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1. Introduction 
 

The Daegwallyeong area in Gangwon Province of South 

Korea records the lowest average winter temperatures, 

reaching -5.3°C, while the average temperature for the 

entire Gangwon Province is -1.73°C. Furthermore, the 

lowest temperatures in the winter in the Gangwon area are 

recorded in the Daegwallyeong area, with a minimum 

temperature of -10.5°C, and the average lowest temperature 

for the entire Gangwon Province is -6.7°C. China, which is 

adjacent to South Korea, classifies regions with an average 

temperature of 0°C to 10°C during the coldest month, with 

daily average temperature below 5°C, and a heating period 

of 90 to 145 days as cold regions. If China's classification 

for cold regions is applied, all areas in the Gangwon 

Province, except Donghae City, would fall into the cold 

region category (Jun, 2019). 

In South Korea, due to the country's mountainous terrain 

and environmental challenges, the construction of tunnels  
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has been increasing. According to the Ministry of Land, 

Infrastructure and Transport's report on road bridges and 

tunnels (2020), the number of road tunnels increased by 116 

to a total of 2,682 in 2019 compared to the previous year, 

marking an overall increase of 1,300 tunnels over the past 

decade. Among them, there are 399 operational road tunnels 

in the Gangwon Province. Furthermore, according to the 

statistics from the Ministry of Land, Infrastructure and 

Transport (2020), there are a total of 844 operational 

railway tunnels in the country, including 134 for high-

velocity railways and 710 for conventional railways. 

Despite the large number of tunnels in operation, there 

cases of freezing damage have been reported during severe 

winter cold spells. Typical freezing damages in tunnels 

include the formation of icicles and ice dams due to 

freezing at construction joints, blockage of drainage pipes 

due to freezing, and icing on road surfaces and railway 

tracks. There types of freezing damages can be attributed to 

inadequate design considerations, drainage system failures 

due to frozen pipes, and potential accidents involving 

vehicles and trains. These issues directly impact the 

stability of tunnels and the safety of vehicle and train 

operations, necessitating effective countermeasures. 

In response to the risk of tunnel freezing damage, 

various anti-freezing methods are being applied in South 

Korea. However, in tunnel design standards, there is a 

guideline stating that in cases where freezing is a concern,  
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measures to prevent icing in drainage systems should be 

considered. Nevertheless, there is no specific explanation 

regarding the scope of application for anti-icing methods 

based on the tunnel's structure and environmental 

conditions. 

Although there have been numerous studies on internal 

temperature measurement in currently operating tunnels, 

Park et al. (2022) and Moon et al. (2022) analyzed and 

predicted the effects of freezing on tunnel structures, and 

Jin et al. (2022) and Assel et al. (2021) studied freeze-thaw 

cycles and frost load tests. However as well as analyses of 

insulation performance and the insulation effect based on 

the thickness of insulation materials, there is still a lack of 

research that considers the structural and environmental 

conditions of tunnels to predict the freezing range of tunnels 

and provide guidelines for the application range of anti-

freezing methods. Therefore, it is necessary to analyze the 

temperature distribution inside tunnels and the surrounding 

ground considering the structural and environmental 

conditions and predict the freezing range to determine 

appropriate anti-freezing methods. 

Therefore, this study aims to estimate the freezing range 

in tunnels in cold regions by conducting a three-

dimensional numerical analysis of heat transfer considering 

the structural and environmental conditions. Based on the 

analysis results, a regression equation is proposed to predict 

the freezing range in tunnels and provide suggestions for 

the application scope of anti-freezing methods. The findings 

of this study are expected to contribute to the stability of 

tunnels and the safety of vehicle and train operations. 

 

 

2. Theoretical background 
 

2.1 Theory of heat transfer 
 

The theory of heat transfer in a tunnel involves the 

transfer of thermal energy between the tunnel and its 

surroundings. This process can occur through three 

mechanisms: conduction, convection, and radiation. 

 

(1) Conduction 

Conduction refers to the direct transfer of heat between 

objects or substances through direct contact. In the case of a 

tunnel, conduction mainly occurs between the tunnel walls 

and the surrounding soil or rock. Thermal conductivity  

 

 

controls conduction and can be expressed by Fourier's law 

of heat conduction, as shown in Fig. 1 and Eq. (1) 

𝑞 = −𝑘𝐴
𝑑𝑇

𝑑𝑥
= 𝑘𝐴

𝑇1 − 𝑇2
𝐿

 (1) 

Where q  is the heat flux (W/m2), k  is the thermal 

conductivity (W/m∙K), A is the cross-sectional area (m2), 
𝑑𝑇

𝑑𝑥
 

is the temperature gradient (K/m). 

 

(2) Convection 

Convection involves the transfer of heat through the 

movement of fluids, such as air or water. In the context of a 

tunnel, convection occurs when there is air movement 

inside the tunnel or when air flows over the tunnel surfaces. 

The rate of convective heat transfer can be described by 

Newton's law of cooling (Eq. (2)), given by 

𝑞 = ℎ𝐴(𝑇𝑠 − 𝑇∞) (2) 

Where h is the convection coefficient (W/m2·K), 𝑇𝑠  is 

the temperature of the tunnel surface (K), 𝑇∞  is the 

temperature of the surrounding fluid (K). 

 

(3) Radiation 

Radiation refers to the transfer of heat energy through 

electromagnetic waves. In the case of a tunnel, radiation 

occurs between the tunnel surfaces and the surrounding 

environment. The rate of radiative heat transfer can be 

calculated using the Stefan-Boltzmann law (Eq. (3)), given 

by: 

𝑞 = 𝜀𝜎𝐴𝑇𝑠
4 (3) 

Where ε  is the emissivity, σ  is the Stefan-Boltzmann 

constant, A is the surface area (m2), 𝑇𝑠 is the temperature of 

surface (K). 

It's important to note that these three mechanisms of 

heat transfer can occur simultaneously and their 

contributions to the overall heat transfer in a tunnel depend 

on various factors such as the thermal properties of the 

materials involved, air movement, and temperature 

differences. 

 

2.2 Cases of tunnel frost damage 

 

According to the Korea Expressway Corporation (2013), 

it has been observed that if the average daily temperature at  

 

Fig. 1 Heat conduction in a cuboid (Kang et al. 2013) 
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the Daegwallyeong 1 Tunnel remains below approximately 

-7°C for 2-3 consecutive days, the drainage pipes freeze, 

and icicles form from the floor to the ceiling at the 

construction joints. Furthermore, it has been confirmed that 

Sorae Tunnel experiences repeated freezing and leakage of 

drainage pipes during winter, leading to repetitive 

maintenance work. The Korea Expressway Corporation 

(2006) reported incidents of drainage pipe blockage due to 

freezing at the entrance of Dunnae Tunnel up to 200 m, as 

well as at the entrance of Bongpyeong Tunnel up to 300 m. 

Additionally, Hwang (2013) identified damages caused by 

freezing in seven tunnels in the Gangwon area, including 

cracks and deformations due to freezing, pavement thawing, 

leaks due to cracks in the concrete lining, blockage of 

drainage pipes, and icicle formation. In a tunnel in Seoul, 

icicles measuring over 600 mm were formed on the ceiling 

near the tunnel entrance and pedestrian pathway, resulting 

in a 10-car collision accident when the icicles fell onto 

vehicles. In another tunnel in Gwangju, a drainage pipe 

installed at a height of approximately 5 m from the tunnel 

entrance froze, causing icicle formation (An 2020). In the 

case of railway tunnels, the Dunnae Tunnel on the Wonju-

Gangneung Line experienced track freezing on the upper 

part of the track due to the freezing of drainage facilities in 

the tunnel's 300 m section. 

In China, leaks occurred on the tunnel sidewalls at the 

1,825 m point from the tunnel entrance in the Xinganling 

Tunnel, and ice formation was observed on the tunnel 

sidewalls at the 1,450 m point from the entrance (Zhao et 

al. 2020). Furthermore, in another tunnel in China, cracks 

and leaks caused by freezing were observed on the tunnel 

sidewalls (Ma et al. 2018). Chinese railway tunnels 

experienced the freezing of drainage pipes leading to the 

freezing of the upper part of the track, as well as ice 

formation due to leaks from cracks in the lining sidewalls  

 

 

(Cui and Wang 2021). Fig. 2 displays cases of tunnel 

freezing damage. 

 

2.3 Tunnel freezing design standards 
 

In order to analyze the freezing criteria for domestic 

tunnels, various standards related to tunnel, road, and 

railway design, as well as standard construction 

specifications, were investigated. The results of the 

investigation revealed that the criteria for freezing in 

domestic tunnels are only mentioned in the drainage and 

waterproofing standards for tunnel design (KDS 27 50 05, 

2016), which state that "Measures to prevent freezing in 

drainage systems should be established in cases where 

freezing, such as in tunnel portal, is a concern." However, 

the tunnel design and construction standards and standard 

construction specifications for roads and railways do not 

provide specific criteria for tunnel freezing. It is stated that 

any unspecified matters should follow the tunnel design 

standards (KDS 27 00 00, 2018). 

According to the design standards in Japan regarding 

tunnel freezing damage, it is explicitly stated that in cold 

regions, insulation should be installed between the 

waterproofing sheet and the lining of road and railway 

tunnels to prevent frost and icicle formation, as it can lead 

to vehicle accidents. The use of insulation is mentioned for 

the purpose of ground freezing prevention in cold regions. 

Additionally, in extreme climates, tunnels need to consider 

factors such as length, prevailing wind direction, and wind 

velocity. Specifically, within a 100m section near the portal, 

where temperatures decrease rapidly, it is specified that 

insulation material design should be performed, and the 

thickness of insulation materials should be determined 

based on thermal conductivity analysis (Korea Expressway 

Corporation 2013). 

