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Preliminary experimental study of frost heaving pressure in crack and frost
heaving propagation in rock mass under low temperature

HUANG Shi-bing"?, LIU Quan-sheng?, CHENG Ai-ping!, LIU Yan-zhang'
(1. School of Resources and Environmental Engineering, Wuhan University of Science and Technology, Wuhan, Hubei 430081, China; 2. State Key Laboratory of
Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, Hubei 430071, China)

Abstract: Freeze-thaw damage and rupture failure of fractured rock mass under low temperature are the key scientific problems for
the construction of rock engineering in cold regions. Frost heaving pressure produced in saturated crack is a controlling factor that
induces crack frost propagation. However, the magnitude and evolution law of frost heaving pressure are controversial due to the
difficulty in conducting tests. By prefabricating macroscopic crack with different geometries in rock-like material, a laboratory test of
frost heaving pressure in saturated cracks is conducted. A thin film pressure sensor is used to test the evolution process of frost
heaving pressure in cracks and the temperature on the surface of rock is continuously monitored by several temperature sensors.
Based on the results, the space-time evolution curves of frost heaving pressure in cracks are derived. The experimental results show
that: 1) In freezing process, the initiation of frost heaving pressure in crack suddenly occurs, and the entire evolution process of this
pressure can be divided into embryonic stage, outburst stage, falling stage and balance stage. 2) In frozen process, the ice in crack has
been extruded and new visible propagation cracks are produced in tips of the cracks. 3) In melting process, the frost heaving pressure
falls quickly but lags behind the freezing point. 4) For a half open fracture with a width ranging between 2—5 mm, when water starts
freezing at the open end, the maximum frost heaving pressure linearly increases with the increasing of crack width. The pressure is
more than 7.2 MPa in saturated crack with a width of 5 mm. Research results presented in this paper can provide reference for
understanding the evolution mechanism of frost heaving pressure and studying the crack propagation caused by frost heave.
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Table 2 Fracture size and mass of fractured samples
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Fig.3 Duration curves of frost heaving pressure in cracks
with different widths
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Fig.4 Duration curves of frost heaving pressure in cracks
with different lengths
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Fig.5 Crack filled with ice and freeze-thaw
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(DZHPTB 2R IR 1 AL BRI K R
4l (BREE VRGN L It — D AR, SRR AF
FITE PRI, LI URIK JIIERTE R, XN B 6
I Bt .

(2) BB B B RBIT ALK 70 B R 4
RBEUT DAL TE R B UK EE, VKIERN — B,
R T3 T a6 2R I I 1 A B 4 AR IR



82 b +

71 e 2018 4F

URIKARTE 5 URIK I ROR I BB K AEL, B RS e
— AR, xR 6 BB,

(3) BRI B T ERAR A g g, kaK
TEE T RBY RRMNIKEN 1), RS R AR, R
BROKHENZ B0, URAK IS SR, TR
TRIK IR RIRER T, o B BOREUR A T URIKY i
IR — AN SRR IS, DR R (8] 3
BOAERIK 1 R R B b 1 DU B

(4) T Br B R 45 B A — 2D BEAR, 2
BEARLIT, TR B UKAEARIR T2 R A AR T, it
bb, FEURIR DRIV R RBRUKGE 2 R AR, BA
ERIAHIR ST ZAR AR, (BRI /I 24 E—
AMFEXTFETHPIRAS, ARIBUN . BN REUEIKY
e AT 6 TR B,

GIKETE RIKEIA IR RO IRk

s 8p. O i@ ® L@

= — PP
E 6 p [ 1 1 1— A3
S 4t

)

: 18 — \ " )

_10 F .. 2 -
Sl L R
< g -~
®oq0 |
Jui)

20 1 1 1 1 1 J

0 50 100 150 200 250 300
YR 45 I 6] /min

Ko HRFEKY RIERTE
Fig.6 A sketch map of crack propagation caused by
frost heaving pressure

(5) THE B TERBUA RRLEY B, Rk )
s R T B, XTI 6 I B @ . 7E
HBRUKGRL s VL b, IR IR — MR RS,
HEEHRS s LA E (B 3 AR TINRETE 0 °C
I, WK — AR R R, BN 2
TRLRIF AR ok AR Se il BRIV AER Y, R
KRBT RIS B VR IR B — 2 b, 3
BRUKRIK 12 O, 3 LR K © 78 A2 flth

YT A4 H/FE, G 3 RVRRME 5 2L R E
RAETHERGKY RIS, ARRmLBAEKA
KA T, w5 Fis.

