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Phase-field modeling of frost propagation of cracks for rock mass under frost action

LU Zhitao, WU Mingchao, DUAN Junyi, HUANG Yong
(School of Infrastructure Engineering, Nanchang University, Nanchang 330031, China)
Abstract: As the rock masses in cold regions freeze, water in cracks turns into ice and expands in volume, and the mechanical
interaction between ice and rock may lead to the frost propagation of cracks. To study the prediction method for the frost
propagation of cracks and further cognize the laws of the frost propagation under different conditions, the phase-field model
which represents cracks in a diffusive way with a scalar field is introduced to simulate the frost propagation, and the method for
the equivalent thermal expansion coefficient is utilized to simulate the volume expansion of ice in cracks due to phase transition.
Moreover, the governing equations for stress field for ice-rock interaction and the governing equations of phase-field evolution
for the frost propagation of cracks are solved through the COMSOL Multiphysics software. Numerical simulations with the
phase-field model on the frost propagation are conducted based on a series of frost propagation experiments on the rock masses.
The numerical results are similar to the experimental ones for both the frost propagation of a single crack under different dip
angles and external loads, and the frost propagation of double cracks under different dip angles of rock bridge and different
intersection angles. It is indicated that the phase-field model established can accurately simulate the frost propagation of cracks
in the rock masses. Furthermore, when subjected to an external load, the frost propagation of a single crack deflects towards the
direction of the load. For the double cracks with different dip angles of rock bridge, the frost propagation of inner tips always
deflects towards the adjacent crack due to the interaction of two cracks, while the outer tips propagate approximately along the
coplanar direction. For double cracks with different intersection angles, two independent new frost cracks in a butterfly shape
will form when the two cracks are parallel to each other, while new frost cracks in a radiation shape will form for the double

cracks with an inclined intersection angle.
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ARG 2 (WA AR IR, R 3T,
MRS R KA R Y5 1) e L7 ) (i, 4y 3B K Al e £
FEROR, XS N R RIS e s — 2.

(a) BFEHR1 MPa
& 18 HH iR 45° TRWEBRFRKT R

(b) KFEAFER3 MPa

Fig. 18 Double cracks with dip angle of rock bridge of 45°

B 19~21 70 8 AR N A A 90°
135° , 180° .0t el = 7.973% SRR KT B AH
DAL R SHEEIE 19, 15 (b) AT, SR R fif
W XURBR A AR AR FH TR A R8s, 38 51 e K
PR BT [ i, 2R A B0 F T 2R IR A S
URIKY et — L S BT e, 3RS ML
AR/No 1 MPa i8N, ZRE A R R K9 e 2 B ]
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L TEAMur Em BRI, AL Bl 3 MPa fuf £,
AR RV B E T AR R, AV EETE. X
ELE] 16 (b), 20 1] WL, Bhi P 26 R BRAE [ — R L 4k |,
B v i 5 XU B 2 1] (1A TELAE FH ¥ 51 AR 24T PN 2o
W E T MR e, R a g A B R R
Rt RIS FRIEAS (R qa) fuf 240 T PR Y 9 ity
A B IR BRI 7 Y RIS, JuIL & 3 MPa fif
B, HIK S RIS E A K. MEE 17 (b)),
21 0] DL OB [a1fig 2k gk 55 1 2LR A S ] o5 — 2R 4B
HPRURIKT R BT, (HRLRR N SRR KT e
FATEAS /N (@)W ) faf B A ) T 2R P S ity B 2R
BRIRAK 0 SC T RS, 1 MPa fif 5, 4R8P 2014
B4y Y R ELG B BES, 3 MPa firgkhf, RAK 2
PRI GHAH L.

(a) B[fifE1 MPa (b) KFEAFE3 MPa
19 EFHA 90° TRNEBRFRKI R

Fig. 19 Double cracks with dip angle of rock bridge of 90°

(a) B[fi#1 MPa (b) KFEAFE3 MPa
20 EAREA 135° TR ERKY R

Fig. 20 Double cracks with dip angle of rock bridge of 135°

(b) KFH3R3 MPa
& 21 S5Eif 180° TR XNELBERRKI R

Fig. 21 Double cracks with dip angle of rock bridge of 180°
3.3 T REIRARIMEFEFRMY R

Tang “FPOHEAT T A A e A1 WOR IRUA AR K &
I, BRBKIN 1 em, %38 1 mm, 7 IZERT
i 90° , AN IR OALE AR, 5N

(a) B MPa

RS parmlh 0°, 30° , 45° 3 FhLud,
22, XA AR 1 em, Hob IELK R A
RO E S T AR T VR 85 R SRR K
TR I AHIZIERL . TR A RST 530 5% an 1
22, VR R O E AR, A R .
Tang Z5POR A B0 K} 5 X+ 55 S5 ], (R,
MEZEL 1 BUE. PRk iHEERERES 2.1
HIAH I o

A

L1

(a) RPRIAHO0° BHEEBR (b) RBRST

RF84: em
22 BERBAISRENT

Fig. 22 Numerical model and distribution of cracks

Bl 23~25 3 HINRER IS 0° 5 30° , 45° 3 Ff
T SRR URAR Y™ R AR 45 R 5 IR I
oo BR L, IHRMEREGKY RES SRR
PREMEOURRL. Jef 00 i, PURBEMEAT, BT
XU 2 8] [X 432 2 PR SRR AR (K55 I A R AK
IR MR AR B (6 75 10 23— 2R R IR T [l (%, 2
W J RIS

(a) 6=4.333% (b) ef=6.933%  (c) REZEY R ;B0
23 kA0 TRWNHBRFRKYT R

Fig. 23 Double cracks with intersection angle of 0°

() BHEBY R B0

(a) &f=4.333% (b) £f=6.673%

24 KA 30° TRWERFRY R
Fig. 24 Double cracks with intersection angle of 30°
LA B HGRE 30° I, A UM R R S e ]
e B AR AR i [ 2 (M SR BR R K9 e, e £ FE I 3
32° , WEHIRIKY AR 5 A MR R K 3 e 22
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2023 4F

BRAE S, T2k T FRALN, Tz 2 2 MR 2R
ISR K Y e, R A . p=45° I, 4
T2 R i e A B3 1) S [ o (R BRI 8, 1R
PR ZE MR Y SRR AL S TR — 2% 9 2R
XFEE 3 F O ARG B Y AU AT I, AT X
B2 AT AR R BT R P 26 AL I PR, 1T
HA MRS IR RIS R =285 —mi, TR
PR KON 3 2R ER ST IR RIS FE 2R

By RN R S
(b) &/=6.153%  (c) RIBABRY RE ALY
& 25 Jefa45° TRAMBEARKT R

Fig. 25 Double cracks with intersection angle of 45°

N

(a) &/=4.333%

4 & i

(1) MR ST AN RV £« S 281
FURGE SR BRI, DU R SR A . 5L
B8 £ T e 2 AL BRI A7 B ) 5 R
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AR e R SV NI GELT 3 e
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FH 7 R, bRk, IRt fi E K

(3) SR P15 £ T LB, R [
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) RS P A2 5 kN R UL il A4 R R s«

(4) S [R) e F1 WUZLRR,, P AT WU 2 L e 2
SRR RIS R R R A TR B,
T EL A A5 0 B UL T TR e T — 1, TR
DL TR LIRS 13 9 R0 = AR SR R AR TR 24
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