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A TIME-DEPENDENT THERMO-MECHANICAL CREEP
MODEL OF ROCK
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Abstract: A coupled thermo-mechanical creep model of brittle rocks under constant temperatures is proposed
based on the theory of rock deformation and thermodynamics. In the model, the heterogeneity of the rock is
incorporated. Both the maximum tensile stress criterion and Mohr-Coulomb criterion are used to control tensile
damage and shear damage in brittle rocks, and finite element formulation is implemented into COMSOL
Multiphysics. A series of numerical simulations are performed and the numerical model is validated against
experimental data. Numerical simulations show that the proposed model well captures the typical three creep
stages, i.e., primary creep, secondary creep, and tertiary creep of rocks under different constant temperatures.
Moreover, numerically simulated cumulative AE counts is consistent with the trend in axial strain of rock, and
there are clusters of AE counts during the initial primary creep stage and the tertiary creep stage.
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Fig.12 Variation in time-to-failure with temperature under
different temperature

Bl 13 451 T AR 5 4 R AR

ﬁ 307 4 =05237-1.22x10°8
52.5- (R?* =0.9115)
M 2.0
)l-_mlE

1 107
©0.54

0.0

20 30 40 S0 60 70 80 90 100
HEE/(C)
K13 AN[RIRE T A A i AR T 4 5 JRLE 10 5% A% i 2k
Fig.13 Variation in steady strain rate with temperature under

different temperature

gia UL EBUE RN SE RT DA Y, A SO A
I S T 2E A MY PR AR = B BORFAE, R SESG:
S5 P AR &, TR 1 2R DA S A A,
WA R . S A AT R AR AR B DL R R
ot 5 A i 2 T LL I, /7R T I AR a2
PN BB B oI R AL R S5 R T T BUE
LAV SE IR b (R P 3 S I AN R BL A )4
N BE A IR AR BB, SR ZIM R R 1 iR A
230t g AR I A AR e, AR — B TR
FRA™ S BURR AL B A B AN B AR )
HI TR R AR AL T —Fh Al AT AR AT

5 Z5ip

ASCHE T AN ER AR T A P e i A2 HUE
BRI TG R, b 1IN A i AR 4 A e
(IR, FRENT T I Bt A5 () A U AR 43495 A A
B, 1FBILLR L4518

(1) BHMEL TR ERIATE 7R (A6 6
BIFE) WA T UL S AN A T, ST
I AR - N ) R SR R B A I R AR
B . fE O BR o % fH B L8R COMSOL
Multiphysics f2ER |, i2H MATLAB 4afs — ikt
K, ZIEAAMAEZFURE, &t JiRE-R S
YRR T 5 I 280 AR A A () U SR A 72

(2) iz SR BT BUA R, JERIC KR



T ®

e 9

RIR 10 S 56 45 RS BLAGIE 1A PR v B A B
IER: UM ST YN EON Ay T K B N BT S
AR R e B = AN B BRI IR IR AL
B, FasE i ALY BO N A2 f Br. AL 25 AN
WIS A5 RS, UEWIAS SO ST R R AR a0 i Y
HE % & P E B 1L S AN R 05 2 T AE I A AR i AR
FHIE

(3) AR B NI A F T o A ik A i AR 45 405 ok
R RE AR B, IR B A A R A i 1 =
FERIUNPIATTH : — il BRI B3R 51 1 1% i i
ARG ORI L BTN 7 AE R i AL
AR R R A A R AR L iR AR AR
F B, E A RS E G AL I (R RRAE, B
Gy NI AL B B R A RASBIR o TN 1
T 26 0 i A2 2R A A RBER & Hh o A R 9 8 B
Y A2 105 AP I 1k o

EEP S

[11 Roo)™, XU, BoK, . FRIRE BN NTE R A

AR AR R RN &A% E TRk,
2011, 30(9): 1882—1888.
Zhu Yuanguang, Liu Quansheng, Kang Yongshui, et al.
Study of creep damage constitutive relation of granite
considering thermal effect [J]. Chinese Journal of Rock
Mechanics and Engineering, 2011, 30(9): 1882—1888.
(in Chinese)

[21 Brse, @, FHM, % AREREREPRE T

W6 A IR R AE T AL []. AR 1% 5 TR %R,
2015, 34(6): 1228—1235.
Chen Liang, Liu Jianfeng, Wang Chunping, et al.
Creeping behavior of Beishan granite under different
temperatures and stress conditions [J]. Chinese Journal of
Rock Mechanics and Engineering, 2015, 34(6): 1228—
1235. (in Chinese)

