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Damage evolution and progressive failure mechanism of composite rock mass

under static loading
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Abstract: To study the mechanical characteristics of composite rock mass under static loading, static loading tests
of composite rock mass with different joint angles were conducted using a servo pressure testing machine, and the
compressive strength and crack propagation of the composite rock mass were compared and analyzed. Taking into
account the inhomogeneity of rock materials, an elastic damage constitutive model was established to reproduce
the progressive damage evolution process, and the energy dissipation characteristic was presented during loading.
The results show that: With the increase of joint inclination angle, the compressive strength of the composite rock
mass gradually decreases, reaching a minimum of 18.0 MPa at 45°. Then the compressive strength begins to
increase significantly, reaching a maximum of 43.0 MPa at 90°. The strength of the composite rock mass shows a

significant inverted U-shape change with the increase of joint inclination angle. An elastic damage constitutive
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model was established based on Weibull distribution. The constitutive model was verified by comparing the results

of uniaxial compression and Brazilian splitting tests with the simulation results. For composite rock masses with

different joint angles, the damage zone starts to originate on the coal side and expands along the joints until it fails.

The simulation results are in good agreement with the test results, realizing the characterization of the rock damage

process under static loading. Strain energy density begins to concentrate on the coal side and expands along the

joints, showing the spatio-temporal distribution characteristics of energy concentration.

Keywords: static loading; composite rock mass; damage evolution; progressive failure; energy evolution
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Table1 Testing results of samples with different joint angles
under static loading

Sample Group Angle/(°)
R 5 -

C 5 -

B 5 -

R-C1 5 0

R-C2 5 30

R-C3 5 45

R-C4 5 60

R-C5 5 90

Notes: R is rock; C is coal; B is disk specimen; R-C is composite
rock mass.
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Table 2 Testing results of composite rock mass at different
angles under static loading

Sample Group Angle/(°) o/MPa
R 5 - 40.0

C 5 - 20.0

R-C1 5 0 30.0

R-C2 5 30 25.0

R-C3 5 45 18.0

R-C4 5 60 22.0

R-C5 5 90 43.0

Note: o is uniaxial compression strength.
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f(u) is function distribution; u is the parameter of an individual element
(e.g., Young's modulus and strength); m is heterogeneity coefficient
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Fig. 6 Weibull distribution of Young's modulus of rock (coal)
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Table 3 Main parameters of rock in numerical simulation
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F, and F, are two functions reflecting stress states; D is the damage
variable, which lies between 0 and 1; E is elastic modulus;
UCS is uniaxial compressive strength
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Fig.8 Calculation flow of constitutive law of rock (coal)
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Fig.9 Uniaxial compression and Brazilian splitting of rock
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Fig. 11 Distribution of strain energy density for rock under static loading
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Table4 Micro-parameters of coal in model

Parameter Amorphous Clay and others
Radiu s,,;,/mm 0.18 0.18
Particle size ratio 1.52 1.52
Density p/(kg-m™) 1650 2200
Fraction factor u 0.3 0.32
Stiffness ratio k,/k; 2.82 2.7
Contact modulus E./GPa 8.0 6.0
Cohesive strength pb.,,/MPa 43 33
Tensile strength pb,,.,/MPa 27 8
Fraction factor (pb) 1 1

Sjkn 0.9 0.9
Sk 0.3 0.3
Sjten/MPa 17 16
Sjcon/MPa 60 60
5o/ (°) 20 20
S 0.4 0.3

%k

90°
K12 Ra R A

Fig. 12 Distribution of elastic modulus of composite rock mass
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Fig. 13 Horizontal displacement of composite rock mass

under static loading
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Fig. 15 Strain energy density of composite rock mass

under static loading

R EE T SRR A ALY, RSB .

