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Statistical damage constitutive model for rock considering pore ice

LONG Haiping', ZHANG Haoyang?, MIN Qinghua’, JIANG Annan’, ZHENG Fu?
(1. Nanchang Rail Transit Group Co., Ltd., Nanchang 330038, P. R. China; 2. College of Transportation
Engineering, Dalian Maritime University, Dalian 116026, Liaoning, P. R. China; 3. China Construction

Communications Engineering Group Co., Ltd., Beijing 100053, P. R. China)

Abstract: Artificial freezing is a crucial reinforcement and water-sealing technique for excavations in water-rich
and weak rock formations during underground space construction. The safety of artificial freezing operations
depends closely on the mechanical behavior of the frozen wall, which is influenced by both the ice content within
the pore space and the freezing temperature. To capture these effects, a statistical damage constitutive model for
frozen rock was developed based on micromechanical homogenization theory and the Weibull statistical
distribution function. The mechanical parameters of the rock skeleton and pore ice were homogenized to obtain
equivalent material properties, and the Drucker-Prager criterion was introduced to describe the damage
probability of microelements. The model was validated against triaxial compression test results of sandstone

samples under various freezing temperatures. The results indicate that the proposed model improves the fitting
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accuracy of the complete stress - strain curve by approximately 7.22% compared with conventional models.

With decreasing temperature, both characteristic parameters m and F show an increasing trend, suggesting that

pore ice enhances the homogeneity and mean strength of rock microelements within a certain saturation range.

However, when the saturation exceeds 50% and the temperature drops below -10 “C, the reduction rate of the

critical damage variable decreases, and the rock exhibits more pronounced brittle failure behavior. The proposed

model provides a theoretical basis for predicting the mechanical parameters of frozen walls and optimizing the

design of artificial freezing -based tunnels and shafts.
Keywords: artificial freezing method; pore ice;
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Table 1 Basic physical parameters of samples

B/ C Jﬁ%ﬂ‘fj‘f‘/ ’E@*ﬂ‘%ﬂ‘fvﬁf/ Lg% A e/
(g/cm?) (g/cm”) (m/s)
—1 2.54 3.16 19.6 5 340
—5 2.52 3.12 19.2 5046
—10 2.53 3.13 19.2 5131
—20 2.54 3.15 19.3 5286
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Table 2 The triaxial test data at various freezing temperatures

- VRN J1 AR R ?Fﬁ‘t%ﬁﬁ E/MPa A*ZEWA He v I VP . -
o./MPa e/10° H A i A 7k
-1 42.25 7.80 6157 407 0.172 0.023 1.759 51.636
-5 46.68 8.81 6679 462 0.191 0.028 _ 2.016 57. 270
-10 48.62 9.02 6753 559 0.211 0.035 0 2.164 58.423
-20 52. 86 11.44 6381 1319 0.226 0.041 2. 257 61.276
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Fig.2 Comparison of model curves versus experimental results at various freezing temperatures

i3 1 2 B9 g Bl DAk B kT A A - AL B
VK12 BRI R M B A M BB A T R
% LB UK A AL A 25 L g 2 W 1% 7 T 2

H B 0 0 0 A S R R, 2 W AL B K SE U A

G FLBUS 46 R 1 RY g -1 R 2 R B4 06 s
W B, AR R B e SR R,

ARBR A1, —5,—10, —20 CHl 4 5 ik 5
0.96.0.97.0.96.0. 95, & & MALH CEAT &4 F R
90.91.0.89.0.90.0.90)F T . Lo, BER M
FAGTHY (R W i N D - AR R A 25 RN AR AE I
Je AL B BE, A5 A A R i B 3 6 Bl o A
WA BE o R4 THIE T 4000 ) 2R A E I N il
TS A6 % v 1 e AE AL BR UK 5 A B 4R 3L DR 2 Y
IR DT B L S b iz B o 45 2 A 1 34 4 40
oA

3.2 RBWAEMBRGEML

*ETE:%IKE@?*%%E%“M%&”Z‘%&E,%Fﬁ

3 (12) TF 5 AT AN [6] R 445 L B A i A /0 A 1Y
o O v Akt 2, 43 50 an ] 3 F AL 4 B .