[81 E&BM, Brsw, oKHE, 55 BRI )16 5 A i

A g FE A BB T 0], A 5%, 2014, 35(9):
2493—2500, 2506.
Wang Chunping, Chen Liang, Liang Jiawei, et al. Creep
constitutive model for full creep process of granite
considering thermal effect [J]. Rock and Soil Mechanics,
2014, 35(9): 2493—2500, 2506. (in Chinese)

[41 WK, WEEE, B 25 RE IR ER RAA
MR AT, 4 L 71%, 2009, 30(8): 2245—2248.
Hu Qizhi, Feng Xiating, Zhou Hui. Study of creep model
of rock salt with thermal damage considered [J]. Rock
and Soil Mechanics, 2009, 30(8): 2245 — 2248. (in
Chinese)

[51 Zhang S, Nakano H, Xiong Y, et al. Temperature-
controlled triaxial compression/creep test device for

[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

thermodynamic properties of soft sedimentary rock and
corresponding theoretical prediction [J]. Journal of Rock
Mechanics and Geotechnical Engineering, 2010, 2(3):
255—261.

Ye G, Nishimura T, Zhang F. Experimental study on
shear and creep behaviour of green tuff at high
temperatures [J]. International Journal of Rock
Mechanics and Mining Sciences, 2015, 79: 19—28.
/N, R, RO, . SR IR IR R N )
LA A A A 1S TR A, 2005, 24(12):
2054 —2059.

Gao Xiaoping, Yang Chunhe, Wu Wen, et al.
Experimental studies on temperature dependent
properties of creep of rock salt [J] . Chinese Journal of
Rock Mechanics and Engineering, 2005, 24(12): 2054—
2059. (in Chinese)

B, BARHTE, B4 B, % BREEEREN G
PE G RE R BT FE 0], & A 57 5 TR 244k, 2008,
27(1): 90—96.

Xi Baoping, Zhao Yangsheng, Zhao Jinchang, et al.
Study on coupled thermos-mechanical creep properties
of bedded rock salt [J]. Chinese Journal of Rock
Mechanics and Engineering, 2008, 27(1): 90—96. (in
Chinese)

BHPE, EAKCE. BOE AR AR RE RS K S 5843 H 9]
HER SR, 2012, 37(H4F) 1): 81—85.

Li Jianguang, Wang Yongyan. Experimental analysis of
temperature effect in creep of soft rock [J]. Journal of
China Coal Society, 2012, 37(Suppl 1): 81—85. (in
Chinese)

sk, BETE, HEE, & miR=gER TERE =
YR AL BB SE ). e A 02 S R AR, 2009,
28(5): 875—881.

Zhang Ning, Zhao Yangsheng, Wan Zhijun, et al. Model
study of three-dimensional granite creep properties under
high temperature [J]. Chinese Journal of Rock Mechanics
and Engineering, 2009, 28(5): 875—881. (in Chinese)
Chen L, Wang C P, Liu J F, et al. A damage-mechanism-
based creep model considering temperature effect in
granite [J]. Mechanics Research Communications, 2014,
56: 76 —82.

Heap M J, Baud P, Meredith P G. Influence of
temperature on brittle creep in sandstones [J].
Geophysical Research Letters, 2009, 36(19): 1—6.

Heap M J, Baud P, Meredith P G, et al. Time-dependent
brittle creep in darley dale sandstone [J]. Journal of
Geophysical Research: Solid Earth, 2009, 114(B7): 1—
22.

Weibull, W. A statistical distribution function of wide
applicability [J]. Journal of Applied Mechanics, 1951,
18(3): 293—297.

(2% CHR[15] —[20]%: 55 25 1)



T ®

2 25

ERUSE (MR B OIOR 4T A o) 2 ST I )
JR B FE AR A R FETE~40 Y%~ —10 %2 8] o R i
w, AR S R R I R OK

(2) HEBEEHEEIEIG, L7 RMT 5 B
X 3k PR P SR ol B P R, R R e RN

(3) FBREEEHEMBIE S, CXGEN S ERME
R TR B RN B 5 XTI 1 B33 ) 42 ok
BCOUAR B X3 3 A AR AN K, H XU B 55 12 T BT
TR o I K

EE P

[1]  Sugiura K, Maeno N. Wind-tunnel measurements of
restitution coefficients and ejection number of snow
particles in drifting snow: determination of splash
functions [J]. Boundary-Layer Meteorology, 2000, 95(1):
123—143.

