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Abstract: In order to study the freezing front characteristics of alpine tunnels under the condition of
wind flow field and relying on the Osaka Mountain tunnel in Qinghai Province, the physical model
test of an alpine tunnel was built. By using the Surfer software combined with the laboratory test data,
the radial and longitudinal temperature variation trends of the tunnel were obtained, and the overall
temperature vector graph of the tunnel was simulated; the radial and longitudinal evolutionary laws
of a freezing front in an alpine tunnel under airflow conditions were systematically analyzed, and the
radial and longitudinal governing equations of a freezing front in the tunnel model under airflow
conditions were proposed. The results show that: With the decrease of the test air temperature, the
thermonuclear area in the surrounding rock gradually shrinks, the frozen area of surrounding rock
at the bottom of the arch gradually increases, and the frozen area of surrounding rock at the top of
the arch gradually expands to the interior of the mountain. The influence degree of ventilation on
the longitudinal and radial temperature distribution of the tunnel is obvious, and the greater the
wind speed, the greater the influence degree. In particular, the fluctuation range of the longitudinal
temperature distribution of the tunnel is more extensive under the influence of ventilation. The
freezing front distance in the inverted arch area is the largest, and the expansion distance of the
freezing front in the wall foot area is obviously higher than that in the vault; the variation of the
longitudinal freezing front at different positions of the tunnel shows parabolic attenuation and with
an increase in tunnel depth, the trend of freezing front gradually eases and becomes stable and
disappears; the three radial regions of the freezing front and the longitudinal quadratic parabola
governing equations can predict the specific distribution characteristics of the freezing front at
different depths of the tunnel.

Keywords: alpine tunnel; wind flow field; freezing front; model test

1. Introduction

With the increasing demand for transportation infrastructure construction in the
Qinghai-Tibet Plateau and Northwest China, the construction scale of tunnels in high
altitude cold regions is also expanding year by year, and the phenomenon of frost damage
in railway and highway tunnels in cold regions is very common and serious [1,2]. Therefore,
reducing tunnel frost damage has become a key scientific problem that needs to be solved
urgently at present, and it is also a difficult and key point for scholars in the field of alpine
tunnel engineering to study [3,4]. Especially in the extreme environment outside the tunnel,
cold air enters the tunnel and repeatedly exchanges heat with the lining, resulting in severe
frost damage to the tunnel lining, invert and drainage structure. These problems have been
an issue for the operation management and safe driving of the alpine tunnel project [5,6].

Both domestic and foreign scholars have made a lot of achievements in the study
of tunnels in cold areas under the action of wind flow field, most of which are based
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on model tests and numerical simulation, etc. [7,8]. According to the research results,
when the external air flows into the tunnel, the heat exchange between the air flow and
surrounding rocks is the most intensive at the tunnel entrance; it then gradually decreases
with the increase of ventilation distance, showing an inverted “V” variation trend on the
whole. Krarti and Kreider (1996) obtained the analytical solution of the gas temperature
field in the underground wind tunnel according to the law of conservation of energy [9].
He et al. (1996, 1999) predicted the freeze-thaw conditions of 46 surrounding rock tunnels
in cold areas based on the combined convection—conduction model of 47 on-site temper-
ature, atmospheric pressure and wind conditions [10,11]. Lai et al. (2002) deduced the
analytical solution of the temperature field of circular tunnels and proposed the calculation
method of the thermal insulation layer of tunnels in cold areas [12]. Tang and Wang (2007)
analyzed the effect of temperature control on permafrost tunnels and established stable
conditions related to melting depth and suitability for use in construction [13]. On the
basis of thermal conductivity seepage theory, Xuefu et al. (2007) studied the influence of
thermal insulation layers on controlling water leakage in permafrost tunnels by considering
the coupling effect of seepage and temperature field, and carried out the three dimen-
sional nonlinear analysis of the Kunlun mountain tunnel with and without an insulation
layer [14]. Taking Zila mountain tunnel as an example, Zhou et al. (2021) studied the
dynamic change of the temperature field during the operation of the tunnel by adopting
the convection-conduction coupling transient heat transfer model [15]. In recent years, the
finite element analysis method is often used to solve the heat transfer problem between
tunnel surrounding rock and air [16]. Based on the heat transfer theory, Lai et al. (1999)
used the finite element formula to make a nonlinear analysis of the temperature field,
seepage field and stress field related problems in cold zone tunnels [17]. In order to study
the influence of wind flow field on the temperature of tunnel-surrounding rock in cold
areas, Tan et al. (2014) established the temperature field model of tunnel-surrounding rock,
which includes the governing equation of surrounding-rock temperature, the governing
equation of air temperature field in tunnel and the governing equation of wind flow in
turbulent field [7]. On this basis, a numerical analysis method was adopted. The variation
rule of surrounding-rock temperature field and specific insulation measures under venti-
lation conditions of Jialongla Tunnel in Xizang Province are discussed. Both mechanical
ventilation and train-induced wind during train operation in the cold zone tunnel have a
great influence on the temperature field inside the tunnel. Zhou et al. (2016) established
an unsteady finite reference calculation model according to the unsteady finite difference
equation of heat transfer and heat convection in the cold zone railway tunnel; the heat
convection between air and tunnel wall and the heat conduction at the interface between
surrounding rock and different materials in the tunnel structure are studied [6].

