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1. Introduction 
 

The main material used in tunnels is concrete, which is 

greatly affected by surrounding environmental conditions. 

Environmental conditions mainly refer to climatic 

conditions such as temperature, humidity, precipitation, 

wind, and sunshine duration. Also, the season change has a 

great influence on the deterioration of concrete material.  

Many theories related to the freezing action of concrete 

have been proposed. Power (1945) used hydraulic pressure 

theory to explain the freezing mechanism in which the 

freezing of water inside the capillary pores and the resulting 

volume increase raises the internal tensile stress. According 

to the hydraulic theory, when the temperature of water 

drops below 0°C, the water in the concrete pores freezes, 

resulting in a volume increase of approximately 9%.  

When the pores in the concrete are filled fully with 

water, the frozen water will be forced to escape because the 

pores cannot be expanded more. At this time, if the moving 

distance of water is too long or the internal pressure due to 

rapid freezing exceeds the tensile strength of the cement 

paste, the concrete may be destroyed. Power (1945) 

explained that freezing duration, not freezing rate, is 

important for concrete freezing, because the long freezing 

period promotes the crystal growth of the ice. 

Bassuoni and Nehdi (2005) found that high-performance 
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concrete (HPC) with no air entrainment and low water-

binding material ratio could not find any weak points from 

general freeze-durability tests. It is known that it is 

vulnerable to freeze-thaw resistance according to the 

mechanical degradation mechanism. Jeong (2013) 

explained that concrete damage caused by freeze-thaw does 

not occur because the average daily temperature is low. It is 

found that concrete tends to be damaged greatly by the 

relaxation of concrete tissue through the repeated freeze-

thaw tests. 

Jerzy et al. (2017) confirmed the number of repeated 

freezing-thawing days that can cause cracks in concrete by 

considering the correlation between the increase of concrete 

mass through repeated freeze-thaw cycles and cracks in 

concrete. Assel et al. (2021) conducted a comprehensive 

laboratory work to assess the effect of the cyclic freeze-

thaw action on strength and durability of CSA cement-

treated sand. 

Jian et al (2018) confirmed that the freeze-thaw 

repetition lowered the particle agglomeration and increased 

both the proportion of fine particles and the proportion of 

porous area through an experimental study. Liyun et al. 

(2020) compared the characteristics of the interface strength 

parameters during the freezing process and analyzed the 

differences between the interface shear characteristics and 

failure mechanisms during the frozen soil-structure 

interface freezing-thawing process. 

Sammy et al. (1994) found that the absorbency and 

diffusivity of concrete were improved, while the resistance 

of concrete had the close relationship with the specific 

transmittance from the experimental test results for 

predicting the freeze-thaw resistance of concrete. Xudong et 

al. (2018) experimentally found that as the number of 

freeze-thaw cycles increased, the dynamic strength 

decreased and the peak strain increased. 
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Hailong and Nanguo (2019) reviewed the effects of 

mechanical loads and harmful environmental factors on 

concrete by examining the coupling and synergistic 

mechanisms between the degradation driving forces such as 

freeze-thaw and alkali-silica reactions. 

Francesco et al. (2014) conducted a study to identify 

and quantify specific effects on deterioration and aging of 

concrete in order to provide useful information for the 

evaluation of structures. 

 

 

2. Theoretical background 
 
Freezing and thawing are one of the most problematic 

factors among the causes of deterioration in tunnel linings. 
In particular, in the case of regions where the winter 
temperature is relatively low, as the public service life of 
the tunnel increases, there is a possibility that the damage 
through repeated freezing and thawing may increase 
rapidly. Therefore, it is necessary to identify areas where 
damage is expected from freezing and thawing and prepare 
appropriate countermeasures. 

 
2.1 Heat conduction in concrete 
 
Conduction or heat conduction is the transfer of heat 

through direct contact between objects. Conduction is a 
method in which heat (energy) flows by the temperature 
difference between two objects in contact without direct 
movement of materials. Conduction may occur from one 
end to the other within an object, or may occur through a 
tertiary object. 

