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Characteristics of strain softening of rocks and its damage constitutive model
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Abstract: The uniaxial and conventional triaxial compression tests were conducted on granite from Sanjiang region of Yunnan-Tibet
railway in the laboratory. The deformation characteristics and the damage evolution law of rocks were examined under different
confining pressures. The results show that the internal cracks experience five stages during the compression deformation process,
including no crack, crack initiation and stable propagation, crack accelerating propagation, crack decelerating propagation and crack
termination. In addition, confining pressure significantly influences deformation characteristics of rock. Based on the above analysis
and the damage model of micro units, a damage constitutive model is developed under the triaxial compression condition. The
proposed model has a simple function form and distinct physical meaning parameters, which can be used to describe both the
pre-peak and post-peak deformation characteristics of rocks. Furthermore, theoretical results obtained by this model are in good
agreement with experimental results in the literature. The rationality of the model is verified by the parameter analysis.
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Fig.2 Deviatoric stress and strain curves under different
confining pressures

140
—o— WL ]
03 | —a— A g 1120
____________ [od
L o2} Y0 &
7%9( ~
1 {60
| A e o =
H . Ot =
® 01t kl.—.—.—.—' .\.‘.cc_ 40
20
00 1 1 1 1 1 1 1 0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
B E R/ %
(a) o3 =0 MPa
|~ IR
Rl G e T ] 30
—&— RSy
02¢ A e 200
g : i %’
B | A e ~
5 oorf %1m§
< =
& &
0.0 0
,Ol 1 1 1 1 1 1 7100
00 01 02 03 04 05 06 07
SR AR/ %
(b) o3 = 20 MPa
04 )
—o— ZURRAN N AR o] 400
03 | 4 BEBBRE e !
: —— N 300
g 021 LT GG T 200 §
Jéé 0.1 5 R
B ; : o | 100 5
£ 00 N\ 0o =
01t L N

00 01 02 03 04 05 06 0.7 08 09 1.0
il 14 222/ %

() o3 = 40 MPa
B3 AEBEETAEARBREHRME L%

Fig.3 Crack volumetric strain curves under different
confining pressures
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Table 2  Fitting equations of damage evolution equation

FE SRR RGE AR

WAL LA
/MPa  /GPa /% 3 I o
1
0 78.32 0.11 D vy 0.949
1
3 78.49 0.11 D= TS 0.979
1
5 78.44 0.11 D = 0.995
1
8 78.46 0.11 D = T 0.984
12 ¢
10 b
n 08¢
I m 03=0 MPa {5k 45 1
2 06 — 03=0 MPa {775 L 75 F2 Hh 2k
’EL\—E o o03=3MPa i‘%fﬁ‘fﬁ%?ﬁ% \
® 04t — 03=3 MPa fi i s 5 FE Hh 2k
A 03=5 MPa il 1L4E R
oz L — 03=5 MPa i 1k 77 7 Hh 25
: o o3=8 MPa#fELLE R
0 — 03=8 MPa itfji i At /7 F2 it £k

00 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 2.2
SN & 1%

B8 MRS RS BRI 4 LB
Fig.8 Comparison between calculated results and
theoretical values of damage evolution equation

i, 3.3 ik, R A
A (5), WREIAICE AR, HS s

RXTEanE 9 frome W LAE H, AR SCESLI A TT
5 EIR ) & RAF, 7T LLRBCE A N AR AL
B AR50 I BB LSS E, TSAE T A SO A
R B R A o

500 r m 03=0 MPa {46 %

— 03=0 MPa A J7 FE i £
o 03=3 MPa i3 ¥If

400 — 03=3 MPa Ay 5 FE ih £&
Ao 03=5 MPa iR & Hd
200 — o3=5 MPa A 7 FE 28

¢ 03=8 MPa iR I £#5

200 +

i) ¥ 7 o IMPa

100

0 LN
00 02 04 06 08 10 12 14 16 18 20 22

HFISIE 21 1%
B9 RISHE S AT Lk L

Fig.9 Comparison between test results and theoretical
curves of constitutive model

42 BEHTRAE

TESEB SR AL b, 3 — 20 AR () S5
AT, REGIFBA & EEVE . AU H
AL TR H 2R 10 FioR, AWEIHATLLE H: O%
AEGAS AR, TR TR BT
M. P mE . AR s 5 M EL, X
55080 R AR 28 T R A R B A R A TR — B
1 @B AR AR TEAR RIS, 45 fE bl A T 3
K/, R BOABIA [ E, B &SRS
AT TR A A R, X5 O A B
YER R — 2.