Hy 3 T, AT R R 45 A i 4 ok AR E AT 3
B B Rl 43 < 1) W0 i Fe % B B o 4 A8 e #a i TR (EL,
N R R K B L B 5 AR R AR N IR TR 1

0.6+
——-1°C
—&-.5°C
—o--10°C
~8--20°C

0.5
0.4+
0 0.3
0.2

0.1

0.0 o — —— T
00020406 0810121416
B R4 (10°)
B3 ARAALEEREETHAMBRGEMLME
Fig.3 Damage evolution curve of sandstone with various t

freezing temperature



% XX # BT 5 HJEILIR K B B G i A AR 7

0.6+ & 0.20 0.20

5 ¢,=0.90975, ¢ = 0.00025 (i) | : @ 207 ®)
0.5 o ¢4,=0.93231, ¢ = 0.06769 ¢ 0.18 \ 0.18

—&- 4 =0.95487, ¢, = 0.04513 .0.16 .0.16
0.4+ o &)

o 4,21, ¢,= 0 (IEHIAT) 0.14 \ 0.14 ~_

a 0.3l 0.12 — 0.12 S~
0.2 01075 Lo =0 0105075 100
HE (°C) MIFRIEE (%)

0.1 (a) R (b) g

0.0 Y S e T T T T
0002 04 06 08 1.0 1.2 14 16
i) BAE (10°%)
B4 FEEKETRERRGREN L
Fig.4 Damage evolution curve of sandstone with various

saturations

W AR 2) 4005 R I B - A el e ) A o
e A A A B 35 FUBR UKIT 46 A S W] 45495 , it
I 453 40 36 Al il 2 S B b T 4, R R B IR IR
2 3 HL T 5 3) W S U Y B+ 25 0 K P i B Y
(BN T3 ), 458 03 8 1kt 2 52 B (MR e b i
L 458 47 {1 P L R o PR A 3 Dol L A o X 5 T AEG it 2R
S5 I L B DK T8 SO AT A A i SR B
i B AR A0 75 2R B R AR T A - S SR . X
e B 4 v A [ 4 M EE D S 14 45 3 9 A il £ mT A A
1R o {1 IR S 4507 R L S P 0 a1 s 4,
51403 22 J T A I 0 1 RE T A A 2 DR B E S AL B
KO 5 A0 o i B A R A T . (AR — R 1R
FIREE DX TR] AL, B S 19 453 407 190 004 4 A B, 06 2% 1X
RIS ORI QN < REEE (AL R R o OV R S L
W IERAR AR BN, FL B K R Ik 7 A= 0 B ez
B TR BRI P SRS ] o AL, AR N VRS i T
PEVCTT AP, T £ 5 25 JE R B o 12 5 40 A ) B[] 3
P8 AL 2 B B 92 IR K A ) R R 1Y
-

AL, A A SOl S 3 By 0 B R ) I
F1%9 1AL A X6F 17 PR 463 45 A2 4 D, B

DIZIexp[(f(;L))m] (36)

Ao (o) F AR R 7 X8 107 39 S0 58

BT S0 BE S A R 2 RO R DG o)
M, 246 5 Al A B AL A A BB BRI FOIR2S
5 04 AN [R5 55 1 RIEE I B0 i 45 3 2 1 9 A
M

H1 5 Ca) Al R e 5 45 0 1 i Tk 52 1 2 o A1
B, ZHRBEBELRME LR AR AL
FLB VK B I B2 5 M 4% 5 2 Il 32 3 A i 3% o, mT A
RUOHE G b o 9 40040 10 (L, 18038 2 A 7 25 804 s 2% A

ES5 AEEEMEGNETHESNIERRGE
Fig.5 Critical damage in sandstone at various

temperatures and saturations

TR o 7R AT D T, fy 5 (h) R AL, s
S5 BE BE AR AN R T R B . X B
L R EE D S A P B A R A 4540 R R T A A
HIRE W0 2 TR AL BT oK I 45 A JH Ik 55, B 5y A A 25
3.3 SEXNERMBENEN

TERAE A A 38 E R IR AT i AR S Hom A
RIEZHEFRBEIRE 7RI E S RIE. 4
P R B PR R 1 L VR 5 R B O — 1O
P m 0 F SR BUE LA, al 2R45 an & 6 F0 1%l 7 By
71N (18 22 W 7 - O 72 T £ 7 AR R