 

 

 

On a microscopic scale, conduction is the transfer of 

heat (energy) through the interaction of rapidly vibrating or 

moving atoms or molecules with neighboring atoms or 

molecules. Heat is transferred as neighboring atoms vibrate 

with respect to another atom, or electrons move from one 

atom to another. Conduction occurs in all states of matter 

(solid, liquid, gas, etc.), but in solids it is the most important 

heat transfer method. The law that explains the 

phenomenon of heat conduction is called the 'law of heat 

conduction' or 'Fourier law'. 

The amount of heat transferred between two objects per 

unit time is proportional to the temperature difference 

between the two objects and the contact cross-sectional area 

and inversely proportional to the distance. Let the unit time 

be Δt, the amount of heat transferred is ΔQ, the temperature 

difference between the two objects is ΔT, the contact cross-

sectional area is A, and the distance is Δx. 

In the equation expressing Fourier's law, k, which is a 

proportionality constant appears, because each object has a 

different property of conducting heat. This comparison of 

the degree of heat transfer between materials at the same 

temperature difference and distance is called thermal 

conductivity. The larger the value, the better the heat 

conduction. For reference, the unit of thermal conductivity 

is W/m·K obtained by dividing the unit of heat (W, Watt) by 

the product of the unit of distance (m, meter) and the unit of 

temperature (K, Kelvin). Materials with high thermal 

conductivity are called good conductors of heat, and 

Table 1 Thermal conductivity and specific gravity of each material 

matter 
Thermal Conductivity 

(W/m·K) 
Specific gravity matter 

Thermal Conductivity 

(W/m·K) 
Specific gravity 

silver 714 10.59 concrete 1.4 1.84 

copper 657 8.94 Glass 1.21 - 

gold 507 19.30 ice 2.18 0.92 

aluminum 350 2.70 water 1.00 1.00 

iron 86 7.80 tree 0.29 0.6~0.9 

Mercury 14 11.34 air 0.04 0.0013 

Table 2 Indoor freezing experimental plan 

experimental factor experimental level 

Temperature measurement frequency 1 time / 5 minutes 

Temperature sensor interval 

Surface (internal) temperature measurement 

Internal temperature measurement: 75 mm, 150 mm, 225 mm  

Back (outer) temperature measurement 

Concrete Lining Temperature 
initial temperature Above 5ºC 

target temperature Below -2.2ºC 

Setting outside temperature –13ºC ~-18 ºC 

concrete lining specimen 

target thickness 30 0 mm 

target air volume 6.0% or higher 

goal slump 180 mm or more 

target intensity More than 27 Mpa 

∆𝑄

∆𝑡
= −𝑘𝐴

∆𝑇

∆𝑥
 (1) 
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substances with low thermal conductivity are called 

insulators (or poor conductors) of heat. Table 1 shows the 

ductile conductivity and specific gravity for each material, 

and it was confirmed that the thermal conductivity of 

concrete is generally 1.4. 

 

 

3. Indoor freezing experiment 
 
3.1 Experimental plan 

 
In this freezing test, concrete specimens were 

manufactured, exposed to sub-zero temperatures, and the 
internal and external temperatures of concrete that change 
with time were measured. Based on the heat transfer energy 
according to the outside temperature at this time, the 
freezing time of the concrete linings is predicted. 

Table 2 describes the contents of the experimental level 
for each experimental factor for conducting the indoor 
freezing test. 

 

3.2 Manufacture of concrete specimen for freezing 
test 

 

The concrete specimen for use in the indoor freezing test 

was manufactured to satisfy the actual concrete lining 

design criteria. In general, it is a standard to set the 

minimum thickness of the concrete lining to be about 300 

mm. In the case of standard strength, in principle, concrete 

with a strength of 21-24 Mpa at 28 days of age is generally 

used as the standard strength, but in some cases, it is more 

high-strength concrete can be used. The thickness of the 

concrete specimen produced for the indoor experiment is 

300 mm, the 28-day-old strength is 36.4 Mpa, and the 

slump is 190 mm. The concrete mixing ratio is as shown in 

Tables 3 and 4. 