() BESMERT, BAETHEMAENR N,
52 AR ) A R BN e N R R, TE 4508
KB /ME, S 18.0 MPa,  H: 3 P 4 B B R B4 i
Z 5.7 GPa, i VEAH VA8 B 8T ek /DN F 1.2%;

(2) B E SR T B2 A A IR 32 B A v e A
PR, 35 T Y R AR B B T A R R U
WAL, ST E A R N 0ol 90°/Y , B A A A
Wz B B BB/ AP, AR 300,
45°H1 60°HT, G RS A 0 S T SR

(3) & T Weibull 5315 #4) G 1 5501 43 1 A% ) A5
RSl g A2 S R 2 R L SR IE T A A
RV IE M, B VR T 2222 e A Y i 46 1
X, SEHLT A R R A i RAE

(4) A AT IR 2 N BB ) FE Ay A i A AR, BT
N AR fig 2% B S A B 5 G A AR N AR iR 4 A S IR
B R RAFIXTR C R, W T 2 & A IK7ERE
UK SN T R SR AL

Sk

[1] PAN Y S, WANG A W. Disturbance response instability

theory of rock bursts in coal mines and its application[J].



- 4700 -

EEMRER

[6]

(9]

Geohazard Mechanics, 2023, 1(1): 1-17.
B, RS, XA, 2. bl TN A H A Jrma
AR A BRIOESY (). 540 1% 5 TR 44, 2023,
42(1): 88-99.

ZHAO Hongbao, JI Dongliang, LIU Shaogiang, et al. Study
on dynamic response and constitutive model of composite
rock under impact loading[J]. Chinese Journal of Rock
Mechanics 42(1):

Chinese).
GONG F Q, WANG Y L, WANG Q. Peak-strength strain en-

and Engineering, 2023, 88-99(in

ergy storage index for evaluating coal burst liability based
on the linear energy storage law[J]. Geohazard Mechanics,
2023, 1(2): 153-161.

ZHAO Y S, FENG Z J. A brief introduction to disaster rock
mass mechanics[J]. Geohazard Mechanics, 2023, 1(1):
53-57.

B2 e, FEEDHT, Eilk, 4. RARE S A RBUOE AR B oY
FARHIE 1], H A 1525 TR, 2018, 37(S1): 3263-3278.
TENG Junyang, TANG Jianxin, WANG Jinbo, et al. The
evolution law of the damage of bedded composite rock and
its fractal characteristics[J]. Chinese Journal of Rock
Mechanics and Engineering, 2018, 37(S1): 3263-3278(in
Chinese).

R, JRVE, 2R B, A, BORE L2 A 2 R R S 1
FNIRIHFSE [T]. BERS4R, 2020, 45(S1): 230-238.

HUANG Feng, ZHOU Yang, LI Tianyong, et al. Laboratory
experimental study on mechanical properties and failure
modes of soft and hard interbedded rock mass[J]. Journal
of China Coal Society, 2020, 45(S1): 230-238(in Chinese).
KBz, ISR, THE, 45, SRR N AN S Eas
AT EHR A S 25 w5 [1]. A £ 1%, 2017, 38(S2):
183-190.

LIU Xiaoyun, YE Yicheng, WANG Qihu, et al. Mechanical
properties of similar material specimens of composite rock
masses with different strengths under uniaxial compres-
sion[J]. Rock and Soil Mechanics, 2017, 38(S2): 183-190(in
Chinese).

Wk, XUSCR, SEALIR], 2. BEA A A U SR T RON, 5 ik SR A
FEIRI (7], HEHRFAAHR, 2020, 45(5): 1691-1700.

YANG Ke, LIU Wenjie, DOU Litong, et al. Experiment on
interface effect and progressive instability characteristics
of coal-rock assembly[J]. Journal of China Coal Society,
2020, 45(5): 1691-1700(in Chinese).

R, WA, kT, S il R BRI A A S A RE
AL S MEAHERFSE [J]. A 01275 TR %R, 2019, 38(11):
2231-2241.

LI Chengjie, XU Ying, ZHANG Yuting, et al. Study on
energy evolution and fractal characteristics of cracked

coal-rock-like combined body under impact loading[J].

[10]

[11]

[12]

[13]

(14]

[15]

[16]

Chinese Journal of Rock Mechanics and Engineering, 2019,
38(11): 2231-2241(in Chinese).

RS, B, MUNTC. whili TR T A A G AR AR S
TR AT (7], 55 L TR, 2020, 42(5): 981-988.

LI Chengjie, XU Ying, YE Zhouyuan. Energy dissipation
and crushing characteristics of coal-rock-like combined
body under impact loading[J]. Chinese Journal of Geo-
technical Engineering, 2020, 42(5): 981-988(in Chinese).
R, TRA, U, A, AT IR A IR L
TR LI (1], MEaR244R, 2020, 45(5): 1773-1782.