  
(a) Formation of icicle caused by drainage pipe freezing (b) Upper track freezing 

  
(c) Freezing caused by wall leakage (d) Freezing caused by lining crack 

Fig. 2 Cases of tunnel freezing damage (An 2020, Zhao et al. 2020, Cui and Wang 2021) 
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According to Broch et al. (2002), in Norway, when 

establishing anti-freezing measures, factors such as traffic 

volume, design velocity, tunnel length, tunnel cross-section, 

freezing index, maintenance, and cost-effectiveness are 

taken into consideration in the planning process. It is 

specified that Polyethylene foam (PE foam) should be used 

to prevent freezing in tunnel linings. Furthermore, it is 

reported that a thickness of 45 mm is considered 

appropriate for PE foam when the freezing index is up to 

625°C·day. The Norwegian specifications for PE foam are 

presented in Table 1. 

It has been observed that foreign countries provide 

relatively specific information regarding tunnel freezing 

compared to domestic guidelines. In the case of Japan, 

freezing prevention measures suitable for each region are 

presented with detailed justifications. In Norway, it has 

been found that research on tunnel freezing has been 

conducted for a long time. However, it is evident that there 

is a lack of information regarding the freezing range taking 

into account the structural and environmental conditions of 

tunnels. 

 

2.4 Literature review 
 

Kim et al. (2011) conducted temperature measurements 

to establish insulation measures for a cold region tunnel. 

They selected Hwaak Tunnel in Gapyeong, Gyeonggi 

Province as their subject and measured the temperature 

distribution according to the tunnel's end length. According 

to the measurements, the temperature at a distance of 30 

meters from the tunnel entrance, at a depth of 200 mm 

inside the tunnel lining, decreased to -2℃ to -8℃. 

Jun (2019) conducted an investigation on the internal 

temperature of multiple tunnels to analyze the 

characteristics of the internal temperature distribution and 

the correlation of factors that influence it. The study aimed 

to develop a calculation model for the internal temperature 

of tunnels, taking into account the factors that affect it. To 

conduct the research, Jun (2019) performed an internal 

temperature survey of road tunnels in Gangwon Province  

 

 

during the winter season. The survey employed on-site 

temperature measurements and long-term temperature 

monitoring methods. Additionally, considering the 

significant factors influencing the internal temperature, the 

study proposed a regression analysis-based model for 

calculating the internal temperature of tunnels. 

Park et al. (2021) conducted temperature measurements 

to examine the variations in the internal temperature of a 

railway tunnel during winter train operations. They selected 

the ○○ Tunnel on the Gangneung Line as their target tunnel. 

The ○○ Tunnel is an 8,290-meter-long main tunnel located 

in the Gangwon region, where the outdoor temperature 

drops below -13℃, leading to freezing damage in the 

tunnel. Temperature measurements were taken along the 

longitudinal direction from the tunnel entrance to the 

midpoint at 3,270 meters. The results of the temperature 

measurements indicated that the internal temperature of the 

main tunnel gradually increased in a non-linear manner as it 

approached the center from the tunnel entrance. 

Additionally, it was analyzed that as the outdoor 

temperature decreased, the internal temperature of the 

tunnel also decreased, leading to the freezing of moisture 

and groundwater in the tunnel surroundings and an increase 

in the freezing damage zone. 
Son et al. (2017) conducted a numerical analysis study 

to analyze the depth of frost penetration in road tunnels 
located in the cold region of Gangwon Province. The 
research findings indicated that caution is necessary 
regarding freezing damage when the tunnel ground is 
composed of bedrock. The depth of frost penetration 
showed an increasing trend as the subsurface temperature 
decreased. Therefore, the risk of freezing damage increases 
when the subsurface temperature of the tunnel's ground is 
lower. The study also mentioned that grounds consisting of 
sand are more susceptible to freezing compared to those 
composed of bedrock. 

Wu et al. (2020) performed on-site measurements in a 

tunnel located in the eastern part of the Qinghai-Tibet 

Plateau in China to analyze temperature variations within 

the tunnel in a cold region. The measurement results  

Table 1 The guidelines for preventing tunnel freezing in Norway (Broch et al. 2002) 

Method of W&FPS : 
Tunnel Class (AADT) 

A (<2500) B (2500~5000) C (5000~10000) D (10000~15000) E (>15000 two tubes) 

WG-Tunnel fabric, not 

insulated 
○1     

Miljohvelv, insulated 

(metal sheet W&FPS) 
● ● ○2   

PE-foam w/60 mm sprayed 

concrete, steel fibres 
● ●    

PE-foam w/60 mm sprayed 

concrete, mesh reinforced 
● ● ●* ●* ●* 

Concrete Elements ● ● ● ● ● 

Cast concrete with 

membrane 
● ● ● ● ● 

○1= may be used up to AADT 1000(Annual Average Daily Traffic) and below a given frost limit(F10T < 20000h˚C). 

○2= concept is modified for tunnel class C. 

●*= concrete wall elements must normally be used 
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revealed that when the outdoor temperature was below 

freezing, the internal temperature distribution of the tunnel 

exhibited a pattern where the temperature increased from 

the tunnel entrance towards the central region and then 

decreased towards the tunnel exit. Furthermore, it was 

observed that the internal temperature distribution of the 

tunnel varied significantly depending on the wind velocity 

and wind direction. 

Zhao et al. (2020) conducted temperature measurements 

on the tunnel ceiling, shoulder, and sidewalls at different 

lengths of the tunnel. They also measured the external 

temperature, wind velocity, and wind direction outside the 

tunnel. The distribution of internal temperatures within the 

tunnel exhibited a trigonometric function pattern over time, 

periodically changing with the outdoor temperature. The  

lowest recorded temperature within the tunnel was below -

8℃. When sub-zero air from outside the tunnel entered 

through the tunnel entrance, the temperature increased 

gradually from the entrance towards the exit. 

Zhou et al. (2016) analyzed the temperature distribution 

in a railway tunnel in cold regions, taking into account 

natural wind velocity, mechanical ventilation, and airflow 

generated during train operation. They compared and 

analyzed the results obtained from numerical calculations 

and on-site investigations to validate the accuracy of 

thetemperature distribution model in cold region railway 

tunnels. 

Tao et al. (2022a) proposed a numerical heat transfer 

model for tunnels in cold regions and analyzed the effects 

of natural wind velocity, temperature, and mechanical 

ventilation on the temperature distribution within the tunnel. 

They also presented the relationship between tunnel 

freezing zones and the influencing factors. Additionally, Tao 

et al. (2022b) utilized a three-dimensional temperature 

calculation model to analyze the freezing zones within a 

 

 

 

tunnel in cold regions. They determined the length of 

freezing zones based on the tunnel's cross-sectional area 

and length. 

 

 
3. Numerical analysis 
 

3.1 Modeling 
 
In order to determine the freezing range of a tunnel in a 

cold region, a three-dimensional numerical analysis was 

performed considering the structural and environmental 

conditions of the tunnel. When sub-zero ambient 

temperature infiltrates the tunnel, convection occurs in the 

concrete lining and the infiltrated air, while conduction 

occurs in the concrete lining and the surrounding ground. 

Therefore, a thermal analysis model that combines 

convection and conduction is required to determine the 

freezing range of the tunnel. In this study, numerical 

analysis was performed using Ansys Fluent, which can best 

simulate such a model. 

The modeling for confirming the internal temperature of 

the tunnel and the temperature distribution of the lining and 

surrounding ground was composed of rock, concrete lining, 

and fluid (air). The shape of the tunnel was assumed to be 

circular, and a half-section modeling was performed 

considering the analysis time. The thickness of the concrete 

lining was set to 300 mm, and for the rock, the distance 

from the concrete lining to the left and upper/lower 

boundary surfaces was applied as three times (3D) the 

diameter of the tunnel cross-section. The thermal properties 

for the fluid, concrete lining, and rock were applied as 

shown in Table 2, and the flow of the fluid inside the tunnel 

was assumed to be turbulent flow. As for the boundary 

conditions, a subsurface temperature of 15°C was applied to  

Table 2 Thermal properties of materials (Kim et al. 2011) 

Division Density (kg/m3) 
Specific Heat 

(J/kg·K) 
Thermal Conductivity (W/m·K) Viscosity (kg/m·s) 

Air 1.225 1006.43 0.0242 1.7894e-05 

Rock 2750 795.5 3.77 - 

Concrete 2310 837.4 1.6 - 

  

(a) 2D Modeling (b) 3D Modeling 

Fig. 3 Tunnel modeling for heat transfer analysis 
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Fig. 5 Results of model validation 

 

 

the left and upper/lower parts of the rock, and a Symmetric 

condition was applied to the right boundary of the model. 

The entrance and exit of the tunnel were set with Inlet and 

Outlet conditions to allow the inflow and outflow of 

ambient temperature, with specified wind velocity and 

temperature conditions. Fig. 3 shows the tunnel modeling 

for thermal analysis. 

 

 
 
3.3 Model validation 
 

Prior to examining the temperature distribution, the 

numerical analysis model was validated within the tunnel 

and lining and ground temperature distribution, a 

comparison and analysis between the field measurement 

results and the analytical results were conducted. The data 

from field temperature measurements were obtained from 

the temperature distribution measurements conducted by 

Kim et al. (2011) in the Hwaak Tunnel. According to the 

measurement results, the internal temperature distribution 

of the tunnel showed a trend of the lowest temperature at 

the tunnel entrance and an increase in temperature towards 

the exit. The subsurface temperature distribution indicated a 

consistent temperature of approximately 9℃ at a depth of 

10 meters regardless of the external temperature. Utilizing 

the aforementioned field measurement results, the 

validation of the model was performed by incorporating the 

field conditions as follows. 