 

3.3 Experimental method 
 

This indoor freezing experiment was carried out to 
measure the time it takes for the temperature of the lining 
and the back surface, which was maintained in the freezing 
state of the concrete lining in winter due to the temperature 
of the outside air, to drop to a constant temperature below 
zero and the temperature change at this time. The 
temperature change of the concrete specimen was measured 
through a temperature sensor installed inside and outside 
the concrete, and the measurement cycle was set at 5-
minute intervals. 

 

 

Table 3 Concrete mixing ratio 

W/C(%) 
unit weight (kg/㎥) 

slump(mm) air content(%) 
C W S G ad 

48 354 170 819 941 2.66 190 6.5 

 

Table 4 Concrete specimen compressive strength 

3 days 7 days 28 days 

20.1 Mpa 32.7 Mpa 36.4 Mpa 

The test conditions were conducted when the 

temperature of the tunnel outside air was about -13 to -

18ºC, and the temperature was below zero, and a total of 5 

sensors for measuring the temperature change were 

installed on the surface of the concrete specimen and at 

intervals of 75 mm from the surface. lower surface, 75 mm, 

150 mm, 225 mm, upper surface) were installed. 

 

 
4. Results and analysis of indoor freezing 
experiment 

 
4.1 Analysis of freezing time of concrete specimen 

according to indoor freezing test 
 

A total of 2 sets of indoor experiments were conducted. 
The concrete specimen was maintained at about 5.5°C and 
6.6°C. As shown in Table 5, the FHWA evaluates the 
freezing standards of concrete based on when the concrete 
changes to a temperature of -2.2°C or less. According to the 
FHWA standard, the time required to change the 
temperature of the concrete specimen to a temperature of -
2.2°C or lower was measured. In addition, the amount of 
heat flow (W) required to freeze the specimen was analyzed 
based on the experimental results. Through heat flow 
analysis, the energy required to change the temperature of 
the concrete specimen can be calculated at the outside 
temperature, and if the conditions are the same, the freezing 
time according to the change of the outside temperature can 
be predicted according to the law of conservation of energy. 

Through the freezing test, it was confirmed that it took 
about 30.5 hours and 32.6 hours as shown in Table 6 for the 
total temperature of specimen No. 1 at 5.5°C and specimen 
No.2 at 6.5°C to change to -2.2°C. The time taken to change 
from the surface of the specimen to -2.2°C or less by depth 
was reviewed as taking an average of 10.30 hours in the 75 
mm section, 18.00 hours in the 150 mm section, 26.96 
hours in the 225 mm section, and 31.54 hours on the back 
of the specimen. Figs. 1 and 2 show the temperature change 
patterns of specimens No.1 and No.2 according to the 
results of the freezing test, respectively. 

 
4.2 Analysis of temperature change by depth of 

concrete specimen 
 

In the indoor freezing test, the change in the internal 
temperature was measured at a depth of 75 mm from the 
surface of the specimen, and the time required to lower the 
internal temperature in each section to about -2.2 °C was 
measured. 

 

 

Table 5 Freeze-Thaw evaluation criteria of FHWA 

Exposure Condition 
Classification 

a(N/A) b(Grade 1) c(Grade 2) 

Freeze/Thaw Durability 

Exposure 

(x=F/T cycles per year*) 

x < 3 3 ≤ x < 50 50 ≤ x 

*F/T stands for "freeze/thaw". A freeze/thaw cycle is defined as an event 
where saturated concrete is subjected to an ambient temperature which 

drops below -2.2°C (28°F) followed by a rise in temperature above 

freezing 
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Fig. 1 Temperature change analysis result of concrete 

specimen No.1 
 

 
Fig. 2 Temperature change analysis result of concrete 

specimen No.2 

 

 

 

The main cause of defects in concrete due to freeze-

thaw is the expansion pressure generated by freezing of the 

water contained in the concrete. When water freezes, about 

9% of volume expansion occurs, and when the amount of 

expansion of water is greater than the voids in the concrete, 

if the expansion pressure is greater than the tensile strength 

of the concrete, defects such as cracks and scaling occur. 