LI Chengjie, XU Ying, FENG Mingming, et al. Deformation
law and failure mechanism of coal-rock-like combined
body under uniaxial loading[J]. Journal of China Coal
Society, 2020, 45(5): 1773-1782(in Chinese).

JELME, R, SRARIR, 45, KPR IRE & A R TE B R AE 1Y
BN ST (1. S5+ 7127, 2019, 40(2): 465-473.

ZHOU Hui, SONG Ming, ZHANG Chuangqing, et al. Effect of
confining pressure on mechanical properties of horizontal
layered composite rock[J]. Rock and Soil Mechanics, 2019,
40(2): 465-473(in Chinese).

EHGR. &2 5T A E R R R B i 52 B A (7).
g AR (L SRFIERR), 2013, 44(10): 4281-4286.

YAN Changbin. Analysis of instability mechanism of com-
posite rock mass with interlayer shear zone by catastrophe
theory[J]. Journal of Central South University (Science
and Technology), 2013, 44(10): 4281-4286(in Chinese).
ZHIC, FET, VNG, . ST 2B RIS SHPB S )
FRORFHEREHITE 1), 50 0% 5 TR, 2017, 36(12):
2872-2883.

LI Diyuan, HAN Zhenyu, SUN Xiaolei, et al. Characteristics
of dynamic failure of marble with artificial flaws under split
Hopkinson pressure bar tests[J]. Chinese Journal of Rock
Mechanics and Engineering, 2017, 36(12): 2872-2883(in
Chinese).

ZR b, R R, AR, A5 BT AR R M AR 2 AR A
AR T2 IE (1], A A 125 TRE2E4, 2014, 33(S1):
3042-3049.

LI Ang, SHAO Guojian, FAN Hualin, et al. Investigation of
mechanical properties of soft and hard interbedded com-
posite rock mass based on meso-level heterogeneity[]].
Journal of Structural Geology, 2014, 33(S1): 3042-3049(in
Chinese).

WA, TREDRS, TN, 55 FIRATE A ER 2 RA R E A
FERHERL 5 R IWESE (7). S50 J128 5 TR, 2010, 29(4):
743-756.

HUANG Shuling, XU Jinsong, DING Xiuli, et al. Study of
layered rock mass composite model based on characteris-
tics of structural plane and its application[J]. Chinese

Journal of Rock Mechanics and Engineering, 2010, 29(4):


https://doi.org/10.1016/j.ghm.2022.12.002
https://doi.org/10.1016/j.ghm.2023.03.003
https://doi.org/10.1016/j.ghm.2023.01.001
https://doi.org/10.11779/CJGE202005022
https://doi.org/10.11779/CJGE202005022
https://doi.org/10.11779/CJGE202005022
https://doi.org/10.11779/CJGE202005022

XIE Heping, ZHOU Hongwei, LIU Jianfeng, et al. Mining-
induced mechanical behavior in coal seams under

