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Damage Evolution Law of LNG Tank Concrete Subjected to
Cryogenic-Temperature Freeze-Thaw Cycles
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(1. School of Civil Engineering, Tianjin University, Tianjin 300350, China; 2. Key Laboratory of Coast Civil
Structure Safety of Ministry of Education, Tianjin University, Tianjin 300350, China)

Abstract: To clarify the evolution law of cryogenic-temperature freeze-thaw damage of liquefied natural gas(LNG) tank
concrete under leakage condition, the cryogenic-temperature freeze-thaw tests on C50 concrete were conducted, and
compared with the rapid freeze-thaw test results. Relative dynamic elastic modulus was adopted to evaluate the damage
accumulation of LNG tank concrete. The results indicate that the rapid freeze-thaw test cannot truly reflect the damage
evolution law of LNG tank concrete under cryogenic-temperature freeze-thaw conditions. Based on the Weibull
distribution theory, the damage equivalent correlation between the laboratory-simulated freeze-thaw cycle conditions
and the actual LNG tank leakage conditions is established, which can lay a theoretical foundation for the subsequent
related research.
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Table 1 Test design
Condition Freeze-thaw cycle condition Freezing temperature/°C N/times
CTDR Water freeze and water thaw —20 450
CcCQ Air freeze and air thaw —165 20
CCDR Air freeze and water thaw —165 20
*2 BRLIEEL
Table 2 Mix proportion of concrete
Unit: kg/m’
Cementitious material
Water Sand Gravel Water reducer
Cement Silica fume Fly ash Mineral powder
152 286 24 48 105 707 1030 9.4
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Fig.1 Cooling-rewarming curves of concrete specimens

under different freeze-thaw cycle conditions
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Fig. 2 Change of concrete surface after different freeze-thaw cycle conditions
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Fig. 4 Change of relative dynamic elastic modulus of concrete after freeze-thaw cycles

e o G B S TR 95 o B 4 1 2R MR BB AR AR 1Y
Pl R BN HE PPAG 45 M 52 I PERE B OC B IR BE 1
T A 11 [ AT I 20 451 23 T B i LR B sl i A
S ASCAE o I 5 3 P S R T 3 R A SR LR L AR
H A Fh sl s e A5 i T e TR - 0 R Bl R 45 40 R T
PEBI T, FORE R TR R - SE PR B IR BEIRAS  CHE
Bz I W i TR E R A v R AR R B A
GE R B, TR EE B R AR R T B R R AR
MG, 28 13 12 0 BREEE S — 80 “CHly R A Rl I
RS 58 BE R R 3K 27.38 %0 i AR B 5 20 YRR AIKIR
SR SRE BR S TR BE A AR G st g b A AR R
2.00 %% , 1k — 25 UE SR 48 A X Bl 5P A5 i 6 AR TG
L AR AR R R 45 TR Y T A M B AR bR AR R
i, 3 2Z B B X O R AT A REIE ST

3 HABMIRTERRRBEL

3.1 ETF Weibull S R AR IR GRS

Weibull 5373 B8 A2 i) HE 2 53 Bt R 55 i 4G 20 11 s
ol B S, B AR B R Y 5 i R 405 A AT AR 4
Weibull 4313 bR 2 X, RS R F ¢ 52 0 oA 500 EY
P AN B MO, pRBCTE N i 1 55 Y LB/, R

A58 3 /) TR U T R R s TR I T 8 L R
B i REE FIOQWE JEE | 2 = 1 I, R K052 B A i R
I BATHBEW R JRUE L, 21 p<71 W, pR Kl 5 B A i )
PEIF HAT B 3H i) AR W 2 5 SR Bk b bR R A
At 45 SR AR i D B O AR R 00N 3G ) 2 A R

ol
D(N)Zlexp{(]:)ﬂ] (1)

X2 (1) AT Weibull 2846 , B YR %5, 15
lnlnlli(pJ>==ﬁlnPJ—-ﬁlnn (2)
PR R RGP A5 0F T TR BE - i 0 05 Tk A AR
A 43 R Wb B B R R B B, R AR 4T R A R
(8 T it B V4 Tl 458 1 5 A B RS R Rl A 20 2% 44 T 19 D
ANARAZ(2) AT 813 53 87 (UL 5) i PR R
TG I 25 A4 TR 956 - 19 VR Rl i 4 A 7Y
WG B B

N 0.38
D(]\/):lexpl:(llgoooo) :| (3)

P REBE (DM 0.96 FFHE T RE) -



62 jeis

WM B % W

o 28 %

500
[l A o A Ut R K R 26 2% R B8 D AN
FOA(2) FEAT A 70 M (UL &L 5) B s ARG R
K T B 2% PF T TR B % R 5 A A

D(N)Zl—exp{—< N )Om} (5)