Firstly, the Hwaak Tunnel was assumed to have a 

numerical analysis cross-sectional shape of a circular tunnel 

with a diameter of 7 m, considering that it has a width of 

7.3 m, height of 7 m, and a length of 680 m. Regarding the 

boundary conditions, the subsurface temperature 

distribution results of the Hwaak Tunnel were applied. 

Table 3 Results of model validation 

Tunnel length(m) 

Temperature(℃) Difference 

Field measurement (A) Numerical analysis (B) Value (B-A) 
Error 

(%) 

0 -17.80 -16.44 1.36 7.63 

30 -16.33 -15.19 1.14 6.97 

100 -14.89 -14.82 0.07 0.47 

170 -14.65 -14.57 0.08 0.58 

250 -13.74 -14.40 -0.66 4.77 

340 -13.98 -14.24 -0.26 1.86 

650 -12.42 -13.55 -1.13 9.07 

Average 0.09 4.48 

Correlation coefficient 0.98 

  

(a) 2D Modeling (b) 3D Modeling 

Fig. 4 Tunnel modeling and boundary conditions for model validation 
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A temperature condition of 9℃ was applied to the left 

side and upper and lower boundaries. Additionally, an 

external temperature of -18℃ with a wind velocity of 2 m/s 

was applied at the tunnel entrance, representing the inflow 

into the tunnel. The temperature measurement points within 

the numerical analysis were set at the same locations as the 

field measurements, which are 0 m, 30 m, 100 m, 170 m, 

250 m, 340 m, and 650 m from the tunnel entrance, to 

observe the temperatures along the tunnel sidewalls. 

The validation of the model showed an average error of 

approximately 0.09℃ (4.5%) compared to the field 

measurements, and a high correlation coefficient of 0.98, 

indicating a strong correlation. This signifies that the model 

is effective in performing thermal analysis of the tunnel. 

Fig. 4 displays the tunnel modeling and boundary 

conditions for the validation of the model, while Fig. 5 

presents the validation results of the model using the field 

measurement data from the Hwaak Tunnel. Furthermore, 

Table 3 summarizes the results of the model validation. 

 

3.4 Numerical analysis conditions 
 

The numerical analysis conducted in this study 

considered the structural and environmental conditions of 

the tunnel. Parameters related to the structural conditions of 

the tunnel, such as diameter and length, were taken into 

account. 

Parameters related to the environmental conditions of 

the tunnel, including external temperature, wind velocity, 

and wind direction, were also selected. 

In consideration of the structural conditions of the 

tunnel, the tunnel diameter was selected based on the cross-

sectional types, including small section, standard section, 

and large section. For a circular tunnel, diameters of 7 m, 11 

m, and 15 m were chosen. According to the investigation  

 

 

and planning guidelines for tunnel design (KDS 27 10 10, 

2016), tunnels are categorized as short tunnels for lengths 

less than 1,000 m, long tunnels for lengths ranging from 

1,000 m to 5,000 m, and very long tunnels for lengths 

exceeding 5,000 m. Therefore, tunnel lengths of 500 m, 

1,000 m, 3,000 m, and 5,000 m were selected. 
For the environmental conditions of the tunnel, the 

outdoor temperatures considered were based on 
meteorological data from Gangwon Province, which is 
representative of a cold region in South Korea. To account 
for tunnel designs in even colder regions, temperatures of -
5°C, -10°C, -15°C, and -20°C were selected. As for wind 
velocity, an average wind velocity of 2 m/s in Gangwon 
Province was taken into account, and wind velocity of 1 
m/s, 2 m/s, and 3 m/s were selected. The wind direction was 
defined as one-way (referred to as "One") when sub-zero 
temperature air flows into the tunnel entrance and exits at 
the tunnel exit. It was defined as two-way (referred to as 
"Two") when sub-zero temperature air flows into both the 
tunnel entrance and exit. Therefore, two conditions, one-
way and two-way, were chosen. In this study, steady-state 
analysis was conducted, which does not consider changes 
over time. The temperature measurements were taken at 
intervals of 50 m along the tunnel walls for the internal 
tunnel temperature. For the tunnel ground temperature, 
measurements were taken at intervals of 1 m from the 
concrete lining wall to the ground at the tunnel entrance 
(0% of the total length), the middle section of the tunnel 
(50% of the total length), and the tunnel exit (100% of the 
total length) when the wind direction was one-way. When 
the wind direction was two-way, measurements were taken 
at intervals of 1 m from the concrete lining wall to the 
ground at the tunnel entrance (0% of the total length), 
between the entrance and middle section (25% of the total 
length), and the middle section of the tunnel (50% of the 
total length). Table 4 presents the numerical analysis 
conditions considered in this study. 

Table 4 Numerical analysis conditions 

Parameter Value 

Environmental parameter 

Air temperature(℃) -5 -10 -15 -20 

Wind velocity(m/s) 1 2 3  

Wind direction One-way Two-way   

Tunnel Structural Parameter 
Tunnel diameter(m) 7 11 15  

Tunnel length(m) 500 1,000 3,000 5,000 

  
(a) Wind velocity 1 m/s, tunnel length 5,000 m (b) Wind velocity 3 m/s, tunnel length 5,000 m 

Fig. 6 Distribution of tunnel internal temperature (tunnel diameter: 11 m, one-way) 
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4. Results of numerical analysis 
 

4.1 Temperature distribution according to wind 
velocity when wind direction is one-way 

 
4.1.1 Internal temperature 
When cold air enters the tunnel only from the entrance 

direction (one-way) and is below freezing, the internal 

temperature distribution of the tunnel was found to be 

lowest at the tunnel entrance and gradually increased 

towards the tunnel exit, followed by a decrease. In the case 

of shorter tunnels (500 m), the entire tunnel section 

maintained a sub-zero temperature distribution under all 

external temperature conditions, and it was confirmed that 

the entire tunnel section exhibited a freezing-susceptible 

temperature distribution below -7℃ when the external 

temperature dropped below -10℃. However, as the tunnel 

length increased, there was an increase in the sections 

maintaining temperatures above freezing and sections 

maintaining temperatures above -7℃. 

In the case of a tunnel with a diameter of 11 m, the 

temperature distribution within a 500 m long tunnel showed 

an average temperature decrease of 1.06℃ when the wind 

velocity increased from 1 m/s to 2 m/s and an average 

temperature decrease of 0.42℃ when the wind velocity 

increased from 2 m/s to 3 m/s, with an external temperature 

of -5℃. Additionally, with an external temperature of 10℃, 

there were temperature decreases of 1.32℃ and 0.53℃, 

with an external temperature of -15℃, there were 

temperature of -20℃, there were temperature decreases of 

1.85℃ and 0.74℃, respectively. In the case of a 5,000 m 

long tunnel, with an external temperature of -5℃, there was 

an average temperature decrease of 2.24℃ and 0.92℃ with 

increasing wind velocity, and as the external temperature 

decreased, the temperature decrease gradually decreased, 

reaching 3.92℃ and 1.61℃ at an external temperature of –

20℃. 

Therefore, it was observed that the internal temperature 

distribution of the tunnel decreased with increasing wind 

velocity, and as the external temperature decreased, the 

temperature decreases due to wind velocity increased. 

Additionally, as the tunnel length increased, the temperature 

decreases grew as wind velocity increasing. Fig. 6 depicts 

the internal temperature distribution of the tunnel according 

to increasing wind velocity for various external 

temperatures when the wind direction is one-way. 

 

4.1.2 Ground temperature 
When cold air enters one-way, the temperature 

distribution in the tunnel ground showed an increasing trend 

towards the subsurface temperature as the depth from the 

concrete lining surface to the ground increased. As the 

depth of the ground increased, the temperature difference 

between the ground and the outside air decreased. The 

ground temperature at the entrance (0%), midpoint (50%), 

and exit (100%) decreased with increasing wind velocity, 

and the depth maintaining temperatures below 0℃ 

increased. 

When the tunnel has a diameter of 11m and a length of 

500 m, at an outside air temperature of -5℃, an increase in 

wind velocity from 1m/s to 2m/s resulted in an average 

temperature decrease of 0.35℃ at the tunnel entrance (0%), 

0.41℃ at the midpoint (50%), and 0.44℃ at the tunnel exit 

(100%). Similarly, when the wind velocity increased from 

2m/s to 3m/s, there was an average temperature decrease of 

0.14℃ at the tunnel entrance (0%), 0.16℃ at the midpoint 

(50%), and 0.18℃ at the tunnel exit (100%). At an outside 

air temperature of -10℃, an increase in wind velocity led to 

temperature decreases of 0.43℃ and 0.17℃ at the tunnel 

entrance, 0.51℃ and 0.2℃ at the midpoint, and 0.55℃ and 

0.22℃ at the tunnel exit. For an outside air temperature of 

15℃, the corresponding temperature decreases were 0.52℃ 

and 0.2℃ at the tunnel entrance, 0.62℃ and 0.24℃ at the 

midpoint, and 0.66℃ and 0.26℃ at the tunnel exit as the 

wind velocity increased. At an outside air temperature of -

20℃, as the wind velocity increased, the temperature 

decreases were 0.60℃ and 0.24℃ at the tunnel entrance, 

0.72℃ and 0.29℃ at the midpoint, and 0.77℃ and 0.31℃ 

at the tunnel exit. 
For an extremely long tunnel with a length of 5,000m, at 

an outside air temperature of -5℃, the temperature decrease 
at the tunnel entrance was 0.35℃ and 0.14℃, at the 
midpoint it was 0.8℃ and 0.32℃, and at the tunnel exit it 
was 1.1℃ and 0.47℃, respectively. Furthermore, at an 
outside air temperature of -20℃, the temperature decrease 
at the tunnel entrance was an average of 0.61℃ and 0.24℃, 
at the midpoint it was 1.4℃ and 0.57℃, and at the tunnel 
exit it was 1.93℃ and 0.82℃. Fig. 7 presents a graph 
showing the temperature distribution of the ground with 
respect to the increase in wind velocity when the wind 
direction is one-way. 