12 -

10 |

08

BED

06
=
&lé:

04

02

0.0

0.0 05 1.0 15 20
IR A 61 1%

B 10 At s

Fig.10 Theoretical curves of damage evolution equation

ARSAFH A DT RE f 2 & 11 s, B
UL e A7 FE 2R RENS R AL A W iy b V&
Ja AT, RDZRFRPER B, ZBPERT B, AR



310 KM 5 RS ERA AR T4 M e A0 5 AR R A R A 5 2907
ALY B DA SR s o FE B B P AR TR s @Bl conditions[J].  International Journal of Rock

i B3GR, o A S DA 9 FEE AN A i R MG K
G T2 1 A

ity BB Hor i, WL, ARSCHRH 5
DIAFIRET BAT S B

500 -
400 03=0 MPa
o o3=3 MPa
% 300 03=5MPa
2 w0l 03=8 MPa
T
=
100 |
o 1 1 1 1
0.0 05 1.0 15 2.0
N & 1%

B 11 ASCARM TR LR

Fig.11 Theoretical curves of the constitutive model

5 45 it

(D HRkgie it pERE AL
TR, ERIFREY R YR, ¥R
PR AT e f5 1k 5 AP B

(2) EFHocht, SEHRKBOEARR, [
fig g8 — ik s A AR e R K O e, HLAR
P S PR SO .

(3) AT A IR, REMEAS AL A =T
PR Nl E VS S A = S e DA e e ¥ 2
Pl SR EAE . S8, RS
LS PL/RE YRR DN R VA E

2 % X MW

[1] T3, WRE, S50, %, RWIFREE %0
T[] EA 1S TSR, 2005, 24(16): 2803 —2813.
HE Man-chao, XIE He-ping, PENG Su-ping, et al. Study
on rock mechanics in deep mining engineering[J].
Chinese Journal of Rock Mechanics and Engineering,
2005, 24(16): 2803—2813

[2] WAWERSIK W R, FAIRHURST C. A study of brittle
rock fracture in laboratory compression experiments[J].
International Journal of Rock Mechanics and Mining
Sciences & Geomechanics Abstracts, 1970, 7(5): 561 —
575.

[31 YUMLU M, OZBAY M U. A study of the behaviour of

brittle rocks under plane strain and triaxial loading

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

Mechanics and Mining Sciences & Geomechanics
Abstracts, 1995, 32(7): 725—733.

PATERSON M S, WONG T. Experimental
deformation: the brittle field[M]. Berlin: Springer, 2005.

MOGI K. Deformation and fracture of rocks under

rock

confining pressure (2): Elasticity and plasticity of some
rocks[J]. Bulletin of the Earthquake Research Institute
University of Tokyo, 1965, 43: 349—379.

Fff, BT, R, S5 HETEE A =Rl g R
T o [ 35 35 PR AL R BT SL (3], o 1%, 2016,
37(10): 2761 —2768.

WANG Wei, LI Xue-hao, HU Da-wei, et al. Permeability
evolution of brittle rock in progressive failure process
under triaxial compression [J]. Rock and Soil Mechanics,
2016, 37(10): 2761 —2768.

FICAE, BB, T, S ORBUE WO =R e it
RS M A IR MW ] A b %S TSR,
2004, 23(15): 2489—2493.

LU Yun-de, GE Xiu-run, JIANG Yu, et al. Study on
conventional triaxial compression test of complete
process for marble and its constitutive equation[J].
Chinese Journal of Rock Mechanics and Engineering,
2004, 23(15): 2489 —2493.

fiphh, BB, KORT, S5 TUA & A A R E R R
W), A4 J1%, 2015, 36(3) : 609—616

HENG Shuai, YANG Chun-he, ZHANG Bao-ping, et al.
Experimental
shale[J]. Rock and Soil Mechanics, 2015, 36(3) : 609—
616.

KFES, RN, TR, & RS E A MR
FiBid 22 A iR I A BUE R[] Bk 224k, 2015,
40(8): 1774—1782.

ZHANG Chun-hui, ZHAO Quan-sheng, WANG Lai-gui,

research on anisotropic properties of

et al. Test and numerical modeling on strain softening
behavior and permeability evolution of rock under triaxial
compression[J]. Journal of China Coal Society, 2015,
40(8): 1774—1782.

GURSON A L. Continuum theory of ductile rupture by
void nucleation and growth. Part I. Yield criteria and flow
media[J].
Engineering Materials and Technology, 1975, 99(1):
297—300.