50+
401
301

= s m=1159

20 —o—m=1.359

—am=1559

10+ ——m=1.759

% m=1.959

0 T T T T T T 1
00 02 04 06 08 10 12 14

W R A (10°%)
B6 HMGEREm THXER

Fig.6 Relation of damage model along with parameter m

50+
40
30 ",
- 2 e F=4136 N,
1 e F=4636
—& F=5136
10+ ——F=56.36
%« F=6136

O T T T T T T 1

00 02 04 06 08 10 12 14
Bl N AE (107%)

El7 MGEBEFTLEXER

Fig.7 Relation of damage model along with parameter F



8 AR5 xR F RO E L

% XX A

F & 6 T IED 7 W] AT AR Y 4 R A7 - AR il 4R Bl 2
B A 7 A 1 8 TR A L B B R R AE . 7E 06
W6 A5 T2 B Bt , #2608 R IL-F- AN 32 Weibull Z 501
SO . A RIS A B S S8 m M F BUE 1
B A bR Y. EHEEENE, WS
XoF i 2 B i R 45 1 2 A b A B 0 S R fk
BrBt. Wik 6 s, B8 om M 1. 15934 = 1. 959 i},
A U {H BR8N 29. 559, Bk Ay 5 U R AR
A7.18% , [F] e e J il 2k A3 S 1 R #A . X R m
(B3 KA TE T 25 A0 N B 1 2 50 1 2 08 3¢ 30k e {1
S T ) R T A SR R A R R BB A
JEE AR L A% Ak S R o R TR o X6 O ) o
2R 2 7F W (B 50 B 5 R AN i B IX (R S A FE 3 i, Ho &
N7 7 - o7 A% [ 2 78 VA A BRI 1 il e AR E S m (2
TEAH G, 2R B m 25 ) A A 35 0T M R A 05 T A
KA S H W B TEEREY, S FEH 41,36
1% 61, 36 W, A A W (R 58 B2 21, 8806 , % I Y
e 5L 87 728 1 ) A0 8 12. 74 % o 3X B Wk F AR 48 K42
T A A OT R B R KT 2R I A
TR 7R 2 R 77 38 5, K ) 04 (B 5 2 T 5 I 0L AR 4 O
1M S B S N 45 il 42 A AR W IS o B PR R
ROPAT R R I 4 E Iy Bt R F 2
RAE A1 W GE T 35 5 5 9
3.4 RIENEESHIZ M

TE AR ZH0m W 5 4 A P R AE AR O, 25 W0
32 i 2% B R R 2 3 PR e Ak e, L
1 R B 1 v B ) KRR . 5 2 M, R S
BF VR by it B L o, L B SO R R A 2
i fh o AR B, EL R SR B R M R 0 A4 1 4 R
I S0 R Sy i T o ST B/ 8 5 9 4 il 4
S B0 R F B R 235 T R 78 A B T AL LA

FH P 8 RN 9 W] AT, 2 80 m AN F B T AR R AIE 5
S5 UL B S AORH DG OC R LB B R R R IR 2
Y, MR KEH 5% 8
(1 K F SR ], B AE -1 C & -5 °C X [a] il 48 i 5 T
-5 CE-20 CRH . 454G S8 m M F R HE AT
LR BE G 8 A5 D S PN S B e S BE Ay A O in 4
A A Y TR R R E TR R T A A TR
(1) 57 35 7K o 3 b AR Ak R AR 14 BIL B 7E T L BR VK 10

/(o)

2.3

2.2 )
2.14

€ 2.01

1.9

m=2.254-0.041t-0.041t>

1.8 ’
R?=0.99

1.7

5 -10 -20
L (°C)
8 SHmEEENXER

Fig.8 Relationship between m versus temperature

62
oF

604 — MEhiLk

58

L 56

54

5. F=60.967-0.922t-0.695t?
o R?=0.96

50 , , ' '
1 -5 -10 -20

A (°C)

