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Particle Flow Simulation of Splitting Mechanical Properties of Rock with
Cross-Cracks at Different Angles

HE Changyao', CHEN Junzhi’, REN Chunfang’
(1. Faculty of Public Safety and Emergency Management, Kunming University of Science and Technology, Kunming
650093, Yunnan, China; 2.Faculty of Land Resources Engineering, Kunming University of Science and Technology,
Kunming 650031, Yunnan, China)

Abstract; To understand the splitting-tensile behavior of internal cross-cracks in rock, discrete element splitting
simulation tests were carried out by using a particle flow code (PFC*”) based on the physical and mechanical parameters
of rock obtained from laboratory tests. The results show that the tensile strength of specimens with pre-fabricated cracks is
lower than that of intact specimens. When the angle between the main crack and the loading direction ranges from 0° to
60°, the peak strength of specimens decreases with the increase of the secondary crack angle; when the angle ranges
from 60° to 90°, the peak strength increases with the increase of the secondary crack angle. In general, the tensile
strength of specimens follows the rule that the larger the angle difference between the main and secondary cracks, the
smaller the tensile strength. Under splitting loading, pre-fabricated cracks do not change the loading mode of specimens
but only reduce their bearing strength. Micro-cracks in cross-crack specimens are dominated by tensile micro-cracks,
which initiate near the tips of pre-fabricated cracks, propagate toward the loading ends and coalesce with increasing
load, resulting in specimen failure. Irreversible transformation of internal energy occurs during rock failure. When the
loading reaches the storage limit of elastic strain energy, the elastic strain energy is rapidly converted into dissipated
energy for micro-crack initiation and propagation as well as particle movement. A large number of acoustic emission
events occur simultaneously, and the number of micro-crack increases exponentially.
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Fig.1 Model of cross-crack rock specimens
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Table 1 Microscopic parameters of intact rock
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Table 2 Relative errors of macro- and micro-test results
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Fig.2 Comparison between laboratory test and numerical simulation test
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Fig.3  Stress-strain curves and micro-crack number of specimens with coincident crack angles
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Fig.4  Effect of cross-crack angle on specimen strength
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Fig.5 Micro-crack evolution during splitting of cross-crack specimens
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Fig.6  Crack growth and propagation process of specimens at a=60°



%54 T B, 45 AN TR A7 B2 A SUREUHR A1 85 540 24V RE Y J0RE SRS 23

VBB RiT20% VAL I RF

(a) @=0°; (b) a=30°; (¢) @=60°; (d) @=90°; (e) a=120°; (f) a=150°
B7 B=150°HiHRALEY RITE
Fig.7  Crack growth and propagation process of specimens at 8= 150°

B T 0 83 X, LR I > TR S RTS8 SR EORRE N R RS i A e B
XU I FERRE I AL U B R RUE A 2 T . — 2 PR B0 S5 4 1) 28 i e Ay
2 HENE AL ARG BN T SR i B 3 4 A 7 5 R S SRk



24 7R

T i 46 %

PRI T S 5 T 480 B 85 4 1) T ok 4 80 R
s AR R . Hoh B 1 5 F 58 B0 R
BYREIR S BAZL IR 5 B IR B A8 B Bl
FEARBEIR T (R Sl A & B RRE AR, 2R BN
Iz 5 TR RS0 f BN B B A R 5 U
2 53¢k [ 28 ] F il AH A< B 58 SR I I 3] 1)
“4 R RIETE B " BB, X & B TR A
FEIR ZALU | oy 404% 18 28 45 S LU A U R A e K
255, 55 043 I R A ) S U W R L
B0y H AL v ] 320 ) 77 1] 2B B A R 2R K
3 RN RHEOAF e E LI

Fr AR 5 N 5 RBUE VI G, At
TR FRAR AL A R AE . SCRIR [ 29 ] 6 75 K ot
e P R G0 (32 1t RIS ) |, o LA
SEIABERN U, G5 G RT1#5—E ae,

U=U"+ U
Ko, UCHFERRE U N AERE

H UG AT 7R AR SN 2 A i R v
et S & EAFIE R A T 54k
3.1 RXBGLAERREEEL

PFC?” BB HF ] Wil MU 25070 19 28 2 3%
BB )4 e G AL, IR IR A Akctr 2k 5 0 B8 1 S g
e, PEHERAETM AR kA B R
SRR BN 7738 K T HRAORT [ 2 fisk 7 3 T i A7 ) 53 Lo
AR IERNE R AR RE S5 B 45 8 , 43 BIAE T 00k I, AR
EIRhah R RE S PHLUE BE AR A FERLRE 43, X0
AR (1) B 4% S BHLJE A 5 2h g s i Btkiz sl R B, AR
V22, R WA S R - 2%