3.3 RAKJIBERRE TUFATR ST R AR A
3.3.1 R T BERLRR T B2 AR AL,

TR T 713 1 R S o 0 3 A P R K g e
LTI IR 3 AT 4 RS ARIETE BD,
KGR EE R 7 Frow . @A T 15K

71 P 5RLR G b R R B RN
P, =2.54b—529 (D

HE (D WAL W FRE RESRIA 40,
35mm, %EEAE 2~7 mm JEHE N IEIF DR, A
BT DR S5, 7 AR B KRR IR K 71 5 25
T8 LALLM 2R, I B2 IR T8 BE (A i T 4 K

YK 1 Pe/MPa
o — [y} w N W N - oo

1.5 20 25 3.0 35 4.0 45 5.0

ZBATEFE b/mm

K7 K SRREERR
Fig.7 Relationship between frost heaving
pressure and crack width

3.3.2 Bk JIRERBRAC AR AL

RS S EEG R OO - N WARSE SN 3
fISR & (A 8 Fron ), W R AK /0 5 1% X 8] Be ) 3
BB RO IR AR, R RIEH
BE— BT B R I, ARG TR,
X AR IRSN R N ) 58 B )
T SRR ERIELE, PFre RN TR S
PRURIKY AT 25 A R M [RI A B 22

20
ul.9

1.8 ul77

1.6
ul5

14

YRk ) Ps/MPa

m]131

12
ul.14

1.0

15 20 25 30 35 40 45
HBKSE a/mm

B8 Wik IERBREXR
Fig.8 Relationship between frost heaving
pressure and crack length

3.4 HEEEEHIKBULE ST
RBAE R 5 W R AR IR A A 7T
N R A (H T R BUE AU AR R



51

PEIRFUKEE: R A SRR R K 715 VRIS R ik B ) 44¢ 83

fil, AR AEENTESAANT, kTR
W IR K VK AR AR S5 VR K9 J 1) o (H MDA E ke
Algl, B ERK J1EA 7.2 MPa (L 7D, FEH
TEGR G R R R R AR T BRI S (I
B 5D, BEHA R 2L BK KA AN AT 20 . 5 e
ZUBRK IR RE 25 G ARG W] T 40 H SRR AR
Mk B — ML TEVREEPIIE, DMRIRIR N /)
AR AKIE S RE, BRI E f1 2 3R sh 24 ey e
MEED 11 BEERGUKIEE— s, 2
BETE BRUK ZE 3850 7= A 5 P 2 [ 7= AR VR T 1) 2
A, VR K 7 Bl b T S 2 5 R 2B R 1
BRI 13 KBS . MUK K I 2L
TR B BRI s ARy Rk S8
BRAAE— 3, M 5] IR KR IR, BT
PAVRIK 7 5RBRLIR 1 — BA T a2 s 4
K FE TG, IR IR IUCATRIKUKE T, Rk
UK 775 4R N AR 37 DL K 8 RIS 3 4 4P 4 g A
KA, FBRGEY RF k. B AR R VR K
Pk TR T 2B K UKARAS . AREREIK 9 A e
KIEIK T1 IR BN ZLBR ™ A [ 45 2R

4 % w

R FH SR s g A T g AP B2 A S o 2R K UK
FHAZ R AR b B R K 0 A R T BE R AT T AT Y
W, YILARR] 1R P ERIK R S R IK 25
B, BT ASON REBRIRIK ) B IRIK S e ik
RIBETT, WA H AT LR S 1R