In general, water has a minimum volume at 4°C, and has 

a maximum volume after freezing at 0°C. In other words, it 

can be interpreted that from when the temperature of the 

concrete is below about 0°C, the influence of the expansion 

pressure inside the concrete is relatively large. 

Table 7 is a table that summarizes the freezing time 

according to the temperature of each section of the concrete 

specimen. The temperature of each section was measured at 

every 1°C from 5°C to -2°C, and the freezing time from the 

surface to the 75 mm point was measured. It took an 

average of 10.25 hours at the 75 mm point for the concrete 

to change from the temperature of 5°C to -2°C at the 

temperature of the concrete specimen, 15.79 hours at the 

150 mm point, and 22.58 hours at the 225 mm point on 

average. 

When the outdoor temperature of the tunnel is about 

16°C, it is judged that the time it takes for the surface to 

freeze is about 10 hours. In the case of winter, when nights 

are longer, it is judged that the surface of the tunnel lining 

will freeze frequently after the sun goes down. 

 

Table 6 Time for the concrete specimen(No.1, 2) to change to -2.2°C 

Division surface of the specimen 75 mm 150 mm 225 mm back surface of the specimen 

Specimen No. 1 

(Back temperature 5.5°C) 

Immediately 

 
10.42 17.42 25.75 30.50 

Test Subject No.2 

(Back temperature 6.5°C) 

Immediately 

 
10.17 18.58 28.17 32.58 

Average - 10.30 18.00 26.96 31.54 

Table 7 Average freezing time of concrete specimens 

Classification 
Specimen temperature 

5°C 4°C 3°C 2°C 1°C 0°C -1°C -2°C 

75 mm 

0°C 5.79 5.04 4.08 3.04 1.71 - - - 

-1°C 8.08 7.33 6.38 5.33 4.00 2.29 - - 

-2°C 10.25 9.50 8.54 7.50 6.17 4.46 2.17 - 

-2.2°C 10.83 10.08 9.13 8.08 6.75 5.04 2.75 0.58 

150 mm 

0°C 10.13 8.42 6.67 4.54 2.33 - - - 

-1°C 12.79 11.08 9.33 7.21 5.00 2.67 - - 

-2°C 15.79 14.08 12.33 10.21 8.00 5.67 3.00 - 

-2.2°C 16.79 15.08 13.33 11.21 9.00 6.67 4.00 1.00 

225 mm 

0°C 11.88 9.63 7.38 5.00 2.79 - - - 

-1°C 16.83 14.58 12.33 9.96 7.75 4.96 - - 

-2°C 22.58 20.33 18.08 15.71 13.50 10.71 5.75 - 

-2.2°C 23.38 21.13 18.88 16.50 14.29 11.50 6.54 0.79 

back surface 

of specimen 

0°C 17.17 14.75 12.46 9.79 5.92 - - - 

-1°C 22.17 19.75 17.46 14.79 10.92 5.00 - - 

-2°C 26.38 23.96 21.67 19.00 15.13 9.21 4.21 - 

-2.2°C 27.33 24.92 22.63 19.96 16.08 10.17 5.17 0.96 
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4.3 Freezing time analysis according to the back 
surface of the concrete specimen 

 

By analyzing the temperature change and time measured 

through the indoor freezing experiment, it was confirmed 

how the moisture in the concrete affected the freezing time 

of the concrete specimen. 

It took about 11.25 hours for the back temperature of the 

concrete specimen to decrease by about 4°C from 5°C to 

1°C, and it was confirmed that it takes an average of 2.81 

hours for a change of 1°C. And it took about 10.92 hours to 

decrease about 2°C from 1°C to -1°C, confirming that it 

takes an average of 5.46 hours for a change of 1°C. 

This is considered to be related to the time at which the 

moisture inside the concrete freezes. Through the 

experiment, it was confirmed that the time it takes for the 

concrete specimen to decrease by 1°C at the freezing point 

is about twice as long as the time it takes to decrease by 1°C 

at the freezing point. 