D(N)—O.96€Xp|:< N ) } (4)

310
0
Lol »=0.50x-2.85

~ R*=0.96
= y=5.16x-32.06{
Q=20+ o~ R>=0.99\_ 4
17| o000 N
=-3.00 2
.=
=
™ _4.0 -0 CTDR-initial

A CTDR-development J’:0-238x‘5-28

_50 OCCDR  R*=0.93
0 1 2 3 4 5 6 7

In N
S AN R 21 2% A TR L 40 0 L
Fig.5 Damage degree fitting of concrete under different
freeze-thaw cycle conditions

32 ARMBGEMXER

S SCHR[29], % CCDRIGEIAZ M4 T Necow KB
7= A i i 0 SRR AR IE S Decor, # CTDR G 1
FMEF Newo RAE 7 A 85005 BEEARIC A Derors
> Fh R RlUE BR A5 UE T AR FRRR R A AR R, AT R
Necow 580N Nevow, I8 58805 1 CCOR PR 5544 T
B 5 R AT P BRI A Necor. -

T Weibull 73475 Uk Rl 3 £ 85 8, 2 7 PR S o
IR AR I V% 9T 5 2% 1 T TR 46 - R Rl b 443 1) A 06
F AN 6 iR . PR R BIE PR AR AT W0 4R B B A
BR8P 45 B AR FE /N IR B + P VR P RE
WO Al E, B/INT 1, pR B S B 2 Qi P 0T 35 11
JRUEJE e [y Be it p AR o B0/0N 4 A B RRRE B A
KLART 1, R B 2 BA 4 R TR BE T 1E 2 )
K 04 982 55 A HTTT 454 47 52 AR 2 o s bR L IR
SR GG FR ST B p B/ i 4 R AR
FER L B/INT 1, sREU 2 BA 70 i AHPE FHSF-HH A 2R 0
BE IR BE 40 5 A R A

MIEL6 FT LA H e/ U0 A I VR Rl )G 2451
L 11 TR B8 - 5843 A oy 77 T, 2 ORI L VR LA A 5
300 YR PR TH V4 il 07 B ) 4 43 B2 RR A R AH > L PRt SE
ik PR R il g T vk AR AR I e TR LNG fif
E T B = LS A P 407 R A A L e A B R AR R
R A UCE 0 386 0, 45407 B8 FRGH B i 4%, 10 BB IR il
VR TG 2R 55 360 Y PR 38 R Rl B 1Y) 45 1 3R AR A

T R RO R S Ak 2 R, A Bl A
(14 A J3E , 81 Y AR et VR Rl 0 3 TR 5 o 2R 2k

0.6 — Damage model of CCDR
--— Damage model of CTDR
0.5+ ¢ Test values of CCDR
o Test values of CTDR
/1
04 - i
| Ncepr=81 times L
| o,
203} — .
i Neeor.e=Nerpr=360 times D,'/
02+ | 7
””””” - 1
Neepr=10 times L I
Olr & | Neam=2times ___ HNon = Non=
"E_E.ﬂl-a-n'ﬂ‘c"ﬁ‘m—m'g L/: 300 times

0
-100 0 100 200 300 400 500
Nltimes

P16 PR o 5 AU T R TG B A% 1 T TR R - 4
RN ER
Fig. 6 Damage equivalent relationship between rapid

and cryogenic temperature freeze-thaw cycles

4 g

(1) % Rl 01 05 4% 14 Xo YR 6 908 05 SR BRURE A ) 5
e 3, bR S R T U A S R it Y T O T
LNG fiff i 15 55 1 ) VR Bt 5 ML . NG i i 5 1=
T PR VR Tl AT R A T 45405 SR AR P By BB B, O
A5 450 WAE I e 222805 20 YOBAR i AR K Bl 30 )
T B AN 3l i A5 3 L 22 76.89 00 5 20 YRR AR
TSR SR B TR B - 3 AR 5 BB R

(2) 3 T Weibull 73 Aii B3¢, € 37 1 B 380 4 il 11
AR ik % 0 2R % R 2 AR B P B E O &R
SEER T S5 A AR UL VR B O B 45 A S LNG ik E S B
Tk Jhe T 00 T R B 1 4505 10 S5 RO IR LNG fiff HE R B
2217 2 ORI VR R B 5 300 VPR T VR Rl A B
Y 4545 22 AR B AR 2, O T RE K B3R B - 6 BT R
ANERR R .