(D) RIRME AR R 45 R b 2 P AR BRI R
WK1, Rk g A B R kA, Hs A R ] 73
NULT 4 BB BN BARBL. Bk
AP B B o

(2) BRIK AT NSRBI U RSB 5%, BEE
ZEE T8 FE RGN AE K, X TRy 40 mm. IR E
N 35 mm. BEELE 2~7 mm Y [ A T 2L,
MEGIT U m R S5, 7= A BB R AR BAR IIK 7 5 285
B FE RN IEARSS, R RERBRIIK 713k 7.2 MPa.

(3) ZREIKURGE PSRN RIKD e, 2R
PR 5 At T R ol T 2R KUK AR P AR R
IR K 7 SR SR BRI RIS O 45 2R

Z % XM
[1] JUNG Y B, PARK E S, CHUNG S K, et al. Coupled
hydro-thermal modeling of ice ring formation around a

pilot LNG cavern in rock[J]. Engineering Geology, 2011,
118(3): 122—133.

(2]

(3]

(5]

(6]

(7]

(8]

FENER M, INCE 1. Effects of the freeze—thaw (F-T)
cycle on the andesitic rocks (Sille—Konya/Turkey) used
in construction building[J]. Journal of African Earth
Sciences, 2015, 109: 96— 106.

RIRFE, BERRIK, BEKOK, 55, RERIKIE ) Bous A 4k
& B AR T[T, & 1+ F1%, 2016, 37(6):
1530—1541.

LIU Quan-sheng, HUANG Shi-bing, KANG Yong-shui,
et al. Preliminary study of frost heave pressure and its
influence on crack and deterioration mechanisms of rock
mass[J]. Rock and Soil Mechanics, 2016, 37(6): 1530—
1541.

IR, BRFIK, REAOK, 55 IRIR R4 A R R R
M S EAE T ERT ] AL TRE2EHR, 2015, 37(9):
1572—1580.

LIU Quan-sheng, HUANG Shi-bing, KANG Yong-shui,
et al. Numerical and theoretical studies on frost heaving
pressure in a single fracture of frozen rock mass under
low temperature[J]. Chinese Journal of Geotechnical
Engineering, 2015, 37(9): 1572—1580.

MATSUOKA N. The rate of bedrock weathering by frost
action: field measurements and a predictive model[J].
Earth Surface Processes and Landforms, 1990, 15(1):
73—90.

FREME, M AL VRES AT R A T A
TR FE[T]. A % 5 TREEAR, 2010, 29(3): 471—
476.

ZHANG Hui-mei, YANG Geng-she. Research on damage
model of rock under coupling action of freeze-thaw and
load[J].
Engineering, 2010, 29(3): 471—476.

POBGE, XEF, TR, & RRMESE R N AR A
B RG], A s TR, 2013,
32(3F) 2): 3049—3055.

JIA Hai-liang, LIU Qing-bing, XIANG Wei, et al.

Chinese Journal of Rock Mechanics and

Damage evolution model of saturated sandstone under
freeze-thaw cycles[J]. Chinese Journal of Rock
Mechanics and Engineering, 2013, 32(Supp. 2): 3049—
3055.

A, FARRE, KRR, 5. BT REIHREARK S
FILBREE MR R AR ). A A RS TR
%, 2012, 31(6): 1208—1214.

LI Jie-lin, ZHOU Ke-ping, ZHANG Ya-min, et al

Experimental study of rock porous structure damage



84

= =+

71

e 2018 4F

(1]

[13]

characteristics under condition of freezing-thawing cycles
based on nuclear magnetic resonance technique[J].
Chinese Journal of Rock Mechanics and Engineering,
2012, 31(6): 1208—1214.

B0K, M, B, S RRRSER TR RS
HEAR T) 2R PRI BT T[], R E AR, 2014, 39(7):
1208—1214.
XI Jia-mi, YANG Geng-she, PANG Lei, et al.
Experimental study on basic mechanical behaviors of
sandy mudstone under low freezing temperature[J].
Journal of China Coal Society, 2014, 39(7): 1208 —
1214.

