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A triangular mesh split method for simulating crack
propagation in rock matrix
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Abstract ; Based on the geometrical characteristics of triangular meshes, a triangular mesh split method was proposed to simu-
late the propagation of cracks in rock matrix. Firstly,the rock matrix with primary cracks was divided by triangular elements.
Then the stress intensity factors were calculated using a far—field contour integral, and the orientation of the crack propagation
can be determined via the maximum circumferential stress criterion. Finally, the numerical simulation of crack propagation
was realized by the mesh splitting or node movement. The applicability of the triangular mesh split algorithm was verified in
case studies, including the crack propagation in a centrally cracked panel with a finite width, along curved wings and in a
multi—fractured rock matrix with holes. The results show that the crack can split a unit element or can be extended along the
mesh boundary , therefore the crack can be extended along arbitrary path without the limitation of the original mesh. Compared
with the existing mesh reconstruction algorithm, this method is more convenient and efficient for use, and it can be also used
effectively to simulate the initiation and propagation of cracks under complex stresses including tension, compression and
shearing.
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Fig.1 Stress diagram of rock mass with cracks

AR AL AR IS, -7 R 1 SRR E N

do. Ot ) (67 T ) }
R ou + | . 7 v ov | dV
J{)[( ox " dy /s ox " dy +f

=0. (1)
AT IE AR AN T 55 E K

L( ogde, +0de, +71 8y, )dV =

[ (f8u +£,80)dV + [ (T.5u + T,6v)dT (2)
K /N Z 3R BRIk RN ), i L2 bR
F(o) = [o - ay(w) ]V, (3)

Ko (w) MR EAFBN 150 hRER 0N
J1, MBS RIHSF (o) =0, 015

La’éa’dV - Lao(u)ﬁadV. (4)

1.2 RJEEREFIHE KB REN#HE

H AT, KM 2 22 JLT R AN & 2= 38 r F IR &
RN 758 B R F2A AR EGE By Rk
P RBCE A ] BRSNS R i — ekt 2
I A T B R By . AR SCH SR T Betti i
A P I b B R i B AR N ) i TR
+ %07 R RN T A 5 AR A R — Ry Bk A
(I 0 55 6 B i , 5 R 38 H SR i B PR 1
TR RAZ G TR B 52 ), i 5. 7E 28 3 1
g3, LR AN TR FFRIR ST Y BT, RS
A FRIT IR AT SRAT S RS R FIZR A S AR
JRERANE

ANTHA T ], 34757 45 ) [R) P SR Y Bewti DIRE
HAEERN

L(uifi —a.4)ds = 0. (5)
Ao, I R AR N B G M e u, A e, e —F1
WA TR T GRS AR 150, B 1, H55—Hh
B PERRAS TR T EM R RER 77,

X F Aok B B8 - anE 2 fis,

R Y

E2 RoB&TEE

Fig.2 Principle diagram of contour integral

W AMA T =T, +AB+ (-T,) + CDEN

FIZk ', 52000 [ i, Bett D HE 45 € #L



#3946 #3M FOEF - EMERART RN AR TRAT AR - 107 -
ST P A
A N _ A . 1 0 » 0
frs(u;t; - a;t;)ds = frﬁ,<uiti - ;t;) ds. (6) 21'rrCOS 2[[(1005 ?—g psin 6 } K. (12)
B T, BOER R & HRih A -
f(ut - a,t,)ds = (’” l)(K C, +K,Cy). (7) I TSR P RS AR TN - 7 5, DRI

fmcﬁjwﬁgk_m-wa1+w<¥ﬁr
1) Wik =3 - dvw AEPRHOTERALL

T Ty NI 5B 2w, 1 1, U R
SERCE 0, Fi, 5r BUBCHE B RS 53 (a 0) SR Bz
¥, o, #,) 4EF 2 BRI RHAER R T
ik N

3 3 5
[(cos 70 ) —sin fsin 0) Ci+

3 5
( 2sin 70 jsm Ocos — )CH ] ,

1 3 3 . .5
g = [ (cos 70+?sm Osin 70) C+

" Srmr
3 . 5
(751n Ocos 70) Cy ] s
£, = 1 [(%sm Ocos > 0) Ci+
C2mr
3. 3. .5
(cos 70—751n fsin 70) Cy ] ,

R 1
=
2G/2mr

[( 1+k) sin g+sin Ocos %GJCH } ,

{ |:(1—k)cos %+sin fsin %0:|Cl +

= 1 {[(l+k)smi—sm fsin 30}6'1
2627 2

[(k—l)cos i+sin fsin %G}Cn }

2
(8)