Bl 25 0TI RFEE AR, A A0 R PN R 45 20 7 R A
REE A F— ARG 7E PRC? FRATE S — WA & 5 =R
PECRN A — 25 R ED) o S5 B4R 1) 48 B i 1]
7R ST RS R i A M £ mT U 43 B R
G R P e L ST SH AR R BN X R, U
a=60° R, A HASG X IR T o= 120°38 A i RE
MIRE RIS 2 SR, il 8 iR, &l 8 b, B
e R TN AR P T A e AR e R Y SRR g
R0 L6 5 IV AR B 4R R N AR BB S B 45 BE A s FELRE
J e BE S RE MR REZ 1, XF LRl 4 w0, & 8
SR 1 255 X L N -y A i 2R AR b SRR AL, R
Hoh=A BB,

VIR FEAR BT BL(0A) < B ABE LI AF RETE A7 T
e BEAR 17 IR Ar Setifi i , LB B L7 JoRE R AEHK
SRS,

(1)

LI IV RS BT B (AB) i A RE R
IIHAR NSRRI AR BE (D AR BRI B AT BB
FERCHN L, HAw A BE-5 DL REHh 2T iR o 8, i ad
PRSI AT L e B R RS A O
e

INERIRB B (BC) - B4 A BEFFLL3 i, 1 A2 fiE
IR RERERR BR A UL, 5% A M FERKAE , I TR
P JBURLAS 3l b v i BE 5 S BHE , FEAE Hh 2Rl 4
R WO 7P R S <R RO 25 0 8l , R IR BGR i
R Ak,

20
10 12) [ %5 B
- - - HinGE C
—— RAERE
8 |- #hak 115
- — Mgl o
£ 6 =
i 10 ¢
e 4 @
29
= ,%
2 5
0 —== o
1 1 ! 0
0 0.1 0.2 0.3 0.4
20
15
&
S~
0¥
&
®
5
0

1
0.1

0.3

s /10°
(a) a=60° B=120°; (b) a=120° B=60°
8 ERLG60°, 120 AR ERU S E RS RE
Fig.8 Comparison of energy conversion and acoustic emission

for primary cracks at angles of 60° and 120°

TR ABGAE I 2 ISR RN
ANTFIAE SUHL A i RE AR A2 ] i 2306 (L Pof 179 i R AR B
SFEHRE ARG L an i 9 fras . IR L B<60° 1T, ik
FEAE R PR 5 RS0 o (B R AARREA ;24 60°<B<
90°H} , oo BB AL g REAR B R 57, XIS 5 0] ) A%
ARSI ARG . B 3 IR L0 BE 3 K, 38 LR BUAFE
SR UAL S S =5

FEMRE A fh e 5 5 it e A B AR fb f S AR — B,
SRR 32 2480 o (E 3G K AERE IS T, HON AR gk K, X
NFERREWE K 38 A A, £ IR SUA B 2 (A
K BB 58 IR /)N | AH R 19 107 AE BE it A7 A PR A

3.2



55 4 )

T B, 45 AN TR A7 B2 A SUREUHR A1 85 540 24V RE Y J0RE SRS 25

N, 0 @=0° B=90°Y a=90° B=0°TNZ A LA, fiF
REM BRAE /N, 4> 30 2 298.186 .1 789.531 J, H 3= %44y
(AN R €A AT

6000

(a) [a—p=0° —e— p=15° —A— p=30° —v—f=45°
—o— [1=60° —x— [=75° —a— [=90°

5000

4000

3000

AeRHE/J

2000

1000

0 1 1 1 1 1 1 1
0 15 30 45 60 75 90 105

FRLa/ ()