Figs. 3 and 4 are graphs showing the freezing time of 

the concrete specimen, and it can be seen that the 

cumulative freezing time increases as the concrete specimen 

approaches the freezing point of 0°C. 

 

4.4 Heat flow analysis according to heat conduction 
theory 

 

The heat transfer acting to freeze the concrete specimen 

refers to the flow of energy generated by the temperature  

Table 8 Analysis result of average energy required to 

change the temperature of a concrete specimen by 1°C 

classification 
surface 

(T2) 

Back 

surface 

(T1) 

time 

(second) 

Qcond(W) 

(J/s) 

Energy 

(J) 

Average 

energy 

required for 

1°C 

temperature 

change 

-13.27°C 5°C - - - 

-14.14°C 4°C 8,700  7.25  63,072  

-14.90°C 3°C 8,250  7.20  59,372  

-16.01°C 2°C 9,600  7.10  68,141  

-16.98°C 1°C 13,950  7.14  99,784  

-17.61°C 0°C 21,300  7.13  151,916  

-18.14°C -1°C 18,000  6.98  125,507  

-18.45°C -2°C 15,150  6.78  102,710  

- -2.2°C 3,450  6.83  23,565  

Average -16.19 - - 7.05 - 

sum - -  - 694,067 

 

 

difference between the surface and the back surface of the 

specimen cooled due to the external temperature maintained 

below zero. The concrete specimen is frozen due to the 

convection phenomenon caused by the sub-zero outside 

temperature, and the lowered concrete surface is frozen 

through the inside of the concrete to the back side. 

In the case of heat conduction occurring inside concrete, 

the amount of heat energy transferred can be known 

through Fourier's law. The equation used at this time is the 

heat flow (W) equation and is the same as Eq. (2). 

Here, k is the thermal conductivity of concrete and the 

unit is W/m·K. In this paper, the thermal conductivity of 

commonly used concrete of 1.4 was applied. ΔT is the 

difference (T1-T2) between the temperature (T1) of the 

surface of the concrete specimen and the temperature of the 

back of the concrete (T2), ΔX is the thickness of the 

concrete specimen, and A is the area exposed to the outside 

air in the specimen. Qcond is the amount of heat generated 

in concrete, and the unit is W (watt), meaning that 1J (joule) 

of energy is generated for 1 second. 

The area of the concrete specimen used in the freezing 

test is 300 mm×300 mm, and the thickness is 300 mm. The 

amount of heat flow was calculated based on the results of 

measuring the temperature change and time of the concrete 

specimen through the freezing test, and the energy required 

to lower the temperature of the concrete backside by 1°C 

was calculated. Table 8 shows the average values of heat 

flow and energy calculated through the results of two 

experiments. 

According to the experimental results, the average heat 

flow required to freeze all concrete specimens to -2.2°C 

was about 7.05W, and the average heat energy generated at 

this time was calculated to be 694,067J. Based on the 

thermal energy calculated in this way, we want to predict 

the freezing time of concrete when the temperature of the 

outside air changes. 

 
Fig. 4 Analysis of freezing time by temperature of 

concrete specimen No. 1 

 
Fig. 4 Analysis of freezing time by temperature of 

concrete specimen No. 2 

𝑄𝑐𝑜𝑛𝑑 = −𝑘𝐴
∆𝑇

∆𝑥
 (2) 
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Fig. 6 Thermal energy consumption by temperature of 

concrete specimen No. 6 

 
 

4.5 Analysis of energy required for freezing concrete 
lining 

 

The actual tunnel lining temperature will vary 

depending on the temperature of the outside air and the 

temperature of the back ground. Therefore, the temperature 

of the outside air, the exposure time and the temperature of 

the back surface will be important factors in the condition 

that all the concrete linings are frozen. 

The outdoor temperature in the indoor freezing test 

varies from about -13°C to -18°C, and the average is about -

16.2°C. The temperature of the back side of the concrete 

can be measured from 5.5°C and 6.5°C. Based on the 

results of measuring the freezing time of all concrete 

specimens under these temperature conditions, Fourier's 

Law was used to calculate the energy required to lower the 

concrete surface temperature by 1°C. 

