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Abstract

Globally, the frequency and intensity of abnormal climate events are increasing. Since
this can directly damage lives and property, it is important to establish and implement
an appropriate maintenance strategy in response to abnormal weather. Facilities built
in cold regions where cold wave or heavy snow occurs frequently can be more
damaged by freeze-thaw than facilities located in other regions. However, there are no
clear criteria for quantitatively identifying the damage of freeze-thaw and how to cope
with it. Therefore, based on the results of indoor freezing tests, the freezing conditions
considering regional climate characteristics were selected as one day at -14°C, two
days at -7°C or three days at -5°C. As a result, it was confirmed that they were in the
freeze-thaw environment in order of Daegwallyeing (8.3 times), Cheorwon (5.3
times) and Taebeak (4.9 times) in Gangwon region. Through this study, the evaluation
criteria of freeze-thaw of road tunnels were newly proposed. The freeze-thaw
evaluation criteria of the road tunnel presented in this study can be used for the
quantitative evaluation and maintenance strategy of tunnels in cold regions.

Keywords: Freeze-thawing criteria, Cold regions, Heat transfer quantity analysis,
Indoor freeze test
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Fig. 1. Temperature status and road tunnel maintenance costs in Gangwon area by year
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A study on freeze-thaw evaluation criteria for road tunnels considering climate characteristics
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Z|T 158(1990~2014A)7Fe] -5°C o[} P -7°C o]o} Y= RS AR - g-olet. 12 zoflA] gl 4
SA%0l, 1999~2001'A H 2004, 20073 2] 7-¢- wlj-¢- -2 7] 20] FA5] A5t A ERIT 4 Utk Fig. 1(b)
E4AA Y E2Ed o] AxE fA]3E] g dgdolr). 7|24 Aifet-fAksHA| 2001, 20041 2007'Hol| B
2 -FAE] vlgo] =Y S ZRIsteih

o] A9 W2 7] 20| 2|&E 7 5 2-85l 5 EH o2 Erfgt 20 ool Bld glolid o] FHo] diE e

=i Bjg 9] F8-58l WrPIE2 'AVEES] P B AlEe] LA ARAIR oA 2Rl E < St B

ST B8] S16] WIS S Glom], Faled BoIEo 2l Sa-g4 U A4S Autel]

3T} A7]oM=FE71(11E 1€9-3E 319)E o2 it &2 0 2 S5 O Gkt &=
w2 EH 0" @iﬁ} FAR FEsto] d ##]7]20] -2.2°C, Fa17]20] 0°C]] Y5 525l iHEY
42 2|45kl 9l Boll FHE A5 285t Fallehd 71152 Table 13 ZTHMOLIT, 2018).

Table 1. Evaluation criteria for freeze-thaw

Classification (FHWA)
a(N/A) b (Grade 1) ¢ (Grade 2)

Exposure condition

(Korea) Freeze/Thaw repetition index®

- o x<3 3<x<50 50 < x
(FHWA) Freeze/Thaw durability exposure (x = F/T cycles per year”)

a) Freeze/Thaw repetition cycles per year: the lowest temperature of a day = -2.2°C & day highest temperature = 0°C
b) 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

90| 0o ulat JLET oAut Eiﬂ(FHWA)Oﬂ/ﬂ 85HL 91

e ﬂEJ k- ’S‘OH 11 R 7%3_ AAIBIAL Q. Odﬁé% S2-gol {3l 39191 509] 8 712
=

5283l BPIES 31 SE2s -2kl Jlem WPl ol sl B71et S Ustth(Table 1).
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Table 2. Time (min) to reach freezing temperature (0°C and -2.2°C) of concrete lining No. 1, 2

Sortation Lower surface 75 mm 150 mm 225 mm Upper surface
Concrete lining | Time of below 0°C - 340 min 680 min 910 min 1,230 min
No. 1 Time of below -2.2°C - 625 min 1,045 min 1,545 min 1,830 min
Concrete lining | Time of below 0°C - 425 min 790 min 1,055 min 1,450 min
No. 2 Time of below -2.2°C - 735 min 1,240 min 1,815 min 2,080 min
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Table 3. Heat transfer quantity analysis results