(b) [~a—f=0° —e— f=15° —a— j=30° —v—fj=45°
120 b [emp600 —— p=75° —e— p00°

140

100 |

80 -
o0

29
qm

1/J

40

20

0 15 30 45 60 75 90 105
FREa/ ()
(a) PHRERRIR; (D) FEALAE
B9 ARXZXXAGAHEMEERRSFERBEEL
Fig.9 Variations of energy storage limit and dissipated energy

for specimens with different cross-crack combinations

4  THREEEN

HET A AR B TS R SO
e T R R R AL B B IFFE.4536 , T S 1L 24 i PR 4
R S TRA IR — 5%

1) 16 AR T RS 5 KR AN G B , R 50 L
ST IR A A0 P R M DA 5 A R,
5 T YR A 2 (A BB B %K 1K B
S5 S P R S XU [X B, 3 24 i B 2 0 A 5
W WK

2) FEICIPINE B IR | B 7 B4 B
R TR O VE BUB0 S SR O [ Sk A T 150 ~
30° (S0, 2T 00T AT R T 0 5 %
FAK I G R e R e % 3 v
S0 i 2 R B 2R A XSS e Ak 380 578 3o ST
B RSy A RS SR 1 1 S B
B 5 B,

3) FEFFARE T ik REOALTF 2 T S 5

B, AR 5 BT 52 A Il AR I Bl | A8 2% A0 (143
P RBUHAR MO, nAKFEMOCREUR &7 575 R S
AR BRI , 78 58 SRR v 2 19 o fe DX 3 807 39
I ZR G R P R 8 B A B AR
(B A5 5, S5 BTl 0 1 15 A 1)) 3 25 1 I 5 XU
POA, PREEA LS 18 R 755 5 R TR i T 5 32
LA,

5 Zhik

1) &P 52 SRS IR T 7 5 B AR T 50 Bk
o 5 W50 B8 o 2 A A R AL B el T 3, &=
UL BE ZE (MR URE DT 5 BB/ | HL 3238800
SIS T

2) BERUER AR RCR S AR RSO £, 58
SRBUIAACAT AR B R 5 B2, AN e FEA i
RIGIN 32 JI B 5 (R B2 W A T 5 45 3807 1) e FR B
UNBESA & MY =2 Y ST EEI Y anv eSS Ve

3) A BE R R RE AN n] 0 AL | SR AR
RE T 2 A7 BIR 3t 38 2 fb D FERILRE , [R5 PR Bl A K
SRR RSO BN K R R G JE 25 (H
R IARE N AZ BEAH REAR R I

4) TREMIEE B B E i HE A EUCRAUN 22 (H
BRI LB M 5 SCH BT | B 0 G T B AU R
L0 139 R 150 ~30° BB AL, I S Xt 58 X2
B A E 2E(ER 1Y DX SRSt A D 53k 5 7 85 16 DX el A 15
ARG, LU S RO 0 RSS2
[l 27 2K

S 2% UL ( References)

(1] PRI, &R R 45, RBRE A T TREARE M 5T & e

BF[I]. EA 1S TR, 2021,40(10) :1945-1961.
Chen Weizhong, Wang Luyu, Tan Xianjun, et al. State-of-the-art and
development tendency of the underground engineering stability of frac-
tured rock mass[ J]. Chinese Journal of Rock Mechanics and Engi-
neering, 2021,40(10) :1945-1961.

[2] MaSZ, LuKW, GuoTF, et al. Experimental and numerical inves-
tigation on the mechanical characteristics and failure mechanism
of cracked coal & rock-like combined sample under uniaxial compres-
sion[ J]. Theoretical and Applied Fracture Mechanics, 2022,122;
103583.

(3] RIS, JASREL AR PN A5, 38 O BUA R R A e S R R b

WFE[T]. BIATHE, 2026,46(2) :36-43.
Tang Xiyuan, Zhou Zonghong, Xu Yang, et al. Crack propagation
and energy evolution of rock mass with cross-fractures[ J ]. Mining and
Metallurgical Engineering, 2026,46(2) :36-43.

(4] FMVEAR, XU, FPSC, 45, BESA TS R 40 3l g e LA B H



26

[N

T

o 46 %

[10]

[11]

[12]

[13]