In practical engineering, when determining the insulation material and the suitable
range of grouting in alpine tunnels, the predicted scale of tunnel structure under freezing
temperature must be determined by predicting the temperature field before construction,
and the freezing front becomes an inevitable discussion object [18,19]. As an important
reference for thermal insulation design of alpine tunnels, freezing front has important
guiding value for thermal insulation construction of alpine tunnel engineering. The current
research results on the freezing front of alpine tunnels need to be explored further, as the
existing research mainly focuses on single tube freezing and a small part of frozen soil
freezing. The single-tube freezing theory considers the freezing point of soil, proposes the
freezing front and considers that the temperature at the front is constant. This theory is
only applicable to the solution of the freezing radius before the freezing front is closed,
while the flat plate freezing theory is needed for the freezing radius after the freezing front
is closed. The main reason is that the diameter of the freezing tube can be ignored in the
calculation of the single-tube freezing problem. Thus, it can be simplified into a linear
heat source model with analytical solutions, and the setting of a frozen soil temperature
boundary can be simplified into a flat plate theory and the movement law of freezing
front with freezing time can be obtained. Lunardini and Varotta (1981), Li and Xia (2004),
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Jiang et al. (2009) proposed an analytical solution of the freezing temperature field of
a single tube under the condition of a constant heat flow boundary [20-22]. Zhou and
Zhou (2012) established an analytical solution to the single pipe freezing temperature field
considering the presence of some unfrozen water in the frozen soil [23]. Cai et al. (2019)
established an improved ground frost heave analysis and prediction method based on
the formation process of freezing front in combination with the analysis and prediction
proposed by Cai et al. (2014) [24,25]. In order to obtain the distribution law of freezing
front under tunnel ventilation in cold regions, Liu et al. (2018) carried out model tests
under different air temperatures and inlet wind speed, and established the radial three
domain control equation and the longitudinal parabolic control equation of the freezing
front [26]. The accuracy of the equation was verified by comparing the research results with
the field measurement results. Cai et al. (2018) established the analytical solution of the
single tube freezing temperature field considering the constant soil freezing temperature
and freezing tube wall temperature [27]. The finite element program Abaqus was used
to conduct numerical simulation of the single tube liquid nitrogen freezing temperature
field, and the functional relationship between the freezing front radius, freezing time and
freezing temperature was obtained. However, in practice, the overall radius of the tunnel
section is large, the longitudinal temperature in the tunnel is different, and the temperature
of the section cannot be ignored, so it is difficult to obtain the analytical solution to the
freezing front.

At present, it is difficult to carry out field research on the freezing front of tunnels
in alpine areas, and the physical model test can be used as an important means to obtain
test data of freezing front research because of various simulated working conditions and
convenient operation and construction. Taking the Osaka Mountain Tunnel in Qinghai
Province as an example, this paper establishes a physical model of the cold tunnel, and
systematically analyzes the radial and longitudinal evolution laws of the freezing front of
the cold tunnel under the condition of air flow field. The radial three zone control equation
and the longitudinal quadratic parabola control equation of the freezing front of the tunnel
model under ventilation conditions are determined.