Sortation Upper surface (T,) | Lower surface (T;) Time Qeona (W) Energy
) (°O) (sec) (s) )
-12.7°C 5°C - - -
-13.8°C 4°C 8,700 7.11 61,857
-14.6°C 3°C 8,400 7.08 59,472
-15.5°C 2°C 8,400 7.02 58,968
Specimen No. 1 -16.3°C 1°C 9,900 6.92 68,508
-17.3°C 0°C 22,800 7.03 160,284
-17.9°C -1°C 16,500 6.89 113,685
-18.4°C -2°C 14,400 6.70 96,480
-18.7°C -2.2°C 3,300 6.55 21,615
-12.9°C 5°C - - -
-13.8°C 4°C 7,500 7.19 53,925
-14.5°C 3°C 7,300 7.05 54,990
15.5°C 2°C 9,900 6.99 69,201
Specimen No. 2 -16.8°C 1°C 15,300 7.03 107,559
-17.3°C 0°C 22,300 7.02 160,056
-17.8°C -1°C 16,300 6.80 114,240
-18.5°C -2°C 16,500 6.60 108,900
-18.6°C -2.2°C 2,100 6.51 13,671
Table 4. Results of tunnel lining temperature change by duration due to ambient air temperature
Test result T, T, Qcond Qeond | Cumulative T, T, Qcond Qcond | Cumulative
(Avg. Joule) Wy | (Avg. W) days Wy | (Avg. W) days
64,085 -14°C 2°C | 6.72 6.93 1.07 -7°C 2°C | 3.78 3.99 2.16
88,034 -14°C 1°C | 6.30 6.51 0.96 -7°C 1°C | 3.36 3.57 1.97
160,170 -14°C 0°C | 5.88 6.09 0.80 -7°C 0°C | 2.94 3.15 1.69
113,963 -14°C -1°C | 5.46 5.67 0.50 -7°C -1°C | 2.52 2.73 1.10
102,690 | -14°C -2°C | 5.04 5.25 0.23 -7°C -2°C | 2.10 2.31 0.51
17,643 -14°C | -2.2°C | 4.97 5.00 0.04 -7°C | -2.2°C | 2.02 2.06 0.10
Test result cond cond cond cond
(Ave. Joule)| 1! T2 ?W) (A?/g. wy| DS T T2 ?W) (A?/g. wy| DS
64,085 -5°C 2°C | 2.94 3.15 3.09 -3°C 2°C | 2.1 2.31 5.80
88,034 -5°C 1°C | 2.52 2.73 2.85 -3°C 1°C | 1.68 1.89 5.48
160,170 -5°C 0°C | 2.10 2.31 2.48 -3°C 0°C | 1.26 1.47 4.94
113,963 -5°C -1°C | 1.68 1.89 1.67 -3°C -1°C | 0.84 1.05 3.68
102,690 -5°C -2°C | 1.26 1.47 0.81 -3°C -2°C | 0.42 0.63 1.89
17,643 -5°C | -2.2°C | 1.18 1.22 0.17 -3°C | -2.2°C | 0.34 0.38 0.54
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Table 5. Freeze-thaw repetition index (X) by area

Area Freeze/Thaw Area Freeze/Thaw Area Freeze/Thaw
repetition index (X) repetition index (X) repetition index (X)
Sokcho 45.8 Gwangju 38.1 Geumsan 89.6
Cheorwon 87.0 Busan 22.6 Buan 54.4
Daegwallyeong 75.0 Tongyeong 259 Imsil 94.4
Chuncheon 78.9 Mokpo 28.3 Jeongeup 53.0
Gangneung 39.0 Yeosu 21.4 Namwon 85.9
Seoul 47.1 Wando 23.0 Jangsu 90.8
Incheon 38.8 Jeju 0.7 Jang Heung 64.0
Wonju 65.2 Ko San 1.0 Haenam 65.0
Ulleungdo 14.7 Sungsan 1.9 Goheung 58.2
Suwon 61.5 Seogwipo 0.8 Bonghwa 108.5
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Table 5. Freeze-thaw repetition index (X) by area (continue)