SKRAENE, BTEAL, AT, A AR R A TR
PR, & A 55 TR AR, 2003, 22(1): 30—34.

rules for porous ductile Journal of



2908 ¥ +

71

2 2017 4

[12]

[13]

[14]

(15]

[16]

[17]

(18]

[19]

[20]

ZHANG Quan-sheng, YANG Geng-she, REN Jian-xi.
New study of damage variable and constitutive equation
of rock[J]. Chinese Journal of Rock Mechanics and
Engineering, 2003, 22(1): 30—34.

RS, BB, ShhE A A B A An L RE
HAMBRIBT R[] 60 55 R4, 2001, 20(4):
425—431.

REN Jian-xi, GE Xiu-run. Study of rock meso-damage
evolution law and its constitutive model under uniaxial
compression loading[J]. of Rock
Mechanics and Engineering, 2001, 20(4): 425—431.
KRAJCINOVIC D, SILVA M A G. Statistical aspects of

Chinese Journal

the continuous damage theory[J]. International Journal
of Solids and Structures, 1982, 18(7): 551 —562.
KRAJCINOVIC D. Continuous damage mechanics[J].
Applied Mechanics Review, 1984, 37(1): 1—5.

EEZ. AR RAZM]. bRt SR Tk
L, 1993.

TANG Chun-an. Break in rock failure[M]. Beijing: China
Coal Industry Publishing House, 1993.

WOCTt, R, SRR, SF. BB AR R A A
7 AR AR AL 353 O AR R T ] 8 2 TR ]. A& D
22011, 32(3): 647 —654.

CAO Wen-gui, ZHAO Heng, ZHANG Yong-jie, et al.
Strain softening and hardening damage constitutive model
for rock considering effect of volume change and its
parameters determination method[J]. Rock and Soil
Mechanics, 2011, 32(3): 647 —654.

DARABI M K, AL-RUB R K A, LITTLE D N. A
continuum damage mechanics framework for modeling
micro-damage healing[J]. International Journal of
Solids and Structures, 2012, 49: 492 —513.

FENG Xi-giao, YU Shou-wen. Damage micromechanics
for constitutive relations and failure of microcracked
quasi-brittle materials[J]. International Journal of
Damage Mechanics, 2010, 19: 911 —948.

SHAO J F, CHAU K T, FENG X T. Modeling of
anisotropic damage and creep deformation in brittle
rocks[J]. International Journal of Rock Mechanics and
Mining Sciences, 2006, 43: 582—592.

winse, I, AR, S5 WA AR = AR
I KRBT S s AR R 0], & A e S TR
&, 2011, 30(3E T 2): 3857—3862.

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

ZHANG Zhi-liang, XU Wei-ya, WANG Wei, et al.
Investigation on conventional triaxial compression tests
of ductile rock and law of deformation and damage
evolution[J]. Chinese Journal of Rock Mechanics and
Engineering, 2011, 30(Supp. 2): 3857 —3862.
FAIRHURST C E, HUDSON J A. Draft ISRM suggested
method for the complete stress-strain curve for intact rock
in uniaxial compression[J]. International Journal of
Rock Mechanics and Mining Sciences, 1999, 36(3): 279
—289.

RABOTNOV Y N. Creep rupture[M]//Applied
Mechanics. Berlin: Springer, 1969: 342 —349.
KACHANOV L M. On creep rupture time[J]. lzv. Akad.
Nauk. SSSR, Otd. Techn. Nauk, 1958, 8: 26 —31.
LEMAITRE J. A continuous damage mechanics model
for Journal
Materials and Technology, 1985, 107(1): 83—89.
WKL, SR E R B R R[] & T8
24, 1993, 15(3): 21—28.

ductile materials[J]. of Engineering

SHEN Zhu-jiang. An elasto-plastic damage model for
cemented clays[J]. Chinese Journal of Geotechnical
Engineering, 1993, 15(3): 21—28.

WOCE, B, A, A R TR AU BURHIE
fra AR A B G A T[], BT
%, 2012, 45(6): 139—145.

CAO Wen-gui, ZHAO Heng, LI Xiang, et al. A statistical
damage simulation method for rock full deformation
process with consideration of the deformation
characteristics of residual strength phase[J]. China Civil
Engineering Journal, 2012, 45(6): 139 —145.

WASE, ¥, #EEA. S0 e SO e R
ERPI]. 155 sk, 1997, 19(2): 1—5.

XIE He-ping, JU Yang, DONG Yu-li. Discussion on the
method of elastic module
definition[J]. Mechanics and Practice, 1997, 19(2): 1—
5.

MRS, & AR BRI FERLSS R[], KEFEFRHR
247, 2001, 31(3): 288—293.

CHEN Jian-ping. Towards understanding of dissipative

in the classic damage

structure deformation process of rock and soil mass[J].
Journal of Changchun University of Science and

Technology, 2001, 31(3): 288 —293.