2. Physical Model Test Design
2.1. Model Test Equipment and Main Parameters
2.1.1. Freezing Devices

The freezing instrument used in this model test is the XT5710 frozen soil model
test freezing system of the National Engineering Laboratory of Coal Mine Deep Well
Construction Technology of Anhui University of Science and Technology. Figure 1 shows
the power system and external circulation system.

(@) (b)
Figure 1. Power system and external circulation system: (a) Power system; (b) External circula-
tion system.
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2.1.2. Sensor

In this model test, 354 temperature sensors were used, all of which were K-type nickel
chromium nickel silicon micro thermocouple with high sensitivity. Using a FY-KFS series
hot-wire pipe wind speed sensor can achieve small air volume measurements and maintain

high accuracy.

2.1.3. Test Data Acquisition Equipment

The temperature data acquisition instrument used in the model test is the TDS-303
type data acquisition instrument produced by Tokyo Measuring Instrument Company,
Tokyo, Japan, and the wind speed data acquisition instrument is the FY-CJ2 type wind
speed acquisition instrument.

2.2. Research on Tunnel Model Similarity
2.2.1. Similarity Ratio Design of Test Model

This tunnel model is a single-center circular tunnel. Considering the refrigerating
laboratory area, model processability, economy, model operability and other factors, the
final geometric reduction ratio of the tunnel section was determined to be 1:37. For a
structure with a large tunnel slenderness ratio, if the overall scale model test is carried out,
the variable rate model is required. According to the ventilation model test of the Hong
Kong-Zhuhai-Macao Undersea tunnel conducted by Chang’an University, the variation
rate in the length direction was set as k = 4, and the final model tunnel length was set as
3 m. The main design parameters of the tunnel prototype and model are shown in Table 1.

Table 1. Main design parameters of tunnel prototype and model.

Parameter Prototype (cm) Model (cm) Similitude Ratio
Internal diameter 454 12.2 1:37
Primary lining thickness 40 1.08 1:37
Secondary lining thickness 68 1.84 1:37

2.2.2. Material Configuration

It is proposed to use C25 fine concrete to replace conventional concrete. The selection
of fine concrete is due to the closeness between its thermal conductivity and C25 concrete.
The mix ratio is water: cement: sand: gravel = 0.38:1:1.11:2.72.

The Osaka Mountain Tunnel site adopts polyurethane insulation board as insulation
material. According to the energy conservation theorem, the thickness of polyurethane in
the model is 1.5 mm. The average thermal conductivity of the main rocks is taken as the
thermal conductivity of the rock surrounding the tunnel at the site, which is 2.474 W/ (m-K).
The thermal conductivity of model surrounding-rock is 1.551 W/(m-K). The mix ratio of
surrounding rock material is water: sand: lime: stone: soil = 0.35:1.5:0.2:0.6:2.0. The thermal
conductivity of model surrounding-rock is 1.551 W/(m-K), and the temperature similarity
ratio of surrounding-rock materials is 1:1.37.

2.3. Model Test Design Scheme
2.3.1. Tunnel Mold Design and Lining Pouring

The test mold was welded with a 3 mm steel plate. The diameter of the inner template
was 97 mm, and the diameter of the outer template was 140 mm. Bolt fixing ends should
be used at the overlap between formworks to make the connection of formworks more
stable. The internal insulation layer and temperature sensor of the lining should be fixed
on the internal reinforcement mesh of the lining in advance, and the lining poured with
equal thickness. Sprinkle water on the tunnel model for curing at regular intervals within a
certain period after the completion of the model tunnel pouring.
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2.3.2. Arrangement of Sensors

The temperature sensors for the tunnel model test in this cold region are arranged at
8 positions on the cross section: left foot of the wall, left side wall, arch, right side wall,
right foot of the wall, lower right of the invert, lower middle of the invert and lower left of
the invert. The specific arrangement is shown in Figures 2 and 3 (Unit: mm).