 
4.2 Temperature distribution according to wind 

velocity when wind direction is two-way 
 
4.2.1 Internal temperature 
When air with below-freezing temperatures flows into 

the tunnel from both the entrance and exit directions(two-

way), the temperature distribution inside the tunnel exhibits 

a symmetric pattern, with the lowest temperatures observed 

at the entrance and exit regions and gradually increasing 

towards the center of the tunnel. For a tunnel length of 500 

m, at a wind velocity of 1 m/s and an outside temperature of 

-5℃, certain sections in the central part of the tunnel 

maintain temperatures above freezing, and if the wind 

velocity exceeds 2 m/s and the outside temperature is below 

-10℃, the entire tunnel experiences sub-freezing 

temperatures. As the tunnel length increases, there are more 

sections that either maintain temperatures above freezing or 

exhibit unfrozen regions with temperatures above -7℃. In 

the case of very long tunnel (5,000 m), there are regions in 

the central part where the temperature remains above 10℃. 
For a tunnel with a diameter of 11 m, in the case of a 

500 m tunnel length and an outside temperature of -5℃, as 
the wind velocity increases from 1 m/s to 2 m/s and from 2 
m/s to 3 m/s, the average temperature inside the tunnel 
decreases y approximately 1.35℃ and 0.56℃, respectively. 
When the outside temperature is -10℃, the temperature 
inside the tunnel decreases by approximately 1.68℃ and 
0.7℃ as the wind velocity increases. Similarly, for an 
outside temperature of -15℃, the temperature decreases by  
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approximately 2.02℃ and 0.84℃, and for an outside 

temperature of -20℃, the temperature decreases by 

approximately 2.37℃ and 0.98℃. For a tunnel length of 

1,000 m, at an outside temperature of -5℃, the average 

temperature inside the tunnel decreases by approximately 

1.64℃ and 0.7℃, and at an outside temperature of -20℃, 

the temperature decreases by approximately 2.87℃ and 

1.23℃. In the case of an very long tunnel with a length of 

5,000 m, at an outside temperature of -5℃, the average 

temperature inside the tunnel decreases by approximately 

2.23℃ and 1.04℃, and at an outside temperature of -20℃, 

the temperature decreases by approximately 3.93℃ and 

1.83℃. 

Even when the wind direction is two-way, the 

temperature distribution inside the tunnel showed a 

decreasing trend as the wind velocity increased, similar to 

the case of one-way airflow. It was also observed that as the 

outside temperature decreased, the temperature decreases 

due to wind velocity also increased. Furthermore, as the  

tunnel length increased and the wind velocity increased, the 

magnitude of temperature decreases also increased. Fig. 8 

 

 

 

displays the graph showing the distribution of internal 

temperatures in the tunnel according to the increase in wind 

velocity for two-way airflow. 

 
4.2.2 Ground temperature 
When cold air flows in two-way, the temperature 

distribution of the tunnel's ground showed a similar trend to 

that of one-way airflow, where the temperature gradually 

increased towards the subsurface temperature as the depth 

from the lining surface to the ground increased. In the case 

of a short tunnel with a length of 500 m, the temperature 

distribution of the ground at the tunnel's center (50%) 

exhibited a zone where the surface temperature of the lining 

remained below freezing, regardless of changes in wind 

velocity and outside temperature. However, for a tunnel 

with a length of 1,000 m, the temperature distribution of the 

ground at the tunnel's center showed that the lining surface 

temperature maintained freezing temperatures when the ind 

velocity was 1 m/s and the outside temperature was -5℃ or 

-10℃. For a tunnel with a length of 5,000 m, the 

temperature distribution of the ground at the tunnel's center  

  
(a) Wind velocity 1 m/s, tunnel length 5,000 m, 0% point (b) Wind velocity 3 m/s, tunnel length 5,000 m, 0% point 

  
(c) Wind velocity 1 m/s, tunnel length 5,000 m, 100% point (d) Wind velocity 3 m/s, tunnel length 5,000 m, 100% point 

Fig. 7 Distribution of tunnel ground temperature (tunnel diameter: 11 m, one-way) 

  
(a) Wind velocity 1 m/s, tunnel length 5,000 m (b) Wind velocity 3 m/s, tunnel length 5,000 m 

Fig. 8 Distribution of tunnel internal temperature (tunnel diameter: 11 m, two-way) 
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consistently maintained temperatures above 10℃, 
regardless f wind velocity and outside temperature. 

When quantitatively analyzing the temperature 

distribution of the surrounding ground surface with 

increasing wind velocity and varying outdoor temperatures, 

in the case of a tunnel with a diameter of 11 m and a length 

of 500 m, at an outdoor temperature of -5℃, the 

temperature at the tunnel entrance (0%) decreased by an 

average of 0.35℃, 0.14℃ as the wind velocity increased. 

At the section between the tunnel entrance and the middle 

(25%), the temperature decreased by 0.53℃, 0.22℃, and at 

the tunnel's middle section, it decreased by 0.58℃, 0.24℃. 

For an outdoor temperature of -10℃, at the tunnel entrance 

and the section between the entrance and middle, the 

temperature decrease at the tunnel's middle section 

increased with increasing wind velocity, showing decreases 

of 0.44℃, 0.17℃, 0.66℃, 0.27℃, 0.73℃, and 0.3℃, 

respectively. At an outdoor temperature of -15℃, the 

temperature decrease at the tunnel entrance and the section 

between the entrance and middle also increased with 

increasing wind velocity. At the tunnel's middle section, the 

temperature decreases were 0.52℃, 0.21℃, 0.8℃, 0.33℃,  

0.87℃, and 0.35℃, respectively. Furthermore, at an 

outdoor temperature of -20℃, the temperature decreases 

 

 

 

were 0.62℃, 0.24℃, 0.94℃, 0.38℃, 1.02℃, and 0.41℃. 

For an extremely long tunnel with a length of 5,000 m, 

at an outdoor temperature of -5℃, it was observed that the 

temperature decreases with differences of 0.35℃, 0.14℃, 

0.78℃, 0.33℃, 0.3℃, and 0.25℃, respectively. At an 

outdoor temperature of -20℃, the average temperature 

decreases were 0.61℃, 0.24℃, 1.37℃, 0.58℃, 0.92℃, and 

0.7℃. Fig. 9 displays the temperature distribution of the 

surrounding ground surface with increasing wind velocity at 

arious outdoor temperatures when the wind direction is two-

way. 
 
4.3.2 Ground temperature 

When air with subzero temperatures flows one-way, it was 
observed that the temperature distribution of the tunnel 
surrounding ground decreases at the entrance (0%), middle 
section (50%), and exit (100%) as the tunnel diameter 
increases. Additionally, the depth maintaining temperatures 
below 0°C increases. Furthermore, at a wind velocity of 2 
m/s, for a tunnel with a diameter of 7 m and a length of 
5,000 m, it was observed that the middle section maintains 
temperatures similar to the surface of the concrete lining 
when the outside temperature was -5°C, while at the exit, 
temperatures similar to the surface of the concrete lining  

  
(a) Wind velocity 1 m/s, tunnel length 5,000 m, 0% point (b) Wind velocity 3 m/s, tunnel length 5,000 m, 0% point 

  
(c) Wind velocity 1 m/s, tunnel length 5,000 m, 50% point (d) Wind velocity 3 m/s, tunnel length 5,000 m, 50% point 

Fig. 9 Distribution of tunnel ground temperature (tunnel diameter: 11 m, two-way) 

  
(a) Wind velocity 1 m/s, tunnel length 5,000 m (b) Diameter 15 m, tunnel length 5,000 m 

Fig. 10 Distribution of tunnel internal temperature (wind velocity: 2m/s, one-way) 
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were maintained when the outside temperature was -5°C 

and -10°C. 

At a wind velocity of 2 m/s, for a tunnel with a length of 

500 m and an outside temperature of -5°C, it was observed 

that increasing the tunnel diameter from 7 m to 11 m 

resulted in an average temperature decrease of 2.82°C at the 

tunnel entrance, and increasing it from 11 m to 15 m 

resulted in a decrease of 1.73°C. Similarly, at the tunnel's 

middle section, as the tunnel diameter increased, 

temperature decreases of 2.95°C and 1.82°C were observed, 

while at the tunnel exit, temperature decreases of 2.91°C 

and 1.78°C were observed. When the outside temperature 

was -10°C, increasing the tunnel diameter resulted in 

average temperature decreases of 3.52°C and 2.16°C at the 

entrance, 3.68°C and 2.28°C at the middle section, and 

3.64°C and 2.22°C at the exit. At an outside temperature of 

-15°C, average temperature decreases of 4.23°C and 2.59°C 

were observed at the entrance, 4.42°C and 2.73°C at the 

middle section, and 4.37°C and 2.67°C at the exit. When 

the outside temperature was -20°C, increasing the tunnel 

diameter led to temperature decreases of 4.93°C and 3.02°C 

at the entrance, 5.16°C and 3.19°C at the middle section, 

and 5.09°C and 3.11°C at the exit. For a tunnel with a 

length of 5,000 m, when the outside temperature was -5°C, 

increasing the tunnel diameter resulted in temperature 

decreases of 3.21°C and 1.77°C at the entrance, 3.7°C and 

2.07°C at the middle section, and 3.75°C and 2.25°C at the 

exit. Similarly, at an outside temperature of -20°C, 

increasing the tunnel diameter led to temperature decreases 

of 5.62°C and 3.11°C at the entrance, 6.47°C and 3.62°C at 

the middle section, and 6.56°C and 3.94°C at the exit. Fig. 

11 depicts the temperature distribution of the tunnel 

surrounding ground with increasing tunnel diameter at 

different outside temperatures when the wind direction is 

one-way. 