Sk AL Simpson 41837 FIZE AT Hofid oy

[ (ui, - an)ds =M ¢, +Mycy. (9)

= (7) F= (9) FRAS (6) T 1R

(k+1)

(K, C,+K;Cy)=M,C, +M;Cy. (10)

KK, %HK Sk INE e BE R

tkﬂc H1C HTH A R ELED AT AR A AR S
N7 75 B R

R A5 f5 S 1 7 3 ED 2B 207 Wl £y 6, R

1K, K
0. =2arctan| —| —L_gion(K (IJ 8]} (11)
[4([{ gn(Ky) K, +

2GR R 1) )R 45 Tl SELI, 2R a4k Sk

[H WA 22 0] 5L A g B AR 28 5 R, SRAIE X400 4 T
M AR AR , 1k B A i R BT S
LS TN 8o

(1) B MR TT . AR fe ) 1 13 ) v 003
%‘?%Jﬁ@iﬂﬁﬁ Wit K IR B RSy 1)

SEURESTT S ST Taw .l ) 3= (T

(2) IR TT,, Wy BBy S5 a3 T
Xof 140 58 a5 2o i 24 B T HEA T BT 43, iRl 3
s

N+1

B3 =fAMEFRERRERSE
Fig.3 Principle diagram of triangular
mesh split method
PRI R AR AT
(1) i3t 2 37 Bl R ARy, 03 R4 B g 5 B 1A
T K Ky LRRBOTETT 1 0, R385 A 280l
LB 7 TT 2L A5
(2) HRaH ?F 2P BT R BRIT R B
(3) e IT 2L A B i 3 U5 B (280 B B3
TR GEARE
(4)LL RETT T W K5 NECP =P
BTG LA 2R 6 A A s 1) T 2530 ) 1) 2R e AR e L
Aeiz R E I RIC
(5) 3405 1 2L B A BT L, ISR IBOT 205
] 5 TF 2L BRI Y A2 A
(6) Wy 2L GCTIT 277 1], 40055 JF 50T, M Hie
Delaunay U] Wi o 4% fi g A5
(U%ﬁ’—fﬁ”‘“lﬁ]% R A RS 10 A g i 7

FRLIFEIT WK 4 Por, BRIFRITE R q,
BENAB WK B S ARBRERR N E AR, TR i

ABFA'BIE S SE0H I AHS(5) 45 TP i 15
&

N O

(8) 5 AAFAE WS [ U35 7F 247 4 F 22
STEAY BN B A, B A E (T 4) AR R




- 108 - T E G K F PR RHFR) 2015 6 A

WERRHEN R S AL ABCD (6 £ Ki=Fo/ma. )
SO SRS A Horp F oA BR S8 B E 245 AR p i F R A A L
c c T3 Fl,
Isida A=A -
A ? F:J@;
, 70 2w
A’ , B EIE) Koiter A2
2 3
(a) WEERIRSARAL (b) Az paks A4 1-0. 5[%) +0. 370(%) -0. 044(%)
Ed4 MigHRA F= ;
v V1-a/w

Fig.4 Mesh optimization .
Z ‘ it /\ ‘:
(9) FRE S 1 7535 2200 2 I 02671 ALY Feddersen 2224
WA FR, BRI TS A S A 2R T F%pﬂm%%j%ﬁ%%)%@%%
PTG (5 B -
. R BRE I 1/2 KR Y4BT IR 7
10 Z(1) ~(9)  #f —TJF B 5 W Z o ’ o
(O RE () ~ () AT T R T e Pl = i T S 15 906 7 8 3
11893 /™5 15 11 23 240 AT

A

(a) B FFRBPTTRFERMAE (b)) FEWERHIT AR HEITR

% 6 HIRERDRGMN

Fig.6 Cracked plate of finite width center
(¢) WA= AR T (d) WAL HITRIAT B 3) S
B5 Ry RERIEVHMEAEAR