B9 SHFE5RENXER

Fig.9 Relationship between F versus temperature

WS w AR A i N AR FLBR K 280 F-5 °C
ZHTH ARG AR IR IR SSIR -5 °CJF L A A R I R
45 At KRR 25 B A K PR UL 78 T 5 A Uk 4,
Yo/ T B AL B, O ORE B ik B T Y K RS 4
BFTAAERNESEM, X5 8Ot E 5
O AR 7S Cm (38 K, [ I £L B vk AR B 32 43751 40 1
SER PSR  E , He [R] 2 TE T fOT R R R S 38 (L (F
K)o MRAEE 8 FIIE 9 1 S5 m FI F 4y i #a 4 15
2 S B VR 45 1R AR R BLE R
m=2.254 — 0.041r — 0.041¢° (37)
F=60.967 — 0.922¢ — 0.695¢° (38)
WM AL(24) , BEETEREA
KA MR A et i A b 5 & o8 3k ik = n
X (39) frioR o %7 R T 2K B 00 )5 , Ry R 45 BE 15
TS B A B AR R AR | o m] T AL e T B B
{14 VR &5 BE R MR I A

2.254 — 0.0417 — 0.0417°

or=¢e EFexp

M

4 zZHe

1

D)3 T 400 1 iR A A B LA -k A
I 50T 28 5O S5 R D 1 L 25 Weibull 73 A1 bR

60.967 — 0.922¢ — 0.695¢°

$45 Druck-Prager 58 B i W], k4 8 1 2% AL BRUK Y
F A AR ERL JE 4 R G 0 2800 E R

2) 3 2 2 P = I S E T A R A A A
R P L IR B A 0 g - o 7 R S R A T T



% XX #

Rl F E BILR K B B % R A AR 9

U 45 R A UL 5 KT T BRI TR = 2 7. 2204

3RS B FR B 280 F ¥ B 3 i e 1 2
EHOB . R FLBE K A S 5 IS5 R T T
B e 64 3% P 5 TG P 2 8 R % b X N S 0
WA ] 56 J3E 1) 32 T o

4) PR 3R A2 — 72 0L MR S [ 9 R A g S e
HA A 1T, A5 40 A0 8 i 5000 HLIE IR T
-10 “CH 05 i 55477 52 91 I T 3 I, G 7l
BT 3 5 o P, N TR S A TR s 28 4 T i
JEE 5 40 R A i B B AL, L S AR A i 5 i R A
TH i, LA vR g BE BT

& & 3Tk

[1] ZHOU Y F, HUANG HY, LIU M, et al. Frost heave
model and frost heaving force analysis of permafrost tun-
nel based on segregated ice [J]. Tunnelling and Under-
ground Space Technology, 2024, 147: 105715.

[2] WANG T T, NIU L L, LIU K, et al. Failure behav-

iour of frozen rock with double ice-filled flaws under Bra-

zilian splitting tension [J]. Engineering Fracture Mechan-

ics, 2024, 304:110124.

SWEIDAN A H, NIGGEMANN K, HEIDER Y, et

al. Experimental study and numerical modeling of the

—
w
[

thermo-hydro-mechanical processes in soil freezing with
different frost penetration directions [J]. Acta Geotechni-
ca, 2022, 17(1): 231-255.
(4] CZ8E, LAE, FIEE, 5. W KR I A1 Hb )2 M 8106 4%
B SE I N TR B A BT [0). £S5 58 TR M (v
P30), 2022, 44(6): 63-74.
WEN Y X, WU W, GUO Z Y, et al. Numerical
simulation of artificial ground freezing for cross passage
of subway in water-rich sandy cobble stratum [J]. Journal
of Civil and Environmental Engineering, 2022, 44(6):
63-74. (in Chinese)
CHEN A D, LI Z Q, NIE L C, et al. Deformation

identification and treatment measures for a TBM tunnel

—
(el
[a—

crossing a fault zone: A case study [J]. Tunnelling and
Underground Space Technology, 2025, 162: 106681.

[6 ] HUANG K, HUANG S L, DING X L, et al. Study on
the deformation and failure mechanism of tertiary water-
rich soft rock tunnels based on the moisture migration-
fracture coupling model [J]. Tunnelling and Underground
Space Technology, 2025, 163: 106715.

(7] FARAT, Blkd , TRIGAR, 55 . MRG0l K P VR4S i
T o R i B B K- R S R RBT ST (). A R
2024, 45(9): 2775-2785, 2796.