The thermal energy required to lower the back 

temperature of concrete by about 4°C from 5°C to 1°C was 

290,369J, and the average thermal energy required to lower 

about 1°C was calculated as 72,592J. In addition, the 

thermal energy required to decrease by about 2°C from 1°C 

to -1°C is 277,423J, and the average thermal energy 

required to lower the temperature by 1°C was calculated as 

138,712J. 

These results are considered to be related to the time at 

which the moisture inside the concrete freezes. Figs. 5 and 6 

show the thermal energy required for the temperature  

 
Fig. 7 Change in mass of concrete specimen A according 

to the number of freezing-thaws (Jerzy 2017) 

 

 
Fig. 8 Change in mass of concrete specimen B according 

to the number of freezing-thaws(Jerzy 2017) 

 

 
change calculated as result of the freezing tests of 
specimens No. 1 and 2 respectively, and it can be seen that 
the required thermal energy increases as the concrete 
specimen approaches the freezing point of 0°C. 

 
 

5. Concrete lining freeze-thaw evaluation criteria 
 
5.1 Selection of the required duration for freezing of 

concrete lining 
 
In order to select the temperature conditions required for 

freezing of the concrete lining, the freezing time of concrete 
for each outdoor temperature was predicted using the 
thermal energy calculated based on the results of the 
freezing experiment. 

The temperature of the lining of the tunnel will be 

distributed in various ways, such as the temperature of the 

outside air and the condition of the back ground. Therefore, 

the temperature condition of the back surface of the 

concrete was selected from 5°C to 1°C, and the freezing 

temperature of the concrete was selected from 0°C to -

2.2°C. 

The Korea Meteorological Administration observes the 

temperature every hour, and the average daily temperature 

is the average of the values observed every 3 hours. 

When evaluating the temperature conditions required for 

freezing, it is judged that it is appropriate to use the daily 

average temperature of each region. 

 

Fig. 5 Thermal energy consumption by temperature of 

concrete specimen No. 1 
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Table 9 is a table summarizing the temperature and 

duration required to freeze each concrete. In order to 

calculate the evaluation criteria using the average daily 

temperature, the duration was selected based on 24 hours (1 

day). 

In the case of Gangwon, the coldest region in Korea, the 

average annual temperature in winter is about -1.73°C, and 

it is assumed that the temperature of the backside of the 

concrete lining of the tunnel is used to maintain the 

backside temperature in the winter at about 1~2°C. The 

temperature condition is conservatively judged to be about 

2°C. In addition, as a criterion for selecting the freezing 

temperature, the freezing point of water, 0°C, and the 

concrete damage mechanism due to the freezing of moisture 

in the concrete were taken into consideration and a safety 

level of about -2°C or higher was selected. 

Therefore, among the temperature conditions and 

durations summarized in Table 9, the most representative 

freezing conditions were analyzed when lasting for about 24 

hours at -14°C, lasting for about 48 hours at -7°C, and 

lasting for about 72 hours at -5°C. 

In the case of concrete specimen A, it shows a periodic 

increase in mass from the start of freezing. This indicates 

the formation of cracks in the rapid deterioration process 

and the absorption of moisture accordingly. At this time, 

micro-cracks were observed on the surface of the specimen. 

Table 10 summarizes the number of freeze-thaw repetitions 

required to reach a limited mass increase. 

The evaluation of the decrease in durability due to 

freeze-thaw is to measure the change in mass, and through 

this, it is possible to determine the number of freeze-thaw  

 

Table 10 Number of freeze-thaws related to concrete 

deterioration (Jerzy 2017) 

Properties 
Concrete A 

Number for Δm = 10 g 

Concrete B 

Number for Δm = 12 g 

Sample #1 133 132 

Sample #2 108 133 

Sample #3 116 138 

Sample #4 124 140 

Sample #5 133 143 

Sample #6 - 158 

Average 122.8 140.7 

 

 

repetitions that can cause fatal damage corresponding to a 

decrease in strength of about 20%. 