Area Freeze/Thaw Area Freeze/Thaw Area Freeze/Thaw
repetition index (X) repetition index (X) repetition index (X)
Seosan 70.8 Jinju 80.5 Youngju 78.1
Uljin 46.7 Ganghwa 69.7 Mungyeong 73.5
Cheongju 54.1 Yangpyeong 74.8 Yeongdeok 44.2
Daejeon 61.8 Icheon 83.5 Uiseong 104.9
Chupungryeong 70.3 Inje 79.5 Gumi 65.3
Andong 80.3 Hongcheon 82.6 Yeongcheon 79.9
Pohang 30.0 Taebaek 78.0 Geochang 95.1
Gunsan 51.1 Jecheon 95.8 Hapcheon 83.3
Daegu 43.5 Boeun 91.1 Miryang 76.5
Jeonju 52.5 Cheonan 71.3 Sancheong 67.2
Ulsan 33.5 Boryeong 53.1 Geoje 27.9
Changwon 28.7 Buyeo 79.6 Namhea 37.6
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Table 6. Freeze-thaw durability exposure (x) by area

Area -14°C -7°C -5°C Arca -14°C -7°C -5°C
(1 day) (2 days) (3 days) (1 day) (2 days) (3 days)
Sokcho 0 8 9 Ganghwa 7 74 80
Cheorwon 24 175 163 Yangpyeong 6 77 920
Daegwallyeong 50 248 206 Icheon 4 63 81
Chuncheon 9 96 114 Inje 12 127 128
Gangneung 0 6 7 Hongcheon 13 125 144
Seoul 5 59 53 Taebaek 13 146 133
Incheon 1 40 45 Jecheon 17 128 136
Wonju 6 82 95 Boeun 4 63 84
Ulleungdo 0 1 2 Cheonan 2 43 53
Suwon 1 51 57 Boryeong 0 11 14
Seosan 0 19 33 Buyeo 0 23 30
Uljin 0 4 4 Geumsan 1 42 58
Cheongju 0 28 46 Buan 0 10 14
Daejeon 0 21 31 Imsil 0 43 60
Chupungryeong 0 23 37 Jeongeup 0 8 12
Andong 0 22 41 Namwon 0 20 28
Pohang 0 2 2 Jangsu 4 53 83
Gunsan 0 9 15 Jang Heung 0 2 2
Daegu 0 3 5 Haenam 0 0 1
Jeonju 0 8 14 Goheung 0 0 1
Ulsan 0 0 2 Bonghwa 4 101 108
Changwon 0 0 1 Youngju 2 43 51
Gwangju 0 2 6 Mungyeong 0 28 37
Busan 0 0 2 Yeongdeok 0 4 7
Tongyeong 0 0 0 Uiseong 1 49 71
Mokpo 0 0 2 Gumi 0 7 10
Yeosu 0 0 1 Yeongcheon 0 6 10
Wando 0 0 1 Geochang 0 10 19
Jeju 0 0 0 Hapcheon 0 3 6
Ko San 0 0 0 Miryang 0 3 4
Sungsan 0 0 0 Sancheong 0 4 3
Seogwipo 0 0 0 Geoje 0 0 0
Jinju 0 1 2 Nambhea 0 0 1
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Table 7. Freeze-thaw impact analysis results

Sortation Seoul metropolitan | Gwandong Hoseo Honam | Youngnam Sum (%)
area area area area area
Freeze/Thaw a 0 0 0 0 2 2(3%)
repetition b 1 2 0 4 10 17 (27%)
index (X) ¢ 5 7 8 11 13 44 (70%)
Freeze/Thaw N/A 5 2 7 15 24 53 (84%)
durability Grade 1 1 7 1 1 10 (16%)
exposure (x) | Grade 2 0 0 0 0 0 0 (0%)
Seoul metropolitan area | ® Gwandong area
“ Homm s s I
= Y oungnan area
- | T ;I
~ Seoul metropolitan area | m Gwandong area
‘ ql\\H\HH\HIIIIIIIIIIII q i Homm grea
‘ B Y oungnam area
- 10 2 30 10 50 - 10 20 30 40 50 60
Number of areas Number of areas
(a) Regional ratings by domestic standards (b) Regional ratings by international standards

Fig. 2. Freeze-thaw effect analysis result graph
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Table 8. Freeze-thaw criterion proposal

Classification
a b c d e
Freeze/Thaw repetition days (F = F/T cycles per year”) F<1 1< F<4|4<F<7|7<F<10| 10<F

a) 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 followed by a rise in temperature above freezing
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Fig. 3. Status of freeze-thaw ratings by region
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