*Vault

Unit: mm
@® Temperature sensor

Primary lining
Internal insulation la
Secondary lining
Surface insulation laye:

R.ight
Side wall

Sidewall

50 50 50

Left,. . Rigth
arch foot arch foot
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(a) (b)
. Unit mm
Unit: mm # Temperature sensor
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= *x L
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(0) (d)

Figure 2. Schematic diagram of temperature sensor layout: (a) Layout position of tunnel cross
section sensor; (b) Layout of side wall temperature sensor; (c) Layout of wall foot temperature sensor;
(d) Layout of temperature sensor at inverted arch.
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Figure 3. Layout of vault temperature sensor: (a) Section 1; (b) Section 2; (c) Section 3.
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A total of 8 sections are set for temperature sensors in the model tunnel, and the
distance between each section from left to right is 100 mm, 200 mm, 400 mm, 500 mm,
600 mm, 500 mm, 400 mm, 200 mm and 100 mm successively (see Figure 4). At the same
time, Figure 5 shows the deployment of the wind speed sensor.

Unit: mm Fifth
Third section Dy SCtion Seventh
: Second : <. Section .
sectio -
Fn’sF sectior o Ve E]gl_lth
sectiol — . section
o e g g 5 e Uy
= o o g
o = & = % - 2
2 — — = % — L=
g & 2 - 5 - 8l] g
g s g g g 5ok
Tunne Tunnel

100 h00 400 - 000 = 600 - 500 - 400 50{; 100

Figure 4. Layout diagram of tunnel longitudinal section temperature sensor.

Unit: mm
@® Wind speed sensor

Tunn.el ® Tunnel Tunnel

9
erlerlerle e e »erl

ll‘.]'[]'1 00100 400 400 1800 100

Figure 5. Schematic diagram of tunnel longitudinal section wind speed sensor layout.

2.3.3. Test Air Temperature and Ventilation Control Scheme

The ambient temperature is simulated through the alcohol circulation cold bath system.
The temperature control is based on the measured results outside the Osaka Mountain
Tunnel site during operation. Four temperatures (—2.4 °C, —4.8 °C, —8.4 °C, —10.6 °C) are
selected as the ambient temperature for this model test. The ventilation circulation loop is
established from the tunnel blowing hole to achieve the ventilation circulation state in the
tunnel (See Figure 6).
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Figure 6. Working diagram of tunnel model freezing test system.

3. Experimental Results and Analysis

Based on the physical model test of alpine tunnels, the temperature and wind speed
data under different working conditions are obtained. Under the conditions of both no ven-
tilation and ventilation, the radial and longitudinal temperature distribution characteristics
of the model tunnel are analyzed and the guiding significance of the model test to the site
and the distribution characteristics of the expansion range of the tunnel freezing front are
emphatically studied [28,29].

3.1. Characteristics of Radial and Longitudinal Air Temperature Distribution in Tunnels
3.1.1. Characteristics of Radial Air Temperature Distribution in Tunnels

Taking no ventilation as an example, the air temperature of —1.6 °C and —8.4 °C are
selected to analyze the air temperature at different positions of tunnel sections 1, 3 and 5.

As can be seen from Figure 7, when the test air temperature is —1.6 °C, the overall
temperature variation range of section 1, section 3 and section 5 are 0.9~13.3 °C, 2.2~15.0 °C
and 11.2~19.0 °C, respectively, and the temperature variation at different locations of each
section shows the same trend. The temperature on the surface of the insulation layer is the
lowest and the variation trend is the highest. The temperature of the surrounding rock at a
depth of 10 cm is the highest and the variation trend is the lowest. The farther the section is
from the portal, the higher the temperature [30].

As can be seen from Figure 8, air temperature has a serious impact on the temperature
inside the tunnel. When the test air temperature is —8.4 °C, the overall temperature
variation range of section 1, section 3 and section 5 are —4.4~7.4 °C, —0.9~9.3 °C and
4.6~13.7 °C, respectively. The variation trend of air temperature at different positions of
each section has the same variation trend as that of air temperature at —1.6 °C.