different mining layouts[J]. Journal of China Coal Society,

TOARSE, S W ARE T A S R O AL S i R LR - 4701 -
743-756(in Chinese). 2011, 36(7): 1067-1074(in Chinese).
(17]  BIMSK, B2 #y, ml, &5, RR BRI 7E R ST B 5 A B K (23] 5, o Eom, ERem, 55 B0 A U0 RE R AL LA S iR
ST R (7], SR 5% & TR, 2023, 40(1): 164- B (7], BEB4R, 2019, 44(12): 3894-3902.
173, 183. YANG Lei, GAO Fugiang, WANG Xiaoqing, et al. Energy
YIN Pengfei, YANG Shengqi, GAO Feng, et al. Application evolution law and failure mechanism of coal-rock com-
of different joint models in stratified composite rock DEM bined specimen[]]. Journal of China Coal Society, 2019,
simulation composite rock DEM simulation[]]. Journal of 44(12): 3894-3902(in Chinese).
Mining & Safety Engineering, 2023, 40(1): 164-173, 183(in [24] XU/ UL, SHEMAR TR 2040 0= T B 2 R 0 2 A5 M 780 IR T L
Chinese). i 1], HEB2EAR, 2014, 39(2): 292-300.
(18] 5, LPTH, AU 5. WA RS S LR AR BL K LIU Shaohong. Nonlinear catastrophy model and chaotic
REFROESE 1. #4005 55 TREAAR, 2022, 41(3): 559-572. dynamic mechanism of compound coal-rock unstable fail-
LI Ang, JI Bingnan, MOU Qian, et al. Failure mechanism of ure under coupled static dynamic loading[J]. Journal of
composite structure floors of deep coal and rock strata and China Coal Society, 2014, 39(2): 292-300(in Chinese).
its application[J]. Chinese Journal of Rock Mechanics and [25] LU, falihdl], X AHE, 200 1125 5 TA [M]. JLst Rl
Engineering, 2022, 41(3): 559-572(in Chinese). ik, 2013: 120-125.
(1] ZF, RUE. A =R I AR EEIER CAI Meifeng, HE Manchao, LIU Dongyan. Rock mechanics
A7) e, 2022, 47(8): 3037-3051. and engineering[M]. Beijing: Science Press, 2013: 120-
ZUO Jianping, SONG Honggiang. Study on energy evolu- 125(in Chinese),
tion law and differential energy instability model of coal-
[26] ZHU W C, TANG C A, HUANG Z P, et al. A numerical study
rock combined body[J]. Journal of China Coal Society,
of the effect of loading conditions on the dynamic failure of
2022, 47(8): 3037-3051(in Chinese).
(20]  JeHbT MERIT. S, 4 VL b 4 4 R AL rock[J]. International Journal of Rock Mechanics and
B SRR (7). 40 1% 5 T AR, 2011, 30(1): Mining Sciences, 2004, 41(S1): 348-353.
84-92. [27] ZHU W C, TANG C A. Micromechanical model for simulat-
ZUO Jianping, XIE Heping, WU Aimin, et al. Investigation ing the fracture process of rock[J]. Rock Mechanics and
on failure mechanisms and mechanical behaviors of deep Rock Engineering, 2004, 37(1): 25-56.
coal-rock single body and combined body[J]. Chinese [28] JID L, ZHAO H B, VANAPALLI S. Damage evolution and
Journal of Rock Mechanics and Engineering, 2011, 30(1): failure mechanism of coal sample induced by impact
84-92(in Chinese). loading under different constraints[J]. Natural Resources
[21)  ZE6F, Bk, HE L. ARIRIEA AL & 1 R 2 5 B et Research, 2023, 1: 1-29.
PEAHT 7). ThEm L2254, 2018, 47(1): 81-87. [(29] &A%, B, RULE, 5. vhilidi sl NA AR A AL 5 2k
ZUO Jianping, CHEN Yan, CUI Fan. Investigation on mech- AL (1], BEFAE, 2024, 49(S1): 197-207.
anical properties and rock burst tendency of different coal- JI Dongliang, CHENG Hui, ZHAO Hongbao, et al. Creep
rock combined bodies[J]. Journal of China University of damage evolution and instability induction mechanism of
Mining and Technology, 2018, 47(1): 81-87(in Chinese). rock under impact disturbance[J]. Journal of China Coal
[22]  HRIT, JRZA, X, 45 RIFTFR 4 0E T R 050 Society, 2024, 49(S1): 197-207(in Chinese).
7% (7). BEpeaa4i, 2011, 36(7): 1067-1074. [30] JIDL, CHENG H, ZHAO H B. A Voronoi tessellated model

considering damage evolution for modeling meso-
mechanical of the sandstone[J]. Engineering Analysis with

Boundary Elements, 2024, 158: 446-467.


https://doi.org/10.1007/s00603-003-0014-z
https://doi.org/10.1007/s00603-003-0014-z
https://doi.org/10.1016/j.enganabound.2023.11.013
https://doi.org/10.1016/j.enganabound.2023.11.013

	1 试验设计
	2 结果分析
	2.1 静载作用下应力-应变关系
	2.2 静载作用下破坏模式

	3 数值模拟分析
	3.1 材料的非均质性
	3.2 损伤本构关系
	3.3 破坏准则
	3.4 静力加载下的数值模型与验证
	3.5 渐进损伤分析
	3.6 能量演化分析

	4 复合岩体静力加载分析
	4.1 复合岩体参数
	4.2 复合岩体位移分析
	4.3 静力加载下损伤演化
	4.4 静力加载下能量分布

	5 结 论
	参考文献