WANG C H, WEI'Y Q, ZHANG H D, et al. Thermo-
hydro-mechanical coupling model of frost heave during

horizontal freezing under subway station [J]. Rock and Soil

Mechanics, 2024, 45(9): 2775-2785, 2796. (in Chinese)

[8 ] X3, Aehfe, A8, 45 3B U AT T ORURE 1 VR &5 BE 22

e L A B 0O R R R (D). K IR L 2024, 46(1):
247-259.
LIU S, LI X K, LI X, et al. Closure law and prediction
model exploration of freezing wall forcoarse grained soil
under seepage action [J]. Journal of Glaciology and
Geocryology, 2024, 46(1): 247-259. (in Chinese)

[9] FU Y, HU J, LIU J, et al. Finite element analysis of
natural thawing heat transfer of artificial frozen soil in
shield-driven tunnelling [J]. Advances in Civil Engineer-
ing, 2020, 2020(1): 2769064.

[10] SEMIN M A, LEVIN L Y, ZHELNIN M S, et al.
Natural convection in water-saturated rock mass under
artificial freezing [J]. Journal of Mining Science, 2020,
56(2): 297-308.

(11) E A%, MR, 258 . B 00 M IF iy S m R &5 2 1

T AN VR i AR TR X L 36 F 5 (U], T PR AS K A
(A AR RR), 2021, 40(9): 101-108.
XIA C C, CHEN T H, LI Q. Comparative experimen-
tal study on frost heave deformation of saturated sand-
stone under closed and open unidirectional freezing condi-
tions [J]. Journal of Chongqing Jiaotong University (Nat-
ural Sciences), 2021, 40(9): 101-108. (in Chinese)

[12] WU W, YAN Q X, LIU C Y, et al. Experimental re-
search on microscopic and macroscopic damage evolu-
tion of artificial frozen sandy gravel [J]. Bulletin of Engi-
neering Geology and the Environment, 2024, 83(4): 103.

[13] LID W, ZHANG C C, DING G S, et al. Fractional de-
rivative-based creep constitutive model of deep artificial
frozen soil [J]. Cold Regions Science and Technology,
2020, 170: 102942.

[14] B4k, B, W2, %5 ARES M ANED =Rl k48 )

SRR SR B U R LT, A A D1 5 LR
2019, 38(4): 683-694.
YANG G S, WEI Y, SHEN Y J, et al. Mechanical
behavior and strength forecast model of frozen saturated
sandstone under triaxial compression [J]. Chinese Journal
of Rock Mechanics and Engineering, 2019, 38(4): 683-
694. (in Chinese)

[15] XUE Y, MIAO F S, WU Y P, et al. Probabilistic as-
sessment of constitutive model parameters: Insight from
a statistical damage constitutive model and a simple criti-
cal state hypoplastic model [J]. Journal of Earth Science,
2025, 36(2): 685-699.

[16] WANG L, SUH M, QIN Y, et al. Study on dynamic
constitutive model of weakly consolidated soft rock in
western China [J]. Shock and Vibration, 2020, 2020(1):
8865013.

[17] ZHAO Y H, ZHANG M Y, GAO J. Research progress

of constitutive models of frozen soils: A review [J]. Cold



10

T KRE5x3 £ FROPE

% XX A

[19

=

]

[

[l

[

[25]

[

Regions Science and Technology, 2023, 206: 103720.
XIE S J, HAN Z Y, CHEN Y F, et al. Constitutive
modeling of rock materials considering the void compac-
tion characteristics [J]. Archives of Civil and Mechanical
Engineering, 2022, 22(2): 60.

GU Q X, ZHANG Q, DAIW L, et al. A novel statisti-
cal damage constitutive model of rock joints considering
normal stress and joint roughness [J]. International Jour-
nal of Damage Mechanics, 2025, 34(2): 326-351.

CHEN Y Q, ZHOU B, ZHANG C, et al. A statistical
damage constitutive model of hydrate-bearing sediments
based on DEM tests with flexible membrane boundaries
[J]. Mechanics of Solids, 2023, 58(5): 1667-16809.
CHENG H M, YANG X B, LU J, et al. Statistical
damage constitutive model based on energy conversion
for rocks [J]. International Journal of Damage Mechan-
ics, 2025, 34(1): 186-210.

PR, BREMR, X SR T A AR A B K
HIGUELT]. 55 1%, 2022, 43(K4 T 2): 63-73.