 

 

 

4.3 Temperature distribution according to tunnel 
diameter when wind direction is one-way 

 
4.3.1 Internal temperature 
When the wind direction is one-way, the internal 

temperature distribution according to tunnel diameter 

follows the same pattern as the temperature distribution 

within the tunnel based on wind velocity. 

When considering the internal temperature distribution 

in the tunnel at a wind velocity of 2 m/s, for a tunnel with a 

length of 500 m and an outside temperature of -5℃, an 

increase in tunnel diameter from 7 m to 11 m resulted in an 

average temperature decrease of 0.69℃, while an increase 

from 11 m to 15 m resulted in an average temperature 

decrease of 0.36℃. At an outside temperature of -10℃, an 

increase in tunnel diameter from 7 m to 11 m led to an 

average temperature decrease of 0.87℃, and an increase 

from 11 m to 15 m resulted in an average temperature 

decrease of 0.45℃. For an outside temperature of -15℃, 

with a tunnel diameter increase from 7 m to 11 m and from 

11 m to 15 m, there was an average temperature decrease of 

1.04℃ and 0.55℃, respectively. At an outside temperature 

of -20℃, there were temperature decreases of 1.21℃ and 

0.64℃, respectively. In the case of very long tunnel with a 

length of 5,000 m and an outside temperature of -5℃, an 

increase in tunnel diameter resulted in temperature 

decreases of 2.48℃ and 1.03℃, while at an outside 

temperature of -20℃, there were temperature decreases of 

4.35℃ and 1.79℃, respectively. 

Therefore, as the tunnel diameter increased, the internal 

tunnel temperature decreases, and it was observed that the 

temperature decrease becomes greater as the outside 

temperature decreases. Additionally, as the length of the 

tunnel increases, the temperature decrease also increases 

with the increase in tunnel diameter. Fig. 10 displays the  

  
(a) Diameter 7 m, tunnel length 5,000 m, 0% point (b) Diameter 7 m, tunnel length 5,000 m, 100% point 

  
(c) Diameter 15 m, tunnel length 5,000 m, 0% point (d) Diameter 15 m, tunnel length 5,000 m, 100% point 

Fig. 11 Distribution of tunnel ground temperature (wind velocity: 2m/s, one-way) 
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distribution of internal tunnel temperature with respect to 

outside temperature for a one-way wind flow, as the tunnel 

diameter increases. 

 

4.3.2 Ground temperature 
When air with subzero temperatures flows one-way, it 

was observed that the temperature distribution of the tunnel 

surrounding ground decreases at the entrance (0%), middle 

section (50%), and exit (100%) as the tunnel diameter 

increases. Additionally, the depth maintaining temperatures 

below 0°C increases. Furthermore, at a wind velocity of 2 

m/s, for a tunnel with a diameter of 7 m and a length of 

5,000 m, it was observed that the middle section maintains 

temperatures similar to the surface of the concrete lining 

when the outside temperature was -5°C, while at the exit, 

temperatures similar to the surface of the concrete lining 

were maintained when the outside temperature was -5°C 

and -10°C. 

At a wind velocity of 2 m/s, for a tunnel with a length of 

500 m and an outside temperature of -5°C, it was observed 

that increasing the tunnel diameter from 7 m to 11 m 

resulted in an average temperature decrease of 2.82°C at the 

tunnel entrance, and increasing it from 11 m to 15 m 

resulted in a decrease of 1.73°C. Similarly, at the tunnel's 

middle section, as the tunnel diameter increased, 

temperature decreases of 2.95°C and 1.82°C were observed, 

while at the tunnel exit, temperature decreases of 2.91°C 

and 1.78°C were observed. When the outside temperature 

was -10°C, increasing the tunnel diameter resulted in 

average temperature decreases of 3.52°C and 2.16°C at the 

entrance, 3.68°C and 2.28°C at the middle section, and 

3.64°C and 2.22°C at the exit. At an outside temperature of 

-15°C, average temperature decreases of 4.23°C and 2.59°C 

were observed at the entrance, 4.42°C and 2.73°C at the 

middle section, and 4.37°C and 2.67°C at the exit. When 

the outside temperature was -20°C, increasing the tunnel 

diameter led to temperature decreases of 4.93°C and 3.02°C 

at the entrance, 5.16°C and 3.19°C at the middle section, 

and 5.09°C and 3.11°C at the exit. For a tunnel with a 

length of 5,000 m, when the outside temperature was -5°C, 

increasing the tunnel diameter resulted in temperature 

decreases of 3.21°C and 1.77°C at the entrance, 3.7°C and 

2.07°C at the middle section, and 3.75°C and 2.25°C at the 

exit. Similarly, at an outside temperature of -20°C, 

increasing the tunnel diameter led to temperature decreases 

of 5.62°C and 3.11°C at the entrance, 6.47°C and 3.62°C at 

 

 

the middle section, and 6.56°C and 3.94°C at the exit. Fig. 

11 depicts the temperature distribution of the tunnel 

surrounding ground with increasing tunnel diameter at 

different outside temperatures when the wind direction is 

one-way. 

 

4.4 Temperature distribution according to tunnel 
diameter when wind direction is two-way 

 
4.4.1 Internal temperature 
When the wind direction is two-way, the distribution of 

internal temperature in relation to the tunnel diameter 

exhibited a symmetrical trend with the highest temperature 

occurring at the central portion, excluding a 15 m diameter, 

500 m long tunnel. The temperature difference was smallest 

at the entrance and exit of the tunnel, while it was largest at 

the center of the tunnel. 

For the case of tunnel internal temperature distribution 

at a wind velocity of 2 m/s, considering a 500 m short 

tunnel with an outside temperature of -5°C, increasing the 

tunnel diameter from 7 m to 11 m resulted in an average 

temperature decrease of 0.88°C, while increasing the 

diameter from 11 m to 15 m led to an average temperature 

decrease of 0.39°C. When the outside temperature was -

10°C, increasing the tunnel diameter from 7 m to 11 m 

resulted in an average temperature decrease of 1.1°C, and 

increasing the diameter from 11 m to 15 m led to an average 

temperature decrease of 0.49°C. With an outside 

temperature of -15°C, increasing the tunnel diameter from 7 

m to 11 m resulted in an average temperature decrease of 

1.32°C, and increasing the diameter from 11m to 15m led to 

an average temperature decrease of 0.59°C. With an outside 

temperature of -20°C, the temperature decreases were 

1.54°C and 0.69°C, respectively.  

In the case of a very long tunnel of 5,000 meters, with 

an outside temperature of -5°C, increasing the tunnel 

diameter showed temperature decreases of 1.99°C and 

1.11°C, while at an outside temperature of -20°C, the 

temperature decreases were 3.55°C and 1.93°C, 

respectively. Fig. 12 displays the distribution of internal 

temperatures in the tunnel with varying tunnel diameters 

according to outside temperature, in the case of two-way 

wind direction. 

 

4.4.2 Ground temperature 
When cold air flows two-way, it was observed that as  

  
(a) Diameter 7 m, tunnel length 5,000 m (b) Diameter 15 m, tunnel length 5,000 m 

Fig. 12 Distribution of tunnel internal temperature (wind velocity: 2m/s, two-way) 
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the tunnel diameter increased, the temperature distribution 

of the tunnel's surrounding ground exhibited a similar trend 

to the temperature distribution of the surrounding ground 

based on wind velocity. 

Quantitative analysis of the temperature distribution of 

the surrounding ground depending on the tunnel diameter 

revealed that for a tunnel length of 500 m and an outside 

temperature of -5°C, increasing the tunnel diameter from 7 

m to 11 m resulted in an average temperature decrease of 

2.82°C at the tunnel entrance, and increasing the diameter 

from 11 m to 15 m led to a decrease of 1.73°C. Between the 

tunnel entrance and the center, as the tunnel diameter 

increased, there were temperature decreases of 2.98°C and 

1.85°C, respectively, and at the tunnel center, decreases of 

3.67°C and 1.84°C, respectively. At an outside temperature 

of -10°C, increasing the tunnel diameter resulted in average 

temperature decreases of 3.52°C and 2.16°C at the entrance, 

3.73°C and 2.32°C between the entrance and the center, and 

4.58°C and 2.29°C at the center. When the outside 

temperature was -15°C, there were average temperature 

decreases of 4.23°C and 2.59°C at the entrance, 4.47°C and 

2.78°C between the entrance and the center, and 5.5°C and 

2.75°C at the center. At an outside temperature of -20°C, 

increasing the tunnel diameter resulted in temperature 

decreases of 4.93°C and 3.02°C at the entrance, 5.22°C and 

3.24°C between the entrance and the center, and 6.41°C and 

3.21°C at the exit. For a very long tunnel with a length of 

5,000m, at an outside temperature of -5°C, increasing the 

tunnel diameter resulted in temperature decreases of 3.21°C 

and 1.77°C at the entrance, 3.49°C and 1.99°C between the 

entrance and the center, and 0.17°C and 1.38°C at the 

center. When the outside temperature was -20°C, increasing 

the tunnel diameter led to temperature decreases of 5.62°C 

and 3.1°C at the entrance, 6.11°C and 3.49°C between the 

entrance and the center, and 0.7°C and 3.24°C at the center. 

 

 

Fig. 13 depicts the temperature distribution of the 

surrounding ground with increasing tunnel diameter for  

two-way directions of wind. It shows the temperature 

distribution of the ground with respect to outside 

temperature. 

 

 

5. Freezing range of a tunnel 
 

5.1 Determination of freezing range by variable 
 
The freezing range of the tunnel was determined by 

utilizing the numerical analysis results considering the 

structural and environmental conditions. Regression 

analysis was conducted for each analysis condition to 

determine the freezing positions of the tunnel interior and 

the surrounding ground. The internal temperature of the 

tunnel was determined by identifying the segment where the 

temperature remains below -7°C for 2-3 consecutive days, 

taking into account the occurrence of tunnel freezing 

damage mentioned in the Korea Expressway Corporation 

(2013) guidelines. The temperature range where the 

surrounding ground remains below 0°C was determined. 