(3) I it VR Rl A0 2 2 A 5 7K S5 HR O 1
Rl 5 B R EE B DN I NG i i a2 4 P
T AV TR, 55 W6 AU W3 T A S v AR B, DU
o8 AP TR T b 5 VK R i DR 2 VR A1 RO R il i
AR TR B - 400 1 R AR Sk L G A, (SR 4 K X 5l i 1 A
bR G I O YAV R T R OB T 58 R S g
PERE S br B9 AR AL B0, — 3 Z 18] B X5 B 56 R AT A 1
LR

S % Lk -

[ 1] B8RS+ g5 e BAE /A X a R il fe il g mse (D). b
g, 2016: 1.



13 i

B, A5 TNG i il 1 75 1 0K 30 % il 45 00 ¥ A L 7 63

[4]

[9]

[11]

[12]

[13]

LU Chao. Experimental study on behavior of concrete subjected
to freezing-thawing action under given cryogenic temperature
range [ D ]. Beijing: Tsinghua University, 2016: 1. (in Chinese)
IR AR K DGR RL ) 24T SRR SR MLEE (M.
i « [F) 5 R Rk, 2023,

JIANG Zhengwu. Mechanical behaviors and performance
evolution mechanism of concrete at cryogenic temperature [ M ].
Shanghai: Tongji University Press, 2023. (in Chinese)
HEERAE 2B S0, XN, 25 . VR Al 0 1R U5 e g 2 T R e AL
FELT] SR 4R, 2012,15(2) : 173-178.

HONG Jinxiang, MIAO Changwen, LIU Jiaping, et al.
Degradation law of mechanical properties of concrete subjected to
freeze-thaw cycles [J]. Journal of Building Materials, 2012, 15
(2):173-178. (in Chinese)
LI'Y, JIN K K, LIN H, et al. Analysis and prediction of
freeze-thaw resistance of concrete based on machine learning [ J].
Materials Today Communications, 2024, 39:108946.

ke, Dl kA S IR A ET A/ R IR B TR (T ).
R, 2023,26(10) : 1072-1081.

LI Chenchen, MA Jiao, ZHANG Pu, et al. Freezing resistance
of hybrid fiber/bundle high strength concrete [J]. Journal of
Building Materials, 2023, 26(10):1072-1081. (in Chinese)
ZHANG J G, GUAN Y H, FAN C Q, et al. Experimental and
theoretical investigations on the damage evolution of the basalt
fiber cycles [J].
Construction and Building Materials, 2024, 422:135703.
W AR B GF 5B SR AR IR EE L TR
AR RE T ] REER ER I 4, 2024, 43(3) : 956-964.
CHENG Xu, ZHU Pinghua, WANG Xinjie, et al. Effects of

reinforced concrete under freeze-thaw

S

mineral admixtures on frost resistance and renewability of recycled
aggregate concrete [ J]. Bulletin of the Chinese Ceramic Society,
2024, 43(3):956-964. (in Chinese)

SR AFE, TR S RS AR RIS GO-RAC
e APERELT). B HTA R, 2023,26(11) : 1183-1191.
GUO Kai, TONG Zhou, ZHANG Shufeng, et al. Durability of
GO-RAC under the coupling action of freeze-thaw cycling and
chloride salt erosion [ J]. Journal of Building Materials, 2023, 26
(11):1183-1191. (in Chinese)

BASSUONIM T, NEHDI M L. The case for air-entrainment
in high-performance concrete [J]. International Journal of
Production Research, 2005, 158(5):311-319.

XIER F, LU L J, QIAO P Z, et al. Nanoindentation-based
micromechanical characterization of ultra-high-performance
concrete exposed to freezing-thawing [ J]. Magazine of Concrete
Research, 2022, 74(4):162-176.

WANG RJ, HUZY, L1Y, etal. Review on the deterioration
and approaches to enhance the durability of concrete in the
freeze-thaw environment [J].
Materials, 2022, 321:126371.
POWERS T C, WILLIS T F.

Construction and Building

The air requirement of frost
resistant concrete [ C]. Highway Research Board Proceedings,
1950, 29:184-211.

POWERS T C, HELMUTH R A. Theory of volume changes

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[24]

in hardened Portland-cement paste during freezing [C].
Philadelphia: ASTM, 1953, 32:285-197.

VALENZA JJ, SCHERER G W. A review of salt scaling: Il .
Mechanisms [J]. Cement and Concrete Research, 2007, 37(7):
1022-1034.

SETZER M. Micro ice lens formation, artificial saturation and
damage during freeze thaw attack [ J]. Materials for Buildings and
Structures, 2000, 6:175-182.

COUSSY O, MONTEIRO P J M. Poroelastic model for concrete
exposed to freezing temperatures [J]. Cement and Concrete
Research, 2008, 38(1) :40-48.