According to the above analysis, the temperature change of the tunnel wall (the surface
of the insulation layer) is relatively strong. With the increase of the diameter depth, the
temperature change of each position tends to moderate, and the temperature change in
the surrounding rock is the most stable. These research results are consistent with those of
Tan et al. (2014) [7]. Section 1 is located 10 cm from the tunnel entrance, which is close to
the cold air mass outside the tunnel. The radial distance of the cold air along the insulation
layer is relatively deep, and the temperature difference between the inner and outer walls
of the insulation layer is smaller than that of other sections. The surrounding rock and
lining are also affected by the cold air at the tunnel entrance side. Section 3 is located 70 cm
from the entrance of the tunnel, which is far away from the cold air mass outside the tunnel.
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Compared with section 1, the depth of cold air transferred along the radial direction of the
insulation layer is reduced. Section 5 is 180 cm from the tunnel entrance and located in the
middle of the tunnel. The temperature variation of section 5 is least affected by the cold air
of the tunnel entrance.
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Figure 7. Temperature distribution at sections 1, 3 and 5 when the air temperature is —1.6 °C:
(a) Section 1; (b) Section 3 (c) Section 5.



Appl. Sci. 2023,13, 824

90f18

14 - - - - : : : : : : .
12 . . i L L . Slurface o'f insula'tion Iayler ﬂd Surrou'nding rc')ck and IIining cc'mtact SLIJrface
—m— Surface of insulation layer —w— Surrounding rock and lining contact surface r e Lining surface & Buried depth of surrounding rock: 5cm .
—— Lining surface —— Buried depth of surrounding rock: 5cm 12 - —a— Lining interi i i " .
10 Lining inerior Buried depth of surrounding rock: 10cm _ Lining interior —<— Buried depth of surrounding rock: 10cm
8 Olol -
o NI ]
5 6 M
~ O st ‘\7’7’7‘7""*‘—‘, | .
o § i L S N ]
34 = B an ST S SN
S 5°0 T
Q5 L
3 Bl -
O) U
=0 ﬁ —e ®e044
2 0°CLme A
-2 L
0
-4 |
6 2 1 'K‘:“I 1 1 1 1 1 1 1 1
0 5 10 20 25 30 3B 40 45 50 5 o 5 1|5: 20 .25 30 3‘i—’1 0 4 505
Freezing time (h reezing time (h)
(@) (b)
17 1 T r 1t Tt 1T 1T 1T 1 T ™ 17
16 I —=— Surface of insulation layer —w— Surrounding rock and lining contact surface
[ —@—Lining surface —4&— Buried depth of surrounding rock: 5cm 7]
15 | —A— Lining interior —<— Buried depth of surrounding rock: 10cm |

6 I -
sl h
2l ]
3 [ e PR IR R NN [N SR NS I R S R
0 5 10 15 20 25 30 35 40 45 50 55
Freezing time (h)
(c)

Figure 8. Temperature distribution at sections 1, 3 and 5 when the air temperature is —8.4 °C: (a)
Section 1; (b) Section 3; (c) Section 5.

3.1.2. Characteristics of Longitudinal Air Temperature Distribution in Tunnels

Take air temperature of —1.6 °C, —4.8 °C, —8.4 °C, —10.6 °C, and ventilation conditions
of 0m/s, 1.8 m/s, 2.6 m/s, and 3.6 m/s, respectively, to analyze the characteristics of the
longitudinal temperature distribution of the tunnel. The results are shown in Figure 9.

It can be seen from Figure 9 that the temperature curve in the tunnel from the inlet
to the middle of the tunnel basically shows an upward trend, from the middle of the
tunnel to the exit the temperature gradually decreases, and the temperature at both sides
of the tunnel entrance and exit is lower than that at the center of the tunnel. When the
test air temperature is —1.6 °C and —4.8 °C, the longitudinal air temperature curve in
the tunnel assumes an inverted “V” shape [31]; when the test air temperature is —8.4 °C
and —10.6 °C, the tunnel longitudinal air temperature curve shows a quadratic parabola
variation. This shows that the lower the temperature is, the temperature curve tends toward
linear variation from the tunnel entrance to the tunnel.
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Figure 9. Temperature variation curve in tunnel under different test air temperature and different
wind speed: (a) The temperature is —1.6 °C; (b) The temperature is —4.8 °C; (c) The temperature is
—8.4 °C (d) The temperature is —10.6 °C.