In general, the minimum lifespan of concrete structures 

is stipulated as about 30 years, so if the number of freeze-

thaw cycles exceeds 4.1 to 4.7 times per year, structural 

damage may occur. These results are intended to be used in 

the evaluation of the evaluation criteria for the number of 

freeze-thaw repeated days presented in this paper. 

 

5.3 Selection of freeze-thaw evaluation criteria 
considering the climate 

 
Based on the freezing time of the concrete lining 

according to the ambient temperature confirmed through the 
indoor freezing test, the temperature conditions of the 
outside air of the tunnel required to freeze the concrete 
lining are -14°C, -7°C and -5°C, and the duration of each is 
24 hours, 48 hours and 72 hours. 

Table 9 Concrete lining freezing condition analysis result by outside temperature 

outside 

temperature 

concrete 

temperature 

freezing 

temperature 

duration 

 (day) 

outside 

temperature 

concrete 

temperature 

freezing 

temperature 

duration 

 (day) 

-19°C 5°C -2.2°C 0.99 -11°C 3°C -1°C 1.10 

-18°C 5°C -2.2°C 1.05 -11°C 1°C -2°C 1.04 

-18°C 4°C -2°C 1.03 -10°C 2°C -1°C 1.05 

-18°C 4°C -2°C 0.98 -9°C 5°C -2°C 2.02 

-17°C 5°C -2°C 1.07 -9°C 4°C -2.2°C 1.98 

-17°C 4°C -2.2°C 1.03 -8°C 3°C -2.2°C 2.09 

-17°C 4°C -2°C 0.98 -8°C 3°C -2°C 1.98 

-16°C 4°C -2.2°C 1.09 -8°C 1°C -1°C 1.02 

-16°C 4°C -2°C 1.05 -7°C 2°C -2°C 2.08 

-16°C 3°C -2.2°C 1.01 -6°C 5°C -2°C 3.08 

-15°C 5°C -1°C 0.99 -6°C 4°C -2.2°C 3.08 

-15°C 3°C -2.2°C 1.08 -6°C 1°C -2°C 2.10 

-15°C 3°C -2°C 1.03 -5°C 5°C -2.2°C 4.00 

-14°C 5°C -1°C 1.06 -5°C 2°C -2°C 3.10 

-14°C 3°C -2°C 1.10 -4°C 4°C -2.2°C 5.07 

-14°C 2°C -2.2°C 1.04 -4°C 3°C -1°C 3.06 

-14°C 2°C -2°C 0.98 -4°C 1°C -2.2°C 3.98 

-13°C 4°C -1°C 1.03 -3°C 4°C -2.2°C 8.10 

-13°C 2°C -2°C 1.06 -3°C 3°C -2°C 7.02 

-12°C 3°C -1°C 1.01 -3°C 2°C -2°C 5.96 

-12°C 1°C -2.2°C 1.01 - - - - 
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Table 11 Tunnel freeze-Thaw environmental evaluation 

standard 

Classification 
Evaluation grade 

a b c d e 

Number of freeze-thaw 

repetitions(F)* 

(F= Number of freeze-

thaw repetitions per year) 

F<1.5 
1.5≤F 

<3 

3≤F 

<4.5 

4.5≤F 

<6 
6≤F 

*The number of freeze-thaw repetitions (F) can be applied differently for 
each region, and typical conditions are as follows 

 

 

The melting conditions of the concrete lining were 

selected when the temperature outside the tunnel was about 

0°C or higher for 24 hours, and each freeze-thaw condition 

is as follows. 

1. In the case of lasting more than 1 days at -14°C and 

then 1 day at 0°C or higher 

2. In the case of lasting more than 2 days at -7°C and 

then 1 day at 0°C or higher 

3. In the case of lasting more than 3 days at -5°C and 

then 1 day at 0°C or higher 

The number of repetitions that tunnel lining can cause 

structural defects through freezing and thawing is about 123 

to 141 times. Assuming that the minimum lifespan of the 

tunnel is 30 years, if it is repeated about 4.1 to 4.7 times per 

year on average, structural defects due to freeze-thaw may 

occur after 30 years. Tunnels in public use in Korea are 

maintained through periodic inspection and diagnosis, so it 

would be reasonable to select the maximum number of 

freeze-thaw repetitions that tunnel linings can overcome as 

a value of 141 or less for safety. Therefore, it was selected 

as the number of freeze-thaw repetitions that can cause 

structural defects when repeated about 140 times. 