AR REm ], At F1%, 2023,44(11) ;3128-3140.
Sun Qiancheng, Liu Yue, Wang Qingwen, et al. Law of disturbed
stress rotation induced by hard rock excavation and its influence on
rock fracture[ J]. Rock and Soil Mechanics, 2023,44 (11) ;3128-
3140.
IR, FBE, VR A5 RRAIVE T SRR b o R MK O 5 0
AEACAEFAE[T]. B TR, 2021,41(6) :115-119.
Liu Yanzhang, Wang Jin, Yin Dong, et al. Experimental study on
frost heaving pressure and strength variation of single crack quasi-
sandstone under freeze-thaw process [ J ]. Mining and Metallurgical
Engineering, 2021,41(6) :115-119.
TROH, JRISREL, N, 55, =4 T S4B IR B AR X e R i
WFFELT]. FIRY B, 2024,38(5) :203-216.
Xu Yang, Zhou Zonghong, Yang Yuan, et al. Study on failure mode and
energy evolution of fractured rock body under triaxial compression|[ ] ].
Chinese Journal of High Pressure Physics, 2024,38(5) :203-216.
Mgl B 6, s, 2. TR BT 0T & B — 2B A B L AR
W SBIRREAEBE T[T ). S0 152 5 TR 2, 2023,42(7)
1743-1758.
Chen Jiarong, Zhou Changtai, Zhou Tao, et al. Experimental study on
strain evolution and failure behavior of sandstone containing a single
pre-existing flaw under compressive-shear loading[ J ]. Chinese Journal
of Rock Mechanics and Engineering, 2023,42(7) :1743-1758.
WO, MLz IE T 45 B TR T T M R R A
WAEARTIEL)]. A LTI, 2022,43(39T0 1) :613-622.
Yang Enguang, Yang Liyun, Hu Huanning, et al. Experimental and
numerical research on propagation of closed cracks under uniaxial
compression[ J]. Rock and Soil Mechanics, 2022,43(S1) :613-622.
S, g B, 4. 15 U7 R AT 5T 450 3A K = 4k s 25 0T
FE[1]. EE A%, 2019,40(4) :1239-1247.
Wu Shunchuan, Ma Jun, Cheng Ye, et al. Review of the flattened
Brazilian test and research on the three dimensional crack initiation
point[ J]. Rock and Soil Mechanics, 2019,40(4) :1239-1247.
XUHERE, Qo , 3% 46, BET — A0 i v B R vk A L
K T ()], 40 155 TR 2R, 2023,42(9)
2140-2147.
Liu Jianfeng, Liang Chao, Wang Lu, et al. Rock tensile testing and
problem analysis based on a universal direct tensile approach[ J].
Chinese Journal of Rock Mechanics and Engineering, 2023,42(9) .
2140-2147.
BOMDE, T BRacH:, 55, V6 WP B 2GR R A DR
BER ST )], A L%, 2015,36(3) :739-748.
Huang Yaoguang, Wang Lianguo, Chen Jiarui, et al. Theoretical a-
nalysis of flattened Brazilian splitting test for determining tensile
strength of rocks[J]. Rock and Soil Mechanics, 2015,36(3) ;739-743.
Shams G, Rivard P, Moradian O. Tensile strength and failure behav-
ior of rock-mortar interfaces: direct and indirect measurements| J].
Journal of Rock Mechanics and Geotechnical Engineering, 2024,
16(1) :41-55.
Bai Y, Sun P, Dou HY, et al. Experiment and particle flow simula-
tion on mechanical properties and crack evolution mechanism of Bra-

zilian discs containing two flaws[ J]. Journal of Geophysics and Engi-

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[23]

neering, 2023,20(6) :1227-1241.

Chen L X, Guo W Y, Zhang D X, et al. Experimental study on the
influence of prefabricated fissure size on the directional propagation
law of rock type-I crack[ J]. International Journal of Rock Mechanics
and Mining Sciences, 2022,160;105274.

WEER BB ALETS. & 2E A 280 R 5 0T TR Y $
EWFFEL]. PR R2EER, 2022,18(6) :134-140.
Feng Haotian, Chen Junzhi, Ren Chunfang. Numerical study on
crack propagation and shear properties of rock with flaws[ J]. Journal
of Safety Science and Technology, 2022,18(6) ;134-140.

XUHR, TR, EHA. & VIR AR BB A Y T 2 M ek
W] BRI, 2020,45(2) :651-659.

Liu Xinrong, Yin Zhiming, Wang Yanlei. Mechanical properties and
failure mode of rock mass containing V-type intersecting fissures[ J].
Journal of China Coal Society, 2020,45(2) :651-659.

Wang H Q, Liu Z X, Guo T F. Study on mechanical properties and
fracture behaviours of rock-mortar specimens with an interface crack
under radial compression[ J]. Construction and Building Materials,
2023,406:133399.

ZRNE B2 A IV, S DU BRI R R S 45 ) A R
BB LB BOTRA[T]. R R4 ( B ARBLARR) , 2023,
54(10) :4000-4014.