3.1.3. Characteristics of Longitudinal Overall Temperature Distribution in Tunnels

Refer to the research method of Tan et al. (2014) [7]. Using the Surfer software, the
cloud charts of the longitudinal overall temperature change of the tunnel are simulated
when the temperature is —1.6 °C, —10.6 °C, and the wind speed is 0 m/s, 1.8 m/s.

It can be seen from Figure 10 that there is no freezing zone in the surrounding rock of
the mountain, and only a small negative temperature zone exists at the tunnel entrance.
At the wind speed of 1.8 m/s, we can definitively see that the cold air mass at the tunnel
entrance extends to the inside of the tunnel.

It can be seen from Figure 11 that the top of the surrounding rock of the mountain, the
surrounding rock of the portal lining and the surrounding rock of the inverted arch base of
the portal all have different degrees of freezing areas. Under the wind speed of 3.6 m/s,
the longitudinal increase distance of the 0 °C isotherm at the tunnel entrance reaches 35 cm,
the longitudinal freezing length of the surrounding rock of the arch top reaches 85 cm, and

the longitudinal freezing length of the surrounding rock of the inverted arch base reaches
135 cm.
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Figure 10. Vector Diagram of Tunnel Longitudinal Temperature Distribution at Test Air Temperature
—1.6°C: (a) 0m/s; (b) 1.8 m/s.

It can be seen from the overall temperature distribution vector diagram of the tunnel
that when the test air temperature is low, there is an obvious thermonuclear region in the
surrounding rock of the mountain. As the test air temperature decreases, the thermonuclear
region gradually shrinks, the surrounding-rock freezing area at the arch bottom gradually
increases, and the surrounding-rock freezing area at the arch crown gradually expands to
the inside of the mountain. Compared with no ventilation, the influence of ventilation on
the longitudinal and radial temperature distribution of the tunnel is more obvious, and
the greater the wind speed is the greater the influence is. In particular, the longitudinal
temperature distribution of the tunnel is more widely affected by ventilation [32].
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Figure 11. Vector Diagram of Tunnel Longitudinal Temperature Distribution at Test Air Temperature
—10.6 °C: (a) 0m/s; (b) 1.8 m/s.

3.2. Analysis of Freezing Front in Tunnel Model

Freezing front is an important parameter for analyzing and studying the surrounding
rock freezing zone, so it is necessary to study it [33]. Assume that the freezing phase
transition temperature is 0 °C. By extracting the 0 °C value at the vault, side wall, wall
foot and inverted arch positions, the radial and longitudinal fitting analysis of the freezing
front at each position is carried out. The control equation of the freezing front obtained
has an important guiding significance for the radial and longitudinal uneven layout of the
antifreeze insulation layer.

3.2.1. Radial Analysis of Freezing Front

The study of radial freezing front has important reference value for the radial non-
uniform laying of an insulation layer. In the study, the insulation layer, lining and sur-
rounding rock are considered as a whole. When it is stable, the tunnel radial 0 °C line
is fitted. It can be seen from Figure 12 that the change rule of the tunnel radial freezing
depth is basically in the form of a quadratic parabola function (under different function
types, the fitting correlation coefficient of the quadratic parabola function is the highest).
The distribution of freezing depth at different sections of the tunnel is similar. Section 1
(test air temperature —10.6 °C, wind speed 3.6 m/s at the entrance) is taken as the fitting
analysis object of freezing front. As long as the distribution law of radial freezing front at
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the entrance of the tunnel is obtained, the distribution characteristics of extending the range
of radial freezing front at different sections can be determined along different longitudinal