JIA B X, CHEN G D, LIU F P. Damage constitutive
model of rock under high temperature and its verification
[J]. Rock and Soil Mechanics, 2022, 43(Sup 2): 63-73.
(in Chinese)

TIAN H, ZIEGLER M, KEMPKA T. Physical and
mechanical behavior of claystone exposed to tempera-
tures up to 1 000 “C [J]. International Journal of Rock
Mechanics and Mining Sciences, 2014, 70: 144-153.
WANG Z L, WANG S M, WANG J G. Hydro-
mechanical coupling behavior and statistical damage
constitutive model of deep marble with disturbance [J].
International Journal of Damage Mechanics, 2023, 32
(7): 889-913.

SRERA, AR, I, A = R IR T ER A R
Ui R[], 55+ TR 24, 2017, 39(8): 1444-1452.
ZHANG H M, XIE X M, PENG C, et al. Constitutive
model for damage of freeze-thaw rock under three-
dimensional stress [J]. Chinese Journal of Geotechnical
Engineering, 2017, 39(8): 1444-1452. (in Chinese)
TR, XUER, REERWL, L URELZ TN ) R RE S
b5 g it B AL 5 (7). R BB, 2024, 52
(5): 84-91.

ZHANG E F, LIU H, KANG Y M, et al. Study on
deterioration of mechanical properties and statistical
damage model of freeze-thaw loaded sandstone [J]. Coal
Science and Technology, 2024, 52(5): 84-91. (in
Chinese)

KPR, A, BRER, % . WA RGEKE miEk
FRATLOE 9 0. A 0 % 5 TR % 4l , 2023, 42(3):
575-584.

SONG Y J, ZHANG J, CHEN J X, et al. Study on

evolution characteristics of unfrozen water content In

(28]

(29]

[30]

[31]

[32]

[33]

[34]

[35]

fractured sandstone [J]. Chinese Journal of Rock Mechanics
and Engineering, 2023, 42(3): 575-584. (in Chinese)
M, T A MR =MD dbat: B R
i, 1998.

DU S Y, WANG B. Mesomechanics of composite
materials [M]. Beijing: Science Press, 1998. (in Chinese)
TREME, R . A 0 VR AR AR R £ ] R
fE AP BT[], 1272 4H, 2007, 39(1): 70-76.

NING J G, ZHU Z W. Constitutive model of frozen soil
with damage and numerical simulation of the coupled
problem [J]. Chinese Journal of Theoretical and Applied
Mechanics, 2007, 39(1): 70-76. (in Chinese)

FAR, MR, RHE, 5. B EABKENNE AL
TR A B RLBT 5L (0], 5 A 01 % 5 AR 2= 4, 2015,
34(H% 1) 2): 3676-3682.

WANG W, TIANZY, ZHU Q Z, et al. Study on sta-
tistical damage constitutive model of rock considering
pore water pressure [J]. Chinese Journal of Rock Me-
chanics and Engineering, 2015, 34(Sup 2): 3676-3682.
IR, w KA, BREP, & MM A AR - T - i
i A A B A [ Ho 2532 LI A + TR 24, 2017, 39
(8): 1477-1484.

LI T B, GAOM B, CHEN G Q, et al. A thermal-
mechanical-damage constitutive model for hard brittle
rocks and its preliminary application [J]. Chinese Journal
of Geotechnical Engineering, 2017, 39(8): 1477-1484.
(in Chinese)

SHI Z M, LI1J T, WANG J, et al. Experimental and
numerical study on fracture characteristics and constitu-
tive model of sandstone under freeze-thaw-fatigue [J]. In-
ternational Journal of Fatigue, 2023, 166: 107236.
KANG J, LIU E L., SONG B T, et al. Study on me-
chanical properties and constitutive model for polycrystal-
line ice samples [J]. Environmental Earth Sciences,
2023, 82(24): 585.

MG, LS, BAR . LT Weibull 7045 1 7 I A
A G AR A e HLBIE(T]. & 4 1%, 2021, 42
(7): 1894-1902.

JIANG H P, JIANG A N, YANG X R. Statistical
damage constitutive model of high temperature rock
based on Weibull distribution and its verification [J].
Rock and Soil Mechanics, 2021, 42(7): 1894-1902. (in
Chinese)

FIBE 5 oK REBR LAY S 0 o A P D 0 A 7 K A R 3
WF5EID]. dbat: s E Al (s, 2019.

BAI Y. Experimental research on mechanical properties
and creep constitutive model of ice-filled fractured red
sandstone [D]. Beijing: China University of Mining &.
Technology, Beijing, 2019. (in Chinese)

(%4 XXX)



