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Abstract

Tunnels constructed in cold regions can cause serious defects such as cracks and leaks
due to external temperature changes in the portals and vents. In order to prevent the
freezing damage of the tunnel, appropriate measures should be applied to the section
where the freeze damage is concerned. However, the specific criteria and contents for
judging whether or not the anti-freeze measures are applied are not presented. In this
study, the laboratory freezing tests on the temperature changes of the concrete
specimens under freezing conditions were carried out. And the freeze-thaw repetition
cycle (F), which can judge the possibility of freezing damage, were presented based
on the heat transfer quantity (W) by experimental results of case studies. Also, we
propose a classification of cold regions considering the climatic characteristics of
Korea for using it to efficient design and maintenance.
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Table 1. Criteria for durability of concrete structures (Concrete Structural Criteria, 2012)

Water cement |Minimum design

Category Classification Exposure conditions ratio (%) strength (MPa)

Concrete not exposed to the repetition of

FO Minor frecze-thaw - 21
- Moderate Concrete occasion.a.lly exposed to moisture 45 30
F and the repetition of freeze-thaw
(freezing and Concrete constantly exposed to moisture
thawing) F2 Severe and the repetition of freeze-thaw 4 30

Concrete continuously in contact with
F3 Very severe | water and exposed to de-icing chemicals 45 30
and repetition of freeze-thaw
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Table 2. Durability evaluation by relative dynamic modulus of elasticity (KS F 2456)

Freeze-thaw repeated frequently and the

Weather condition .
weather is severe

The temperature rarely drops below the
freezing point and the weather is not severe

Section Thin case Ordinary case Thin case Ordinary case
(1) In case of continuous or

repeated saturated with water 85 70 85 60

(2) Normal exposure, not

applicable to (1) 70 60 70 60

A (MOLIT 2018)011 Ae Hdo] RS Slste] dskedBrte]
= 5AG WEUSE Altslo] B850, 517
HO 145:6} ] 9= FAN (DA o} R} A LA 07 5
= 171%01 0°CQ] U5 T A A= X5t k. &

2 Table 337 2t

Table 3. Evaluation criteria for freeze/thaw

Classification (FHWA)
b (Grade 1)

Exposure condition

a(N/A) ¢ (Grade 2)

(Korea) Freeze/thaw repetition index®

(FHWA) Freeze/thaw durability exposure
(x =F/T cycles per year”)

x<3 3<x<50 50 < x

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

U= WS A ERR(FHWA) = TR 2 220 A koS |90 5283l HHESlE 5’6}04 i
Fe ZARES] FE BN AP Su= AL k. ¥t 5255l MRS 3919} 5098 7=
28N BPIES 3710 SEeE T2t e =i o] WIS E L5 (Table 3).
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G2 A, i 2 HAR] A 712] B 0 2 HgE: o]FolN A= YA e ate-0] AvtEA B &
B4R 240 JREHE QITHo] o] A2 YAF= 9| o Z] A o|tl(Jin and Hwang, 2017a). o] E417}
TRl g 25 of o] QLS o 2L pe]] oot —‘157} =2 FoflA W2 o= dol 55 &, doyA| 2] o]
=

B2 22t 94—‘_?_} dosEtolof uj= 15—-—2-&, H5LE S ol= Zlo|th(Jin and Hwang, 2017b).
AlZte]| 2 25} of fof| whe} /A S H] EXE (steay-state heat transfer) 3} B4} @Y (transient heat
transfer) 2 TEH T FAAE = BRI FRE7 S U AR = Al e 2R glom, viAt d
A Jeie Ao 919 257 st 2 ro Y wizhA] AlZtel| et 2 Eart Al wslels e
SHHMidas IT, 2013).

2535 0314515 Ot B9 2xat A Tfl‘r %Exd‘é* Higko] *1@ A g0 gk, W e
ARG ool A ()T Zor] Behs HEINE 12 510 51

Qo (W) = EAZT M
o714, Hlelg K AR GAEASRA AR B 5oL Lehh 270l EaelEe] G

“*(Thermal conductivity)+=1.4 W/m - K& 75.%5}?&‘3}(801Tech, 2013). A 7= 23 E A|FA| ] A EH |
25(T,) 2} oH B 25(T)2F0] Afolo|H, A g+= AlFA|e] Aot
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O] 1% o] AWE 4= QI & ofal U 2] W2 2o A} o] 25§23 4 QIS 519t o5 9
Sto] A= SHAIA SUET7 T EEE TS ARRtelal WA o] ARl AR o] EEE Fto] AYEES
Sto] BaAH W2 AR 5510 AT S5 9] 2= ke W& 519 th(Jin and Hwang, 2017¢).