For the freezing positions according to the internal 

temperature of the tunnel, the calculated freezing positions 

for each condition were normalized based on the tunnel 

length using the freezing rate, as normalized in Eq. (4). 

𝐹𝑅(%) =
𝐹𝐿(𝑚)

𝐿(𝑚)
× 100 (4) 

Where FR is the freezing rate, FL is the freezing length, 

L is the tunnel length. 
 
5.1.1 Freezing rate and freezing depth according to 

outside air temperature 

  
(a) Diameter 7 m, tunnel length 5,000 m, 0% point (b) Diameter 7 m, tunnel length 5,000 m, 50% point 

  
(c) Diameter 15 m, tunnel length 5,000 m, 0% point (d) Diameter 15 m, tunnel length 5,000 m, 50% point 

Fig. 13 Distribution of tunnel ground temperature (wind velocity: 2 m/s, two-way) 
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(1) Internal temperature 

The freezing rate of the tunnel varied with the outside 

air temperature when air with sub-zero temperatures flowed  

into the tunnel in a one-way or two-way manner. It showed 

an increasing trend as the outside air temperature decreased, 

although the rate of increase in the freezing rate was 

relatively lower for two-way flow compared to one-way 

flow. This can be attributed to the fact that in one-way flow, 

the internal temperature of the tunnel gradually increased 

towards the exit, with the highest temperature observed just 

before the exit. In contrast, in two-way flow, the highest 

temperature was observed at the central section of the 

tunnel. 

For example, in a one-way tunnel with a diameter of 11 

m and a length of 5,000 m, at a wind velocity of 1m/s, a 

decrease in outside air temperature from -5°C to -10°C 

resulted in a 2% increase in the freezing rate. Similarly, a 

decrease from -10°C to -15°C led to a 43% increase in the 

freezing rate, and a decrease from -15°C to -20°C resulted 

in a 37% increase. Under the same conditions but with a 

wind velocity of 2m/s, a decrease from -5°C to -10°C 

resulted in a 26% increase in the freezing rate, a decrease 

from -10°C to -15°C resulted in a 74% increase, and at - 

 

 

20°C, the freezing rate reached 100%, indicating that the 

entire tunnel remained below -7°C.  

At a wind velocity of 3 m/s, a decrease from -5°C to -

10°C resulted in a 52% increase in the freezing rate, a 

decrease from -10°C to -15°C resulted in a 48% increase, 

and at -20°C, the freezing rate reached 100%, indicating the 

entire tunnel maintained a temperature below -7°C. 

In the case of a two-way tunnel, at a wind velocity of 

1m/s, a decrease from -5°C to -10°C resulted in a 1% 

increase in the freezing rate, a decrease from -10°C to -

15°C resulted in a 21% increase, and a decrease from -15°C 

to -20°C resulted in a 10% increase. At a wind velocity of 

2m/s, the freezing rate increased by 14%, 21%, and 7% 

respectively, as the outside air temperature decreased. 

Similarly, at a wind velocity of 3m/s, the freezing rate 

increased by 23%, 18%, and 4% respectively, as the outside 

air temperature decreased. Fig. 14 displays freezing rate 

according to the air temperature. 
 
(2) Ground temperature 
When air with sub-zero temperatures flowed into the 

tunnel in a one-way or two-way manner, the freezing depth 
of the surrounding ground showed an increasing trend as  

  
(a) One-way (b) Two-way 

Fig. 14 Freezing rate according to the air temperature 

  
(a) One-way, 0% point (b) One-way, 100% point 

  
(c) Two-way, 0% point (d) Two-way, 50% point 

Fig. 15 Freezing depth according to the air temperature 
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the outside air temperature decreased, except for the central 

section in the case of two-way flow. In the central section of 

two-way flow, it was determined that the ground maintained 

a temperature similar to that of the tunnel interior. 

For instance, in a one-way tunnel with a diameter of 11 

m and a length of 5,000 m, at a wind velocity of 1m/s, a 

decrease in outside air temperature from -5°C to -10°C 

resulted in an increase in freezing depth of 3.1m at the 

tunnel entrance, 2.1 m in the central section, and no 

increase at the tunnel exit. A decrease from -10°C to -15°C 

resulted in an increase of 2.1 m in freezing depth at the 

tunnel entrance and central section, and 1m at the tunnel 

exit. Similarly, a decrease from -15°C to -20°C resulted in 

an increase of 3.1 m in freezing depth at the tunnel entrance 

and 2.1 m in the central section and exit. Under the same 

conditions but with a wind velocity of 2m/s, a decrease 

from -5°C to -10°C resulted in an increase of 3.1 m, 3.1 m, 

and 2.1 m in freezing depth at the entrance, central section, 

and exit, respectively. A decrease from -10°C to -15°C 

resulted in an increase of 2.1 m, 2.1 m, and 1 m at the 

entrance, central section, and exit, respectively. 

Furthermore, a decrease from -15°C to -20°C resulted in an 

increase of 2.1 m in freezing depth at all sections: entrance, 

 

 

 

central, and exit. In the case of a wind velocity of 3 m/s, a 

decrease from -5°C to -10°C resulted in an increase of 3.1 

m, 2.1 m, and 2.1 m in freezing depth at the entrance, 

central section, and exit, respectively. A decrease from -

10°C to -15°C resulted in an increase of 3.1 m, 3.1 m, and 

2.1 m at the entrance, central section, and exit, respectively. 

At -20°C, the freezing depth increased by 2.1 m, 2.1 m, and 

3.1 m at the entrance, central section, and exit, respectively. 

Fig. 15 displays Freezing depth according to the air 

temperature. 

 

5.1.2 Freezing rate and freezing depth according to 
wind velocity 

(1) Tunnel Interior Temperature 

When air with sub-zero temperatures flowed into the tunnel 

in a one-way or two-way manner, the freezing rate of the 

tunnel showed an increasing trend as the wind velocity 

increased, except when the external air temperature was -

5°C. This can be attributed to the fact that there was no 

section in the tunnel where the interior temperature 

remained below -7°C when the outside air temperature was 

-5°C. 

  
(a) One-way (b) Two-way 

Fig. 16 Freezing rate according to the wind velocity 

  
(a) One-way, 0% point (b) One-way, 100% point 

  
(c) Two-way, 0% point (d) Two-way, 50% point 

Fig. 17 Freezing depth according to the wind velocity 
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In the case of one-way flow with a tunnel diameter of 11 

m and a length of 5,000 m, at an outside air temperature of -

5°C, the freezing rate remained at 0% regardless of the  

wind velocity. At an outside air temperature of -10°C, the 

freezing rate increased by 24% and 25% as the wind 

velocity increased. Furthermore, at an outside air 

temperature of –15°C, the freezing rate increased by 55% as 

the wind velocity increased from 1 m/s to 2 m/s, and the 

freezing rate reached 100% at wind velocity of 2 m/s and 3 

m/s. At an outside air temperature of -20°C, the freezing 

rate increased by 17% as the wind velocity increased from 1 

m/s to 2 m/s, and the freezing rate remained at 100% at 

wind velocity of 2 m/s and 3 m/s. In the case of two-way 

flow, the freezing rate remained at 0% as the wind velocity 

increased when the outside air temperature was -5°C, 

similar to the one-way flow. At an outside air temperature 

of -10°C, the freezing rate increased by 13% and 9% as the 

wind velocity increased. When the outside air temperature 

was -15°C, the freezing rate increased by 13% and 6% as 

the wind velocity increased. Additionally, at an outside air 

temperature of -20°C, the freezing rate increased by 10% 

and 3%, respectively. Fig. 16 displays freezing rate 

according to the wind velocity. 

 

 

 

(2) Tunnel Ground 

When air with sub-zero temperatures flowed into the 

tunnel in a one-way or two-way manner, the freezing depth 

of the ground showed an increasing trend as the wind 

velocity increased. 

In the case of one-way flow with a tunnel diameter of 

11m and a length of 5,000 m, at an outside air temperature 

of -5°C, the freezing depth increased by 1m at the entrance 

and remained at 0m at the center, while at the exit, the 

ground maintained a temperature above freezing until the 

wind velocity increased to 3 m/s, resulting in a 1m increase 

in freezing depth. At an outside air temperature of -10°C, at 

the tunnel entrance, the freezing depth increased by 1m as 

the wind velocity increased from 1 m/s to 2 m/s, and the 

change in freezing depth was minimal as the wind velocity 

increased from 2 m/s to 3 m/s. In the center of the tunnel, 

the freezing depth increased by 2 m as the wind velocity 

increased from 1 m/s to 2 m/s, and the change in freezing 

depth was minimal as the wind velocity increased from 2 

m/s to 3 m/s. At the exit, the freezing depth increased by 2 

m and 1 m, respectively. At an outside air temperature of -

15°C, as the wind velocity increased, at the tunnel entrance, 

the freezing depth increased by 1 m and 1 m, respectively,  

  
(a) One-way (b) Two-way 

Fig. 18 Freezing rate according to the diameter 

  
(a) One-way, 0% point (b) One-way, 100% point 

  
(c) Two-way, 0% point (d) Two-way, 50% point 

Fig. 19 Freezing depth according to the diameter 
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and at the tunnel center, the freezing depth increased by 2 m 

and 1 m, respectively. At the exit, the freezing depth 

increased by 3 m and 1 m. At an outside air temperature of -

20°C, at the tunnel entrance, the freezing depth increased by 

0 m and 1m, respectively, at the center, the freezing depth 

increased by 2 m and 1 m, respectively, and at the exit, the 

freezing depth increased by 3 m and 2 m, respectively. Fig. 

