depth of the tunnel is 0.87 m and the ice distributes on
surrounding rocks surface with the maximum value of 4%. When the XPS board with thickness
of 5 cm, the maximum frozen depth is 0.60 m and the temperature of the surrounding rocks is
positive in the cold season.

Influence of annual mean air temperature

The AMAT is a key parameter for the cold regional engineering because it deter-
mines whether the engineering is in endothermic or exothermic state, which is further related to
whether frost damage occurs. Some scholars even use the AMAT as an criteria for classification
of frozen soil [42]. Besides, the frozen depths are also closely associated with the AMAT, which
indicates the influence of AMAT on hydrothermal conditions cannot be neglected for the cold
regional tunnels.
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The AMAT at four meteorological stations from 2014-2019 at Yongji country, Jiaohe
city, Dunhua city and Yanji city are listed in tab. 2 (these stations are along the JTHPDL and
are adjacent to the studied tunnel). The AMAT of the stations ranged from 6.01-6.79 °C (Yongji
country), 4.62-5.72 °C (Jiaohe city), 4.62-5.72 °C (Dunhua city), and 6.02-7.03 °C (Yanji city)
from 2014-2019, respectively. Therefore, the AMAT outside the tunnel is determined to be
4-8 °C, respectively (for the boundary condition of AB). At the tunnel site, the air temperature
in the monitored cross-section and outside the tunnel from December 2018 and December 2019
are shown in fig. 15, which is 5.7 °C and 4.7 °C, respectively. Obviously, the difference be-
tween them is 1 °C. So, the AMAT inside the tunnel is to be determined as 3-7 °C, respectively
(for the boundary condition of EFG).

Table 2. The AMAT at different meteorological stations
along the JTHPDL

Meteorological Yogji Jiaohe Dunhua Yanji
station country city city city

AMAT [°C] 6.01-6.79 | 4.62-5.75 | 4.62-5.72 | 6.02-7.03
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Figure 15. Air temperature changing process; (a) outside the tunnel and
(b) in the monitored cross-section

Figure 16 shows the hydrothermal conditions inside the tunnel in cold season when
tunnel works in the 30™ year. As can be seen that with the increasing of the AMAT, the tem-
perature of tunnel structural layers and surrounding rocks increased simultaneously. When the
AMAT is -3 °C, the maximum temperature of surrounding rocks is 3.5 °C. Subsequently, when
the AMAT increases from 4-8 °C, the corresponding values are 4.5 °C, 5.5 °C, 6.5 °C, and
7.5 °C, respectively. It is no doubt that the temperature increment of surrounding rocks is at
the same growth rate as the AMAT. However, the ice content decreases with the increasing of
the AMAT and maximum ice content of surrounding rocks is 11%, which demonstrates the
surrounding rocks are frozen. The maximum frozen depth can be derived from the boundary
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of —0.05 °C isotherm. When the AMAT increases from 4-8 °C, the maximum frozen depths are
1.93m, 1.69m, 1.54 m, 1.31 m, and 1.12 m, respectively. Therefore, the increase of AMAT can
alleviate the frost damage inside the tunnel.
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Influence of annual range of air temperature

In order to quantitatively analyze the influence of ARAT on hydrothermal conditions
of tunnel, the ARAT at four meteorological stations from 2014-2019 are shown in tab. 3. It can
be seen that the ARAT ranged from 17.52-21.11 °C (Yongji country), 17.56-21.46 °C (Jiaohe
city), 17.56-21.46 °C (Dunhua city), and 15.20-18.40 °C (Yanji city), respectively. Therefore,
the ARAT outside the tunnel is determined to be 17-22 °C (for the boundary condition of AB),
respectively. The ARAT between monitored section and outside the tunnel is approximately 3
°C according to the monitored data, thus the ARAT inside the tunnel is determined to be 14-19
°C (for the boundary condition of EFG), respectively.

Table 3. The ARAT at different meteorological stations along the JTHPDL

Meteorologi- Yoneii coun Jiaohe Dunhua Yanji
cal station & try city city city
ARAT [°C] 17.52-21.11 | 17.56-21.46 | 17.56-21.46 | 15.20-18.40

The hydrothermal conditions inside the tunnel under different ARAT are shown in
fig. 17. Taking the ARAT is 17 °C as an example to illustrate the hydrothermal conditions of
tunnel structural layers and surrounding rocks. The temperature on secondary lining surface is
—7.5 °C, and the temperatures of secondary lining and primary support are below —0.05 °C at this
time. The maximum ice content of surrounding rocks is 11%. Then with the increase of ARAT,
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the temperature significantly decreases and the zones containing with ice also expands. It indi-
cates that maximum frozen depth is continuously increasing. When the ARAT increases from
17-22 °C, the maximum frozen depths are 1.60 m, 1.77 m, 1.84 m, 1.94 m, and 2.01 m, respec-
tively. Obviously, the frozen zone expands with the increase of ARAT.

Y [m]

0 5 0 5 0 -0 -5 0
(b) X[m] (d)

Figure 17. Hydrothermal conditions
inside the tunnel under different ARAT
[°C]; (a) and (b) ARAT =17 °C,

(c) and (d) ARAT =18 °C,

(e) and (f) ARAT =19 °C,

(g) and (f) ARAT =21 °C, and

(i) and (j) ARAT =22 °C

Conclusions

Based on in-situ monitored data and numerical simulation, the hydrothermal condi-
tions considering climatic change of a high speed railway tunnel are analyzed. The most unfa-
vorable position of the tunnel is recognized and the reasonable thickness of insulation board to
prevent frost damage is determined. The conclusions are as follows.

e Under unprotected conditions, with the increase of service time of the tunnel, the tempera-
ture of structural layer gradually decreased. When the tunnel works in the 30" year, the
unfrozen water content and ice content of surrounding rocks can reach 12% and 6%, respec-
tively. The most unfavorable position occurs at the tunnel sidewall and with the maximum
frozen depth of 1.64 m. Some measures must be taken to avoid frost damage for the tunnel.

® When the XPS board is laid in tunnel structural layers with the thickness of 3.5 ¢cm and
5 cm, respectively, the temperature of surrounding rocks at the most unfavorable position is
—0.23 °C and 0.55 °C, respectively in the cold season. Therefore, to avoid the frost damages
that occur inside the tunnel, the XPS board with the thickness of 5 cm should be adopted.

e The AMAT and the ARAT have a significant influence on the hydrothermal conditions in-
side the tunnel. When the AMAT increases from 4-8 °C, the temperature of the tunnel struc-
tural layers developed as quickly as surrounding rocks, and the maximum frozen depths are
1.93 m, 1.69 m, 1.54 m, 1.31 m, and 1.12 m, respectively. With the increases of the ARAT,
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the temperature of the tunnel structural layers and surrounding rocks decreases significantly
and the zones containing with ice expands accordingly. When the ARAT increases from
17-22 °C, the maximum frozen depths are 1.60 m, 1.77 m, 1.84 m, 1.94 m, and 2.01 m,
respectively.
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