IREZR , 2 S5, 4 PR Ak, A5 . AN [ i A1 L 8 X ] o o 9 3R A2
S 52 i FER e A oE[ 7). TREJ) 5%, 2020, 37(4) : 153-164.
SHI Xudong, LI Yaqiang, LI Junlin, et al. Experimental study
on the compressive strength of concrete undergoing freeze-thaw
cycle actions with different ultralow temperature ranges [J].
Engineering Mechanics, 2020, 37(4):153-164. (in Chinese)
IPREAR , P S, PR . AN T 3 35 25 2 1R 5 e 30 2 8 1l v il
B8R F A 32 T 3t B2 SR B 7 [T). TR Jy 2%, 2020, 37(2) -
211-220, 240.

SHI Xudong, WANG Wenqiang, TIAN Jialun. Experimental
study on the compressive strength of concrete of different strength
grades experiencing ultralow temperature freeze-thaw cycle action
[J]. Engineering Mechanics, 2020, 37(2) : 211-220, 240. (in
Chinese)

B B, S LI . A L VR R AR PR TR AR P R
[J]. TR 15,2013, 303 1 1) : 125-131.

WEI Qiang, XIE Jian, WU Honghai. Experimental analysis on

E'/ ”I'J

properties of concrete after freezing-thawing cycles under
extra-low temperatures [J]. Engineering Mechanics, 2013, 30
(Suppl 1):125-131. (in Chinese)

WS, EIWsE XUHE . BRI T VR AR T X R BE 1 W 2L
W], LR JI%,2023,40(2) :202-212.

XIE Jian, YAN Mingliang, LLIU Yang. Effect of freezing and
thawing on fracture performance of concrete at polar low
temperature [ J]. Engineering Mechanics, 2023, 40(2) : 202-212.
(in Chinese)

JELR I, XWH AT, Be it A . 1R 05 L (0 k5 06 B4 03 3 P R 7
FALELLT]. # FIB R 2241, 2022, 5(25) : 490-497.

ZHOU Dawei, LIU Juanhong, DUAN Pinjia. Damage evolution
law and mechanism of concrete under cryogenic freeze-thaw cycles
[J]. Journal of Building Materials, 2022, 5(25) :490-497. (in
Chinese)

LIU J H, ZHOU D W, CHENG L N, et al. A review on
evolution laws and mechanism of concrete performance under
cryogenic circumstance from multi-scale perspectives[ J]. Journal
of Building Engineering, 2023, 64:105666.
WA ZE AL, P . B IRIR B L R Al R AL BB (] A
SUB R4, 2002,5(1) £ 37-40.

PAN Ganghua, QIN Honggen, SUN Wei. Study of frost
resistance mechanism of fly ash concrete [J]. Journal of Building
2002, 5(1):37-40. (in Chinese)

ALK IME SR T, 55 A8 VR R U T PR I T IR BE

Materials,



64

#OR

MoB % )

o 28 %

i B 5 % 1 PO AL 7 B 5 B0 e B[] Rk R
2F 41,2008, 36(HE ) 1) : 128-135.

YU Hongfa, SUN Wei, ZHANG Yunsheng, et al. Service life
of prediction method of concrete subjected to freezing-thawing
cycles and/or chemical attack | —Damage development and
degradation mode [J]. Journal of the Chinese Ceramic Society,
2008, 36(Suppl 1):128-135. (in Chinese)

KM . ZPRZAB AR T IR BE L AR RIS A 2 5 A5 il [ D ]
e st i E A FURR R AT S B, 2014,

DU Peng. Freeze-thaw damage model and service life prediction
of concrete under multi-factor coupling [D]. Beijing: China
Building Materials Academy, 2014. (in Chinese)
R ARELPRSE T IR BE AR R IR B [
KR, 2019.

TANG Jing. Experimental study on the frost resistance of

D]. Kt

[29]

concrete materials at low temperatures [ D]. Tianjin: Tianjin
University, 2019. (in Chinese)

DODSON B. The Weibull analysis handbook [ M ]. Wisconsin:
ASQ Quality Press, 2006: 1.

KT B ANFEAEIE R B R 430 i S SR T e D .
AR H TR R, 2022,

LIU Ziang. Reliability parameter estimation method of Weibull
distribution in small samples [D]. Chengdu: University of
Electronic Science and Technology, 2022. (in Chinese)

FEAEN AR . PRGN IREE LR A b ik (1],
M IR Tk 242241, 2011, 43(6) - 11-15.

YAN Jiachuan, ZOU Chaoying. Evaluation method for the
service life of concrete under the freeze-thaw action [J]. Journal
of Harbin Institute of Technology, 2011, 43(6) : 11-15. (in
Chinese)