Tec, BHRFIK, FEKIK, S5, ZLRRE VR IR Bl 0 B 50 ik
Je 5EE]. EHA %5 TR, 2015, 34(3): 452—
471.

LIU Quan-sheng, HUANG Shi-bing, KANG Yong-shui,
et al. Advance and review on damage of fractured rock
mass under freeze-thaw[J]. Chinese Journal of Rock
Mechanics and Engineering,, 2015, 34(3): 452—471.
HAX), SARNE, SO A FEIXBRIE S R IK A
HUE T AR R BURYE 22 R (D). 640 155 TR AR,
2013, 32(9): 1876—1885.

XIA Cai-chu, HUANG Ji-hui, HAN Chang-ling, et al.
Methods of frost-heave ratio evaluation and classification
of frost-heave susceptibility of tunnel surrounding rock in
cold regions[J]. Chinese Journal of Rock Mechanics
and Engineering, 2013, 32(9): 1876 —1885.

R, XL, i, & ETHERBERE ST R
FR 2 A R R O A M R T TE (0], A £ 0%, 2015,
36(12): 3489—3499.

YAN Xi-dong, LIU Hong-yan, XING Chuang-feng, et al.
Constitutive model research on freezing-thawing damage
of rock based on deformation and propagation of
microcracks[J]. Rock and Soil Mechanics, 2015, 36(12):
3489—3499.

HE %, mEt, RIBE, 5. (RS T &R R
T R 7 R s A AR 2 4 0], 5 2%, 2016,
37(HET 1): 521—529.

SHEN Yan-jun, YANG Geng-she, RONG Teng-long, et al.

Analysis of evolution of temperature field and frost

[14]

[15]

[17]

[19]

(20]

heaving in hard rock with surface cracks under low
temperature environment[J]. Rock and Soil Mechanics,
2016, 37(Supp. 1): 521—529.

BT, BALe, EADE. R EAE SE N ARER
HEB T, E A S TSR, 2013,
32(11): 2307—2315.

LI Xin-ping, LU Ya-ni, WANG Yang-jun. Research on
damage model of single jointed rock masses under
coupling action of freeze-thaw and loading[J]. Chinese
Journal of Rock Mechanics and Engineering, 2013,
32(11): 2307—2315.

TRA, EIOR, 2, AR IR R A I A e 2R
RUT 2R I BUE 2T [T]. & A D125 TR AR, 2011,
30(4): 718—726.

XU Bin, YAN Na, LI Ning, et al. Numerical analysis of
effect of temperature decreasing on crack of chilled LPG
unlined storage cavern[J]. Chinese Journal of Rock
Mechanics and Engineering, 2011, 30(4): 718—726.
THARP T M. Conditions for crack propagation by frost
wedging[J]. Geological Society of America Bulletin,
1987, 99(1): 94—102.

WINKLER E M. Frost damage to stone and concrete:
geological considerations[J]. Engineering Geology, 1968,
2(5): 315—323.

AKAGAWA S, FUKUDA M. Frost heave mechanism in
welded tuff[J]. Permafrost and Periglacial Processes,
1991, 2(4): 301 —309.

DAVIDSON G P, NYE J F. A photoelastic study of ice
pressure in rock cracks[J]. Cold Regions Science and
Technology, 1985, 11(2): 141 —153.

AROSIO D, LONGONI L, MAZZA F, et al. Freeze-thaw
cycle and rockfall monitoring[M]//Landslide Science and
Practice. Berlin: Springer Verlag, 2013: 385—390.
HEV . SR R R Rl A 0 0 2 T 6 A SR AL 1
WELD]. BB B TR, 2013,

LU Ya-ni. Study on mechanics characteristic of damage
due to freeze-thaw action in fractured rock masses and
failure mechanism[D].

Technology, 2013.

Wuhan: Wuhan University of