17 displays Freezing depth according to the wind velocity. 
 

5.1.3 Freezing rate and freezing depth according to  
tunnel diameter 

 (1) Internal Temperature of the Tunnel 

The freezing rate of the tunnel, depending on the tunnel 

diameter, showed an increasing trend as the tunnel diameter 

increased, except when the outside temperature was -5℃. 

When the wind direction was one-way, the freezing rate was 

relatively lower compared to the two-way flow, and the 

increase in freezing rate was relatively smaller as the tunnel 

diameter increased. 

When the outside temperature was -5℃, both one-way 

and two-way flows resulted in a freezing rate of 0% as the 

tunnel diameter increased. When the outside temperature 

was -10℃, the one-way flow exhibited a 20% increase in 

freezing rate when the tunnel diameter increased from 7 m 

to 11 m, while the two-way flow showed a 10% increase. 

With further increase in tunnel diameter to 15 m, the 

freezing rate increased to 31% and 8%, respectively. When 

the outside temperature dropped to -15℃, the one-way flow 

exhibited a 58% increase in freezing rate as the tunnel 

diameter increased from 7 m to 11 m, and a 100% freezing 

rate was observed for diameters larger than 11 m. In the 

case of two-way flow, the freezing rate increased by 12% 

and 6%, respectively, as the tunnel diameter increased. For 

an outside temperature of -20℃, the one-way flow resulted 

in a 27% increase in freezing rate as the tunnel diameter 

increased from 7 m to 11 m, and a 100% freezing rate was 

observed for diameters larger than 11 m. In the case of two-

way flow, the freezing rate increased by 10% and 3%, 

respectively, as the tunnel diameter increased. Fig. 18 

displays freezing rate according to the diameter. 
 
(2) Tunnel ground 

When air with below freezing temperature flowed in 

one-way or in two-way, the freezing depth of the ground 

material showed an increasing trend as the tunnel diameter 

increased. 

 

 

In the case of one-way wind with a velocity of 2 m/s and 

a tunnel length of 5,000 m, when the outside temperature 

was -5℃, the freezing depth of the ground material 

increased as the tunnel diameter increased. At the tunnel 

entrance, the freezing depth was 1 m, 1 m in the middle 

section, and increased to 1 m at the exit, where the ground 

temperature remained above freezing until the tunnel 

diameter reached 15 m. When the outside temperature 

dropped to -10℃, at the tunnel entrance, an increase in 

tunnel diameter from 7 m to 11 m resulted in a 3 m increase 

in freezing depth, while an increase in diameter from 11 m 

to 15 m resulted in a 2 m increase. In the middle section, an 

increase in diameter from 7 m to 11 m led to a 3 m increase 

in freezing depth, and an increase from 11 m to 15 m 

resulted in a 2 m increase. At the exit, there was an increase 

of 2 m and 3 m in freezing depth, respectively. When the 

outside temperature reached -15℃, as the tunnel diameter 

increased, the entrance showed an increase of 3 m, 3 m, and 

the middle section showed an increase of 4 m, 4 m, while 

the exit had an increase of 3 m and 4 m in freezing depth. 

For an outside temperature of -20℃, at the entrance, the 

freezing depth increased by 4 m, 4 m, in the middle section 

it increased by 5 m, 5 m, and at the exit, it increased by 5 m, 

5 m. Fig. 19 displays freezing depth according to the 

diameter. 
 
5.1.4 Freezing rate and freezing depth according to 

tunnel length 
(1) Internal Temperature of the Tunnel 
When air with below freezing temperature flowed in 

one-way or in two-way, the freezing rate of the tunnel 
decreased progressively trend as the tunnel length 
increased, except when the outside temperature was -5℃. It 
was observed that the two-way flow resulted in relatively 
lower freezing rates compared to the one-way flow. 

At a wind velocity of 1 m/s and a tunnel diameter of 11 
m, when the outside temperature was -5℃, both one-way 
and two-way flows resulted in a freezing rate of 0%. When 
the outside temperature dropped to -10℃, both one-way 
and two-way flows exhibited freezing rates of 11% at a 
tunnel length of 500 m, 5% at 1,000 m, 2% at 3,000 m, and 
1.7% at 5,000 m. For an outside temperature of -15℃, the 
one-way flow showed freezing rates of 100% at a tunnel 
length of 500 m, 100% at 1,000 m, 73% at 3,000 m, and 
45% at 5,000 m. In the case of two-way flow, freezing rates 
of 33%, 31%, 27%, and 22% were observed, respectively. 
Furthermore, at an outside temperature of -20℃, the one-  

  
(a) One-way (b) Two-way 

Fig. 20 Freezing rate according to the tunnel length 

163



 

Hwan-Hee Yoon, Young-Su Kim, Ha-My Tran, Joon-Shik Moon and Hyuk-Sang Jung 

 

 

 

way flow exhibited a freezing rate of 100% up to a tunnel 

length of 3,000 m, and it decreased to 83% at a length of 

5,000 m. In the case of two-way flow, a freezing rate of 

100% was observed at a tunnel length of 500 m, and for 

tunnel lengths of 1,000 m, 3,000 m, and 5,000 m, freezing 

rates of 47%, 37%, and 32% were observed, respectively. 

Fig. 20 displays freezing rate according to the tunnel length. 

 

(2) Ground of the tunnel 

When air with below freezing temperature flowed in 

one-way or in two-way, the freezing depth of the ground, 

depending on the outside temperature, exhibited different 

patterns for the entrance, center, and exit sections of the 

tunnel. For the entrance section, both one-way and two-way 

flows showed consistent freezing depths as the tunnel 

length increased, except for a tunnel length of 5,000 m, 

where the freezing depth was different. 

At the entrance section, for one-way and two-way flows, 

when the outside temperature was -5℃, a freezing depth of 

1 m was observed across all tunnel lengths. When the 

outside temperature dropped to -10℃, a freezing depth of 4 

m was observed. At an outside temperature of -15℃, a 

freezing depth of 7 m was observed for all tunnel lengths 

except for a length of 5,000 m, where it was 6 m. 

Furthermore, at an outside temperature of -20℃, a freezing 

depth of 9 m was observed for all tunnel lengths. 

For the center section of the tunnel, in the case of one-

way flow, when the outside temperature was -5℃, freezing 

depths of 2 m, 1 m, 1 m, and 0 m were observed for tunnel 

lengths of 500 m, 1,000 m, 3,000 m, and 5,000 m, 

respectively. When the outside temperature dropped to -

10℃, freezing depths of 4 m, 4 m, 3 m, and 2 m were 

observed. At an outside temperature of -15℃, freezing 

depths of 7 m, 7 m, 5 m, and 4 m were observed, and at -

20℃, freezing depths of 9 m, 9 m, 7 m, and 6 m were 

observed for all tunnel lengths. 

 

 

For the exit section of the tunnel, when the outside 

temperature was -5℃, a freezing depth of 1 m was observed  

for all tunnel lengths, regardless of flow direction. When 

the outside temperature dropped to -10℃, freezing depths 

of 4 m, 3 m, 1 m, and 0 m were observed. At an outside 

temperature of -15℃, freezing depths of 6 m, 6 m, 3 m, and 

1 m were observed, and at -20℃, freezing depths of 8 m, 8 

m, 5 m, and 3 m were observed for each tunnel length. 

In the case of two-way flow, between the entrance and 

center sections of the tunnel, when the outside temperature 

was -5℃, a freezing depth of 1 m was observed for tunnel 

lengths of 500 m and 1,000 m, while 0 m freezing depth 

was observed for tunnel lengths of 3,000 m and 5,000 m. 

When the outside temperature dropped to -10℃, freezing 

depths of 3 m, 3 m, 2 m, and 2 m were observed. At an 

outside temperature of -15℃, freezing depths of 6 m, 6 m, 5 

m, and 4 m were observed, and at -20℃, freezing depths of 

8 m, 8 m, 7 m, and 6 m were observed for each tunnel 

length. For the center section of the tunnel, when the 

outside temperature was -5℃, a freezing depth of 1 m was 

observed only for a tunnel length of 500 m, while 0 m 

freezing depth was observed for longer tunnel lengths. 

When the outside temperature dropped to –10℃. Fig. 21 

displays Freezing depth according to the tunnel length. 

 
5.2 Freezing range prediction model through multiple 

regression analysis 
 
5.2.1 Estimation equation for lengthwise freezing rate 

of the tunnel 
In this study conducted multiple regression analysis to 

derive a regression equation that can estimate the freezing 

rate inside the tunnel based on the freezing rate calculated 

according to the structural and environmental conditions of 

the tunnel. 

The independent variables considered in the numerical  

  
(a) One-way, 0% point (b) One-way, 100% point 

  
(c) Two-way, 0% point (d) Two-way, 50% point 

Fig. 21 Freezing depth according to the tunnel length 
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analysis were the tunnel diameter, tunnel length, ambient 

temperature, and wind velocity. The freezing rate was 

considered as the dependent variable, and the following Eq.  

(5) was selected as the regression model. Subsequently, the 

coefficients and constants for the independent variables 

were determined, and regression equations for estimating 

the freezing rate in the lengthwise direction of the tunnel 

(FR,one) when the wind direction is one-way and in the 

lengthwise direction of the tunnel (FR,two) when the wind 

direction is two-way were derived. 

𝐹 = 𝑎1𝐷 + 𝑎2𝐿 + 𝑎3𝑤 + 𝑎4𝑇 + 𝑏 (5) 

𝐹𝑅,𝑜𝑛𝑒(%) = 2.82𝐷 − 0.004𝐿 + 11.67𝑤 + 6.47𝑇 − 65.93 (6) 

𝐹𝑅,𝑡𝑤𝑜(%) = 2.56𝐷 − 0.007𝐿 + 10.11𝑤 + 4.5𝑇 − 52.35 (7) 

Where D is the tunnel diameter, L is the tunnel length, w 

is the wind velocity, T is the air temperature. 