A S 9ol AR T2 E A1@A]0] 28Y 7= 36.4 Mpa©|H, £H I 190 mmo|th 32 E #j
SH|= ot o] T} L th(Table 4)

Table 4. Mix proportion of concrete

w/C Unit weight (kg/m3) Slump Air content Compressive strength (MPa)
(%) C Y% S G ad (mm) (%) 3 days 7days | 21 days
48 354 170 819 941 | 2.66 190 6.5 20.1 32.7 36.4

Aol AR ER= A @AlE GErA o2 BE oo A85= FA(A ) 91300 mm = AFsilom, F1
2|E 2ol Uio] 2ot 2412 f1ste] AldA) AlRtA] AldA] Hy 0 2 7] Z42F 75 mm A o=
ZEEAME AAlst] F 5710 A (SHFEFE EH(0 mm), 75 mm, 150 mm, 225 mm, 300 mm (/373

#)7} SleheS sfit pdeled ALslkFig, 3). A AgAle] 12 2 A2 2ok 77 400 mmols]

- 400mm >

Concrete Lining

300mm
Sensor

Ice buildup condition

Fig. 3. Concrete lining test specimen
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2SS S5k

ARZA2 B 9]7]9] 257} oF 20~-25°CE Foto] 221 Y 495 o= AId-S skl o, &
LSS et AN = ZIE AIFA 29 EHOZRE 75 mm (HH0 2 F STH(SHRET, 75 mm,
150 mm, 225 mm, 373 H)7F 2= Ik Aol 221 3= 3l om FAdd2 S| o] ZHHE
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AIE F5HA(-20~-25°C) 0l E=EAR] F At g 2 HSkE S46k3iH:

AA4F5.5°C, 6.6°CO] -2 2 -GAE] 11 Q=57 300 mm 2] ZA | E AJFA|E oF-2.2°C (FHWAS] 527]5)
ols}e] LI & HSIA7] =] F 1,83053}2,0808-0 2 ZAw]o] Wt oF 1 38 A =7 4 Q Bl= - 8Helstart.
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Table 5. Time (min) to reach freezing temperature of concrete lining specimen No. 1, 2

Sortation Lower surface 75 mm 150 mm 225 mm Upper surface
Specimen No. 1 - 625 min 1,045 min 1,545 min 1,830 min
Specimen No. 2 - 735 min 1,240 min 1,815 min 2,080 min

Specimen No. 1 Specimen No. 2

1s
~Refrigeration chamber temperature ~Lower surface ~75mm —150mm —225mm ~Upper surface —~Refrigeration chamber temperature -Lower surface ~75mm —150mm —225mm —~Upper surface
M
s
0 «\\“\w " \\\‘M"A_w
- M .
" w . \M
as as
a0 3

0
SO ESESE LIS PLESAEEES I FE NS E NSNS AT R R O GO )
Time(min)

Temperature (°C)

Temperature (°C)

Tnme(mm)

Fig. 4. Temperature change of concrete lining specimen No. 1, 2

AA| B2 TRt o7l g wheel Auides
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AW AL ES At R g2l oste] 2 E AR EHO] L5 |°C o= B ast dF
HW) o] BtgkS AAES Aotet ofuf o] 53t o 2]()) & AFERE 9 A= oF 9] Table 63} 2Tt

Table 6. Heat transfer quantity analysis

. Upper surface (T,) | Lower surface (T Time con Ener,
Sortation pp o (T2) e (Tv) o Q ( ;/S()W) (J)g}’
-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 7,800 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 22,800 7.02 160,056
-17.8°C -1°C 16,800 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
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Table 7. Results of tunnel lining temperature change by duration due to ambient air temperature

Test r.esult T, T, Qcond Qcond | Cumulative T, T, Qcond Qcond | Cumulative
(avg. joule) W) | (avg. W) days )y |(avg. W) days
57,891 -14°C 4°C 7.56 7.77 1.24 -7°C 4°C | 4.62 4.83 2.45
57,231 -14°C 3°C 7.14 7.35 1.16 -7°C 3°C | 4.20 4.41 2.31
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 con con, con con
e B R I o B B B I T s
57,891 -5°C 4°C 3.78 3.99 3.44 -3°C 4°C | 2.94 3.15 6.26
57,231 -5°C 3°C 3.36 3.57 3.27 -3°C 3°C | 2.52 2.73 6.05
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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Fig. 5. Example of temperature distribution in winter season (2012~2013)
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Table 8. Freeze/thaw repetition cycle (F) by area

Area -14°C -7°C -5°C Area -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 90
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 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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Classification of cold regions and analysis of the freeze-thaw repetition cycle based on heat transfer quantity by fieezing test
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