Li Heng, Yang Shengqi, Sun Bowen, et al. Discrete element simula-
tion of mechanical properties and damage mechanism of composite
rock containing two fissures under uniaxial compression[ J]. Journal of
Central South University (Science and Technology ), 2023,54(10) .
4000-4014.

B B ES, TRANG S5, A5 LR RS S 5 LR B4 7
ROBURLE OIS (1], 45 £ TR, 2020,42(9) :1687-1695.

Sun Chuang, Ao Yunhe, Zhang Jiaming, et al. Particle flow of me-
so-fracture characteristics and macro-scale effect of granites[ J]. Chi-
nese Journal of Geotechnical Engineering, 2020,42(9) :1687-1695.
Cundall P A, Strack O D L. A discrete numerical model for granular
assemblies[ J]. Géotechnique, 1979,29(1) .47-65.

FEIBE R, RUFF. A0 SO e 45 45 70 T s W oe B (0 T ik
WIR[)]. AAJ1%E 5 TR2ER, 2013,32(1) :15-23.

Jiang Mingjing, Chen He, Liu Fang. A microscopic bond model for
rock and preliminary study of numerical simulation method by dis-
tinct element method[ J]. Chinese Journal of Rock Mechanics and
Engineering, 2013,32(1) :15-23.

TR BRRE . AL b A ORI B B IR H 4V R 28R 4y
Brid]. hEZ AR EAR, 2019,15(4) :39-44.

Long Enlin, Chen Junzhi. Analysis of crack characteristics of granite
particle flow model under cyclic compression[ J]. Journal of Safety
Science and Technology, 2019,15(4) ;39-44.

PRI T, FL2E A W)L 6 A0 S IR 4 PRCPD 58 B A0 L5 b i
WRFE )], T 2S5 TR, 2018,14(5) :1240-1249.

Chen Pengyu, Kong Ying, Yu Hongming. Research on the calibra-
tion method of microparameters of a uniaxial compression PFC?"
model for rock[ J]. Chinese Journal of Underground Space and Engi-

neering, 2018,14(5) :1240-1249.
(#5535 T70)



55 4 )

2R, 25 R I R IR 01 5 5 W MR T 125 BRI 52 35

IPAF AP MT BRI E[ J] . B, 2024,41(1) :14-20.
Sun Miao, Wu Li, Yang Junkai. Application of time-frequency analy-
sis of blasting vibration of underground cavern based on CEEMDAN-
INHT[ J]. Blasting, 2024 ,41(1) :14-20.
(9] AT, MESE, FitgJE, 5. 3T CEEMDAN-3E XU/ P8 4 fr 4%
WEERRGI[ )], TR, 2023,29(2) :10-16.
Song Qingbo, Bai Haobo, Wang Hailong, et al. Recognition of blas-
ting delay time based on CEEMDAN-cross wavelet transform[J]. En-
gineering Blasting, 2023,29(2) .10-16.
[10] 2R 4% XG4, BT UCH ARG SIS M 1 SRk
PR 5 8 S B B 77 6 [ 0], dUs BUTOR % 244l 2021,
41(6) :636-641.
Li Chen, Liang Shufeng, Liu Chuanpeng, et al. Trend removing
method of blasting vibration signals based on MEEMD[ J]. Transac-
tions of Beijing Institute of Technology, 2021,41(6) :636-641.
(11 dhFRE A, 5 1E 2%, CEEMDAN-SE-WT KW 5 B 1 i 25 %
PRI R AE S P[], B EOR S TR, 2024,
24(15) :6525-6533.
Qu Chungang, Zhu Shengxiang, Feng Zhengxing. Application of de-
noising method on aviation engine fuel flow signal based on CEEM-
DAN-SE-WT [ J ]. Science Technology and Engineering, 2024,
24(15) :6525-6533.
[12]  XUmhe, el , R, 5. BT 0UR S/ NE AR e 5 REAR K 1
R[], PR3l 5120, 2022,42(2) :285-291.
Liu Jiahui, Qin Xianrong, Wang Yulong, et al. Adaptive denoising
of monitoring signal based on dual-tree complex wavelet transform

and sample entropy [ J]. Vibration, Testing and Diagnosis, 2022,

42(2):285-291.