 
5.2.2 Estimation equation for ground freezing depth 

of the tunnel 

In this study performed multiple regression analysis to 

derive a regression equation that can estimate the freezing 

depth of the tunnel's ground under different conditions, 

based on the freezing depth calculated according to the 

structural and environmental conditions of the tunnel. 

The independent variables are the same as those used for 

estimating the lengthwise freezing rate, and the dependent 

variable is the freezing depth. We selected the regression 

model represented by Eq. (5). Subsequently, by determining 

the coefficients and constants for the independent variables, 

regression equations were derived to estimate the ground 

freezing depth at the entrance (FD,one,0%), the middle section 

(FD,one,50%), and the exit (FD,one,100%) of the tunnel when the 

wind direction is one-way, as well as at the entrance 

(FD,two,0%), between the entrance and the middle section 

(FD,two,25%), and the middle section (FD,two,50%) when the 

wind direction is two-way. 

𝐹𝐷,𝑜𝑛𝑒,0%(𝑚) = 0.64𝐷 − 0.0001𝐿 + 0.48𝑤 + 0.53𝑇 − 8.47 (8) 

 

 

 

𝐹𝐷,𝑜𝑛𝑒,50%(𝑚) = 0.68𝐷 − 0.0004𝐿 + 0.82𝑤 + 0.5𝑇 − 9.01 (9) 

𝐹𝐷,𝑜𝑛𝑒,100%(𝑚) = 0.67𝐷 − 0.0006𝐿 + 1.01𝑤 + 0.45𝑇 − 8.99 (10) 

𝐹𝐷,𝑡𝑤𝑜,0%(𝑚) = 0.61𝐷 − 0.0001𝐿 + 0.49𝑤 + 0.53𝑇 − 8.16 (11) 

𝐹𝐷,𝑡𝑤𝑜,25%(𝑚) = 0.65𝐷 − 0.0003𝐿 + 0.96𝑤 + 0.49𝑇 − 9.47 (12) 

𝐹𝐷,𝑡𝑤𝑜,50%(𝑚) = 0.47𝐷 − 0.0012𝐿 + 0.74𝑤 + 0.22𝑇 − 4.22 (13) 

Where FD is the freezing depth. 

 

5.3 Validation of regression equation 
 

To validate the regression equation for predicting the 

tunnel freezing range presented earlier, the freezing rates of 

the tunnel derived from field measurements and those 

calculated using the regression equation were compared and 

analyzed. The validation of the regression equation 

involved analyzing the field measurement results through 

regression analysis and determining the segments where the 

internal temperature of the tunnel falls below -7°C to 

calculate the freezing rates of the tunnel. The calculated 

freezing rates obtained from the regression equation were 

then quantitatively compared with those obtained from the 

field measurements. However, due to the rarity of field 

measurement cases for the freezing depth of the tunnel 

backfill, they were excluded from the analysis. 

The field measurement data utilized in this study were 

obtained from temperature measurements inside tunnels 

located in cold regions both domestically and 

internationally. The selected tunnels for measurement 

included the ○○ Tunnel in Korea and the Zuomutai 

Tunnel in China. 

The ○○ Tunnel is designed as a very long tunnel with 

a width of 11 meters, a height of 7.8 meters, and a length of 

8,293 meters. Temperature measurements were taken 

longitudinally from the tunnel entrance to the midpoint at 

3,270 meters. The measurement intervals were set at 30-

meter increments from the portal to 210 meters, followed by 

increments of 50 meters, 70 meters, and 90 meters. 

 

  
(a) ○○ Tunnel (b) Zuomutai Tunnel 

Fig. 22 Results of internal temperature measurement 
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The Zuomutai Tunnel is a road tunnel located on the 

Hegang-Dalian Expressway, known for its monthly average 

minimum temperature of -16.1°C. The tunnel has a height 

of approximately 7.1 meters and a length of 2,910 meters. 

Wind velocity typically range from 1 m/s to 3 m/s in 

summer and consistently remain above 2 m/s during winter. 

The calculation of the freezing rate through field 

measurements in the ○○ Tunnel showed a freezing rate 

ranging from 3.17% to 5.27% at an outside temperature 

range of -11°C to -12.8°C when the wind direction was 

oneway. Meanwhile, the freezing rate calculated through 

regression analysis ranged from 2.5% to 14.11%, indicating 

an average error of 4.74%. In the case of twoway wind 

direction, field measurements showed a freezing rate of 

1.1%, whereas the regression analysis indicated a freezing 

rate of 0%. 

In the case of the Zuomutai Tunnel, on-site 

measurements showed a freezing rate ranging from 26.82% 

to 75% at an outside temperature range of -10°C to -16.4°C. 

Additionally, regression analysis indicated a freezing rate 

ranging from 30.21% to 71.62%. The average error between 

field measurements and regression analysis was 3.89%. 

Therefore, the regression equations proposed in this 

study are considered to relatively accurately simulate the 

freezing rate along the tunnel's longitudinal direction, and 

they are deemed applicable for estimating the freezing rate 

of tunnels based on their environmental and structural 

conditions. 

Fig. 22 presents the internal temperature measurement 

results of ○○ Tunnel and Zuomutai Tunnel in graphical 

form, while Table 5 and 6 present the calculated freezing 

rates based on field measurements and regression analysis 

for ○○ Tunnel and Zuomutai Tunnel, respectively. 

 

 

 

 

6. Conclusions 
 

This study focused on the numerical analysis of freezing 

range in cold regions tunnels. Three-dimensional heat 

transfer numerical analysis was conducted to analyze the 

freezing range of tunnels in cold regions. Regression 

analysis was performed using the results of the numerical 

analysis to derive estimation equations for freezing rate and 

freezing depth, providing insights into the freezing range of 

tunnels. In summary, the conclusions of this paper are as 

follows. 

(1) To validate the model before conducting numerical 

analysis to examine the temperature distribution inside the 

tunnel, as well as the lining and ground, a comparison and 

analysis were performed between the results of numerical 

analysis considering the field measurement results and the 

site conditions. The results showed an average error of 

approximately 0.09℃ and a correlation coefficient of 0.98, 

indicating a very high correlation between the field 

measurements and the numerical analysis. Therefore, it was 

concluded that the numerical analysis model for verifying 

the temperature distribution inside the tunnel and the lining 

and ground is valid. 

(2) Considering the structural and environmental 

conditions of the tunnel, the thermal analysis results showed 

that the temperature distribution inside the tunnel exhibited 

a gradual increase from the entrance to the exit when the 

wind direction was one-way. When the wind direction was 

two-way, the temperature gradually increased from the 

entrance to the center and decreased symmetrically towards 

the exit. The temperature distribution of the ground in the 

tunnel showed that as the depth increased from the lining 

surface to the ground, the temperature gradually approached 

the underground temperature, both when the wind direction 

was one-way and two-way. Particularly in tunnels with 

Table 5 Calculated freezing rates of OO Tunnel 

OO Tunnel 

Freezing rate(%) 

Field 

measurement 

Regression 

equation 
Error 

Wind 

direction 

Oneway 
Air temperature (℃) 

-11 3.17 2.5 0.67 

-12 4.27 9 -4.73 

-12.8 5.27 14.11 -8.84 

Twoway -9.1 1.1 0 1.1 

Table 6 Calculated freezing rates of Zuomutai Tunnel 

Zuomutai Tunnel 

Freezing rate(%) 

Field 

measurement 

Regression 

equation 
Error 

Wind 

direction 
Oneway Air temperature (℃) 

-10  30.21 -3.39 

-13 38 43.15 -5.15 

-13.6 57.14 53.50 3.64 

-16.4 75 71.62 3.38 
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relatively long extensions under two-way wind conditions, 

the temperature of the ground at the center of the tunnel 

remained close to the underground temperature. Therefore, 

the internal temperature of the tunnel and the temperature of 

the ground exhibit different trends depending on the wind 

direction, indicating that the freezing range of the tunnel 

should be differentiated according to the wind direction. 

(3) The numerical analysis results showed that the 

internal temperature of the tunnel and the temperature of the 

ground decrease as the external temperature decreases and 

increase as the wind velocity increases under environmental 

conditions. Furthermore, under the structural conditions of 

the tunnel, the internal temperature of the tunnel and the 

temperature of the ground decrease as the tunnel diameter 

increases. It has been confirmed that as the length of the 

tunnel increases, the segment where the temperature above-

zero is maintained also increases. Therefore, in the design 

of tunnels in cold regions, careful consideration should be 

given to environmental conditions such as low external 

temperatures and high wind velocity, and tunnels with 

smaller cross-sections are advantageous in terms of freezing 

prevention. For tunnels with shorter lengths, freezing 

prevention measures should be implemented throughout the 

entire length. 

(4) Regression analysis was performed based on the 

analysis conditions using the results of the numerical 

analysis to estimate the lengthwise freezing rate of the 

tunnel and the freezing depth of the ground. The derived 

regression equations allow the estimation of the freezing 

rate and freezing depth of the tunnel's lengthwise direction 

and the ground, considering the structural and 

environmental conditions of the tunnel according to the 

wind direction. Therefore, it is deemed that the derived 

regression equations can be used to determine the freezing 

range of the tunnel's lengthwise direction and the freezing 

range of the ground based on the structural and 

environmental conditions of the tunnel, considering the 

wind direction. 

(5) In conclusion, the freezing range of tunnels in cold 

regions should be determined by considering the tunnel 

diameter, length, wind velocity, and external temperature. 

The numerical analysis model used in this study can be 

utilized for further examination, and it is deemed that 

additional research on the refinement of the regression 

equations for estimating the freezing range of the tunnel 

through Transient analysis, considering variables that 

change over time, will be necessary in the future. 
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