depths of the tunnel.
20 T T ™ " Erozeh front_! 7@ 'Ddta bt regibn 1 frozen front
. A A Data of region II frozen front
16 of rig.lo.nh“.‘ .Dala of region III frozen front]
12 | o .. 1
= 8} ° ® J —~
g 8 o o e
~4r e Tunnel e N
=3 - < 5
D 0| r ¢ 4 S
° 4 : kel
'@~ [Frozen fronty A ] 2
5 g [ofregionIl 4 Frozen front| 5
om Frozen front . m
-12 - o > ofregion Il
"‘ ofregion Il 4¢f
-16 ’0“ 4 ‘ﬁ’ 1 —— Outline of tunnel
ok Lo Lt ] ® Frozen front raw data
— Fitting equation of frozen peak surface
724 1 1 1 1 1 1 1 1 1 1 1 1 1
28 24 -20 -16 12 8 -4 0 4 8 12 16 20 24 28 . f | li
Distance from tunnel centerline (cm) Distance from tunnel centerline (cm)
(a) (b)
20 T T T T T T T 10 T T T T T T T
18 . - 8 = Qutline of tunnel
16 Outline of tunnel ] 6 ® Frozen front raw data
wuh e  Frozen front raw data k 4 —— Fitting equation of
»E Fitting equation of frozen peak surface 1 —~2 frozen peak surface
—~ob R Eo Tunnel
E ~_
O 8 . =
— 6 [ R Q__4
= [0}
Sl ] S
o2f k 28
Q0F e R 5100 <% b
52F n mi12
m,[ ] -14
6 . 16
8k n 18 -
10 F B 20
12 L L L L L L L _22 1 1 1 1 1 1 1 1 1
220 15 20 -16 -12 8 -4 0 4 8 12 16 20 24

-10 -5 0 5 10 15 -° .
Distance from tunnel centerline (cm) Distance from tunnel centerline (cm)

(0 (d)

Figure 12. Fitting curve of frozen front in different regions: (a) Division area of frozen front; (b) Fitting
curve of frozen front in Region I; (¢) Fitting curve of frozen front in Region II; (d) Fitting curve of
frozen front in Region III.

Due to the different distribution forms of the radial freezing front, in order to better
analyze the tunnel radial freezing front it is divided into three regions (Region I, Region II
and Region III), as shown in Figure 12a. The control curve thus obtained is more consistent
with the distribution form of the freezing front in each region. Figure 12b—d show the fitting
curve of the freezing front in the three regions. (By comparing the correlation coefficients of
other types of function fitting equations, we see that the correlation coefficients of function
fitting equations in Table 2 are the highest.)

Table 2. Governing equations of freezing front in different regions.

Region Governing Equation Correlation Coefficient
Region I y = 45555 sras — 440,01 0.9413
Region IT y = 83.91eliw| —9.19 0.9128
Region III y= 0.04x? — 0.002x — 18.67 0.9794

Note: y in the table represents the buried depth of the tunnel; x is the distance from the tunnel centerline. Unit: cm.
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It can be seen from the above three regional freezing front curves that the freezing front
has reached a stable state, and the cold air in the tunnel makes the freezing front generate
and move forward. At this time, there is no cold air to make the freezing front continue to
move forward until the melting front reaches the location of the freezing front and stops.
The freezing front will disappear outside the fitting curve, and a freezing thawing balance
surface will appear.

The freezing front distance in Region III is the largest, mainly because the inverted
arch is not paved with a thermal insulation layer, which means it lacks protection, and
the concrete lining can easily be frozen through by cold air; the expansion distance of the
freezing front at the foot of the wall in Region II is obviously higher than that of the freezing
front at the vault in Region I, mainly because the cooler air is generally concentrated at the
foot of the wall and the invert of the tunnel. The specific control equation of the frozen
front is shown in Table 2.

In order to better fit the freezing front, three function types are used for fitting analysis.
The correlation coefficients of the freezing front fitting functions obtained from the 3 regions
are all above 0.9, indicating that the fitting effect is correct.

In conclusion, the freezing front at the inverted arch and the foot of the wall has the
furthest expansion, followed by the side wall, and the vault has the least expansion. The
inverted arch and the foot of the wall are the most dangerous positions of the whole section,
and should be used as key thickening parts in the thermal insulation setting [34].