(13] SRR, S8IEZE W 8L, 5. DO Ja a5 (B0 ik v /e MR R 3 25
MR R[], TR, 2021,27(6) :32-38.
Guo Hangshen, Guo Lianjun, Yang Wei, et al. Application of im-
proved local mean decomposition in blasting vibration denoising[ J .
Engineering Blasting, 2021,27(6) :32-38.

[14]  #aR, 1. CEEMDAN-/NEE F (LR MERAR 30 {55 40 31 1)
REH[T]. B0k, 2022,39(3) :41-47.
Fei Honglu, Shan Jie. Application of CEEMDAN and wavelet thresh-
old method in blasting vibration signal processing [ J ]. Blasting,
2022,39(03) :41-47.

[15]  ZEpEde , opk, IR . J5F VMD-HHT (991 T B sh
BB T]. BARFERR, 2024,32(3) :501-510.
Li Xianglong, Yu Lin, Huang Yuanming, et al. Vibration effect a-
nalysis of downhole pre-splitting blasting based on VMD-HHT[ J].
Gold Science and Technology, 2024,32(3) :501-510.

[16] XUEJe, A, W05, 55, JEF el RLMD MEEBIREHF S %
RARTTREL )], BREARAE | 2025,54(3) :48-56.
Liu Zhilong, Zhang Zuofu, Gai Junpeng, et al. Detrending method
of blasting vibration signals based on improved RLMD[ J]. Explosive
Materials, 2025,54(3) :48-56.

SIARAEFH, KT, §RM, F. SRR E T Ry xR
WIRAFAEBT L[ 1], &6 T4, 2026,46(4) :27-35.

Ren Lilin, Huang Yu, Cao Qingbin, et al. Noise reduction method and time-
frequency characteristics of blasting vibration signals for high slopes [ J].

Mining and Metallurgical Engineering, 2026,46(4) :27-35.

( L5 26 1)

[24] VOZER WREE AEEDT, 5. BUHIRE TS5 554 T 245005 Uy
LIOESEL ], HR A4S TR AR, 2022,18(6) 1 1824-1833.
Feng Haotian, Chen Junzhi, Ren Chunfang, et al. Numerical experi-
ments of cementation structure surface parameter calibration method
research[ J]. Journal of Underground Space and Engineering, 2022,
19(6) :1824-1833.

[25] Zhou T, Zhu J B, Ju Y, et al. Volumetric fracturing behavior of 3D
printed artificial rocks containing single and double 3D internal flaws
under static uniaxial compression[ J]. Engineering Fracture Mechan-
ics, 2019,205:190-204.

[26] Luwo P K, Li DY, Zhou A H, et al. Influence of bedding plane on
the tensile properties and crack propagation of soft and hard laminat-
ed rock-like under Brazilian test[ J]. Theoretical and Applied Frac-
ture Mechanics, 2023,127.:104087.

[27] HRUEL, M X FKER. 58 LB A1 iR Sl 0 22 e v 5 T
WHLBE[J]. MR 2S5 TR, 2021,17(5) :1376-1383.
Tang Shuangchen, Feng Peng, Zhao Jiachen. Uniaxial mechanical
properties and failure mechanism of rock specimens containing cross

fissures[ J ]. Chinese Journal of Underground Space and Engineer-

ing, 2021,17(5) :1376-1383.

(28] KEHL, 2=, A 5. oA S RSR T A i 5 B0 A LA
WoE[)]. A%, 2015,36 (3 F) 1) :94-100.
Zhang Guokai, Li Haibo, Xia Xiang, et al. Research on energy and
damage evolution of rock under uniaxial compression[ J]. Rock and
Soil Mechanics, 2015,36( 3T 1) :94-100.

[29] FFRF B0, oL, 55, AR IR IR B AR R AL (D],
HAIES TR, 2008,27(9) :1729-1740.
Xie Heping, Ju Yang, Li Liyun, et al. Energy mechanism of deform-
ation and failure of rock masses[ J]. Chinese Journal of Rock Me-
chanics and Engineering, 2008,27(9) :1729-1740.

[30] Ttasca Consulting Group Inc. PFC 6.0 documentation, user’s guide[ M ].
Minneapolis, MN, USA, 2019.

SRR AT, A EAF. FRAEIILXEBE LN F K
AR BRI T]. &4 42, 2026,46(4) :16-26.

He Changyao, Chen Junzhi, Ren Chunfang. Particle flow simulation
of splitting mechanical properties of rock with cross-cracks at different

angles[ J]. Mining and Metallurgical Engineering, 2026,46(4) :16-26.