In addition, it will be necessary to consider the period of 

use after the tunnel facility is completed. That is, by 

selecting the evaluation criteria including the concept of 

time, it will be possible to suggest whether to secure the 

durability against the occurrence of freeze-thaw damage at 

the time of evaluation. Therefore, it will be necessary to 

evaluate the freeze-thaw risk of the tunnel through 

evaluation of how close it is to the maximum of 140 by 

calculating the number of repetitions of freezing and 

thawing from the time when the structure is completed to 

the time of evaluation. 

1. In the case of lasting more than 1 days at -14°C and 

then 1 day at 0°C or higher 

2. In the case of lasting more than 2 days at -7°C and 

then 1 day at 0°C or higher 

3. In the case of lasting more than 3 days at -5°C and 

then 1 day at 0°C or higher 

As the degree of damage from freeze-thaw is 

determined according to the climatic conditions of each 

region, it is possible to classify the freeze-thaw risk areas by 

region in Korea. The maximum number of freeze-thaw 

repetitions that cause deterioration in the tunnel structure is 

140. Accordingly, the case where the concrete structure is 

repeated 140 times or more during the minimum lifespan of 

30 years was calculated as d grade. The evaluation grade 

was selected based on about 4.5 times a year considering 

the safety side. The selected freeze-thaw environmental 

evaluation criteria are shown in Table 11. 

 

 

6. Conclusions 
 

In this study, quantitative environmental evaluation 

criteria for freezing and thawing that can be used in the 

design and maintenance of tunnels are proposed. The main 

conclusions of this study are summarized as follows. 

1. Moisture inside the concrete increases by about 9% 

when it freezes. Accordingly, when the pores are filled with 

water, the expansion pressure is generated due to the 

volume increase during freezing, and the concrete is 

damaged. This deterioration of concrete is further 

aggravated by freezing duration and repetition of freeze-

thaw. 

2. Freezing tests were performed to find out the time it 

takes for the tunnel concrete lining to reach the freezing 

conditions. It took about 27.33 hours to freeze the concrete 

specimen from 5°C to -2.2°C. 

3. It was found that it took 11.25 hours for the 

temperature of the back surface of the concrete specimen to 

decrease by about 4°C from 5°C to 1°C. It took 10.92 hours 

for the first 2°C decrease, which is about 5.46 hours/°C. 

4. From the result of heat flow analysis using Fourier's 

law, the average heat flow (W) required to change the 

concrete specimen from 5°C to -2.2°C was analyzed as 

7.05, and the total required heat energy was 694,067J. 

5. The thermal energy required to decrease the 

temperature of the back side of the concrete specimen by 

about 4°C from 5°C to 1°C is 290,369J, indicating that an 

average of 72,952J of thermal energy is required to decrease 

by 1°C. In addition, the thermal energy required for a 

decrease of about 2°C from 1°C to -1°C was 277,423J, 

indicating that an average of 138,712J of thermal energy 

was required for a 1°C decrease. 

6. Based on the analysis results of the freezing time of 

the concrete lining, the freezing conditions of the concrete 

lining were reached after 1 day at -14°C, 2 days at -7°C, or 

3 days at -5°C. 

7. Based on the research result that the deterioration of 

concrete proceeds rapidly when freeze-thaw is repeated 

about 140 times, the critical number of freeze-thaw 

repetitions was proposed. Since the service life of the tunnel 

is about 30 years in Korea, if the freezing and thawing of 

concrete lining is repeated about 4.5 times a year, the tunnel 

structure may be damaged. 
8. In areas with the freeze-thaw environmental 

evaluation grade C or lower, it is necessary to design the 
tunnel to ensure durability against freeze-thaw. In addition, 
for tunnels of grade C or lower, the maintenance strategy 
for freeze-thaw damage should be established. 
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