3.2.2. Longitudinal Analysis of Freezing Front

Only the fitting analysis of the radial freezing front can obtain the distribution form of
the freezing region in a certain section, and the distribution form of the freezing front in
continuous depth is missing. The research and analysis of the longitudinal freezing front has
important guiding significance for longitudinal non-uniform laying of an insulation layer.

Since the range of freezing front at the tunnel entrance is larger than that at the tunnel
exit, the freezing front at the tunnel entrance (test air temperature —10.6 °C, wind speed
3.6 m/s) is taken as an example for fitting analysis. Figure 13 is the schematic diagram of
the longitudinal three-dimensional freezing front of the tunnel.
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Figure 13. Three dimensional schematic diagram of longitudinal frozen front.

By extracting the values of the longitudinal freezing depth at different positions of the
tunnel, the freezing area at the stable state of the 0 °C line was fitted, and the control curves
of the longitudinal freezing front at different positions of the vault, side wall, foot of the
wall and the vault were obtained, as shown in Figure 14. The fitting governing equation
and correlation coefficient of the longitudinal freezing front at different positions are shown
in Table 3.
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Figure 14. Fitting curve of longitudinal frozen front: (a) Vault; (b) Side wall; (c) The foot of the wall;
(d) Inverted arch.

Table 3. Governing equations of longitudinal freezing front at different positions.

Position Governing Equation Correlation Coefficient
Vault y =971 x 1075x% — 0.054x + 5.77 0.9898
Side wall y = 7.05 x 10~%x2 — 0.052x + 6.16 0.9762
The foot of the wall y = 1.66 x 10~*x2 — 0.067x + 6.31 0.9847
Inverted arch y =149 x 10~4x? — 0.098x + 11.76 0.9880

Note: y in the table is the freezing depth; x is the tunnel depth. Unit: cm.

The research method of Sun et al. is referred to when giving the control equation and
analytical solution of freezing front [35,36].

It can be seen from Table 3 that the correlation coefficients of the 4 control equations
are all above 0.97, indicating that the fitting effect is correct and can reflect the distribution
characteristics of the tunnel longitudinal freezing front.

In summary, the longitudinal freezing front governing equation can be used to deter-
mine the extending distance of the longitudinal freezing front at different positions of the
tunnel, and the specific distribution characteristics of the freezing area at different depth
positions of the whole tunnel can be determined by combining the radial freezing front
governing equation.

4. Conclusions

(1) With the decrease of the test air temperature, the thermonuclear region in the sur-
rounding rock of the mountain gradually shrinks, the freezing area of the surrounding
rock at the arch bottom gradually increases, and the freezing area of the surrounding
rock at the arch crown gradually expands to the inside of the mountain; the influence
of ventilation on the longitudinal and radial temperature distribution of the tunnel
is more obvious, and the greater the wind speed is, the greater the influence is. In
particular, the longitudinal temperature distribution of the tunnel is more widely
affected by ventilation.

(2) The inverted arch is not paved with a thermal insulation layer, and so lacks protection.
The lining concrete is easily frozen by cold air, leading to the maximum distance of
the freezing front in the inverted arch area. The colder air gathers at the foot of the
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tunnel wall and the invert, and the expansion distance of the freezing front at the foot
of the wall is obviously higher than that at the vault.

(3) The control equations of the radial three zone freezing front and the longitudinal
quadratic parabola of the tunnel model under ventilation conditions are determined.
The change of the longitudinal freezing front at different locations of the tunnel is
basically a parabola attenuation, and with the increase of tunnel depth the absolute
value of the slope of the control curve decreases linearly, the change trend of the
freezing front gradually eases and finally tends to be stable and disappear. Through
this control equation, the specific distribution characteristics of the freezing front at
different depths of the whole model tunnel can be predicted.

The research limit of this paper is the size effect of the model tunnel. The smaller
model tunnel may affect the accuracy of mountain temperature transmission. In the future,
research will focus on the influence of ventilation environments on the frozen front of large
size tunnel models in cold regions.
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