[2] Huang N, Sang J, Han K. A numerical simulation of the
effects of snow particle shapes on blowing snow
development [J]. Journal of Geophysical Research
Atmospheres, 2011, 116(D22): 10.1029/2011JD016657.

[3] Lii X H, Huang N, Ding T. Wind tunnel experiments on
natural snow drift [J]. Science China Technological
Sciences, 2012, 55(4): 927—938.

[4] Kok J F, Parteli E J, Michaels T I, et al. The physics of
wind-blown sand and dust.[J]. Reports on Progress in
Physics Physical Society, 2012, 75(10): 1660—1669.

[5] Zwaaftink C D Groot, Diebold M, Horender S, et al.
Modelling small-scale drifting snow with a Lagrangian
stochastic model based on Large-Eddy simulations [J].
Boundary-Layer Meteorology, 2014, 153(1): 117—139.

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

Huang N, Wang Z. A 3-D simulation of drifting snow in
the turbulent boundary layer [J]. Cryosphere Discussions,
2015, 9(1): 301 —331.

JREZRE, XA, BN, S, hok 8 H TR
BRI, TR J1%, 2015, 32(1): 36—42.
Zhou Xuanyi, Liu Changqging, Gu Ming, Tan Minhai.
Application of Lagrangian method to snowdrift model [J].
Engineering Mechanics, 2015, 32(1): 36 — 42. (in
Chinese)

JES, EEE, g, B, e RBIE
oy A R A B H 75k S B S BT ST ). AR,
2017, 34(2): 21—27.

Zhou Xuanyi, Tan Minhai, Yan Keqin, Gu Ming, Hu
and field
measurement on snowrift [J]. Engineering Mechanics,
2017, 34(2): 21—27. (in Chinese)

Bagnold R A. The physics of blown sand and desert
dunes [M]. London: Methuen, 1941.

Naaim M, Naaimbouvet F, Martinez H. Numerical

Xuefu. Lagrangian method modeling

simulation of drifting snow: erosion and deposition
models [J]. Annals of Glaciology, 1998, 26: 191 —196.
Ungar J E, Haff P K. Steady state saltation in air [J].
Sedimentology, 1987, 34(2): 289—299.

Anderson R S, Hallet B. Sediment transport by wind:
Toward a general mode [J]. Geological Society of
America Bulletin, 1986, 97(5): 523.

Pomeroy J W, Gray D M. Saltation of snow [J]. Water
Resources Research, 1990, 26(7): 1583 —1594.
Nishimura K, Hunt J C R. Saltation and incipient
suspension above a flat particle bed below a turbulent
boundary layer [J]. Journal of Fluid Mechanics, 2000,
417: 77—102.

(EFEE 9 )

(15] fH5s, WA, JB7 B, 55 L =Rk g6t
R FE[0]. TARE A%, 2013, 30(10): 205—210, 218.
Fu Qiang, Xie Youjun, Long Guangcheng, et al. Study on
statistical damage model of triaxial creep of concrete [J].
Engineering Mechanics, 2013, 30(10): 205—210, 218.
(in Chinese)

HE S, Morte, B, FrERk. W R IG5
PiAR R SIS [T]. TAE /1%, 2013, 30(4): 249—
253.

Zeng Guowei, Yang Xinhua, Bai Fan, Yin Anyi.
Experimental researches on a visco-elastoplastic creep
damage constitutive model of asphalt mastic [J].
Engineering Mechanics, 2013, 30(4): 249 —253. (in
Chinese)

TEh, EE, ROEHE. R IE AR 5 R R A
IR K I FEREHEAT 0], A2 D1, 2016, 33(34TI):
49—55.

[16]

[17]

[18]

[19]

[20]

Wang Yingchong, Wang Ding, Hao Shengwang. Creep-
stress relaxation coupling failure in concrete and its
critical power-law behavior [J]. Engineering Mechanics,
2016, 33(Suppl): 49—55. (in Chinese)

Lu Y, Elsworth D, Wang L. A dual-scale approach to
model time-dependent deformation, creep and fracturing
of brittle rocks [J]. Computers and Geotechnics, 2014,
60: 61—76.

Brantut N, Heap M J, Meredith P G,
Time-dependent cracking and brittle creep in crustal
rocks: A review [J]. Journal of Structural Geology, 2013,
52(1): 17—43.

Xu T, Tang C, Zhao J, Li L, Heap M J. Modelling the
time-dependent rheological behaviour of heterogeneous
brittle rocks [J]. Geophysical Journal International, 2012,
189(3): 1781 —1796.

et al