Fig.5 Grid adjustment programs of crack

propagation process

2 R REN

2.1 HRERLBLR
ok T Uk 1 S BRI | AT 2 kA T I
T ath (LA 3 2k o 2 B 2% ) L IR 4
FR AR T T, AT BRGE P02y %
AR PRI AR RS BE AT . S L 6
I 0% (A B 5 0 B0 BT H 255 w0 L
iif%ﬁﬁggﬁﬁgigzzg%ifﬁg; 18 BRI (%200 f5) KA o 7
mm, 1t Spun SNSRI o= N .,
° FIHGR 99 50 A, TEEE SR ) T K, =
MPa. (B4 A i [IbE 250 2Rt S0pERS I E = e e - !
200 GMPa,YEFL&tK v=0. 30 @ﬁ?ﬁﬁ“”i@iﬁﬁﬂﬂ 243.43 MPa - Inrnl/2 0. Z,Fﬁﬁﬁﬁkﬁﬂﬁﬁjﬁﬁ

, T =
w

7 FRERISFTR2 B
Fig.7 Program of grid generation(1/2 model)



#39% H3H FOEF - EMERART RN AR TRAT AR - 109 -

FER T (o v/ma ) XA R AT IO NAL AL PR, 45
R 1, 5T AL, K 1 S AR R 220

o, /MPa

602.6
I 467.7

' 332.8

197.9
I 63. 004

0.146% .

o, /MPa
w
(=3
(=]

—
[=2
(=]

F w‘ ok H e WA

Oy Ty
t- o,
ﬁ% T 0

I«;« ¥-\K‘¥-¥-?I&'-!(-§(I-)k’-*—)l(-¥-¥l-*-)(‘3f
0 20 40 60 80
r/mm

8 RIS (x200 1) REREETT RIS =E

Fig.8 Crack deformation (x200) and crack tip o, stress nephogram

x1 EERLHMNNEEEF

Table 1 Dimensionless stress intensity factor

K,

R2RG iRES AHX IR £,/ %
ag ma
Isida A3 1.0252 0. 146
Koiter /! 1.0224 -0.127
Feddersen 233X 1.0244 0. 068
AR 1.0237 0

2.2 EEPRAETHEERIALY BIFEE

EANA SRR PR SO R R R — B
G M PR SR B A T 30 2 AR ERATL A ) LA [ PN Ab
RZFE X R IPRAS T ALY it 17 1 ilse
5T, R T B UEAS SCrh 7 v 0 E A M | R BB A4
2E L Sk DAY B3R 56 25 SR R AT % e, IR SR
BAEAE IR AR, AR £ =0.682 GPa,
THFALL v=0. 32, HTHIERE N 0. 384 MPa, W 5417
Ki.=0.032 MPa + m"?, i f44MERSF A 250 mmx
180 mmx20 mm, 41& 9 Fi/w,

A 2 N 2 A

2H

N S N
B9 HoE/LEE

Fig.9 Geometric model of cracked plate
eI P4 R R, &R R I sE R 0.2
mm , A EEEG SR i, T S B 280
P BB 0.2 mm, REERE N 20 mm, AL

ARG 55T LR R B8 AR FEA S L
%20
R2 WBERESREIUFHE

Table 2 Sample number and crack characteristics

G R8s/ (°) PIHREBUK B/ mm
I-1 30 15
-2 45 15
1-3 60 15

BB A RS 5300 R AR ] 32 5% 3 3
A R HARSE AL = M A JE AT R OT B L, 2K
(EREUTT AR IS, THE 1 10 2 VR F T A4 RS0 s 1y
JISRBER T K MUK JF AT 280 AW, 26 2
2 (13) , JPxk B L2 vy AH W T HEAT #4534
{133 2 38 3 Mesh _operate. for 2% H s 3L 8,
K10 ialiE 1-2 155 40 L5 I Mk sHAN A, 1A
10 TP ik B0 AR, 15 JBUAR A% 45 1 AH
FOAR 8™ Jr A B T BT R A T A i 4, B A
TR RS SR DR A (R WA B B . AR 1-2 Ty
B2t T 3R ARG iy BR T S AR i 11
Fr7s

E 10 MEAREHEIIAHEL(1-2)
Fig.10 New crack topology structure after
grid cracking(1-2)

K12 AR IR RS0 A5 R 3R EOR IR



F 110~ P Bk I RAE )

2015 %6 A

LA RS i T 3 RREY R s Ae e ) e J7 1wl il
MY R BEMZMICR . A 12 i LA . AE3
ROy P A — Al MR R B P P AT Tk
BRI B B B RECK E R, B REUA

WIF 88 VT X 2% L4k ; [R) SRR S e Ry, e
JETT ) AR K, Bl B BERG I, 480 J Ty )
ZWTEGT 90°

(a) 53¢ (b) 104 (c) 152

(d) 202 (e) 252 (f) 40

E11 EEERTERERYY RAMTEMER(1-2)

Fig.11 Crack extension finite element simulation results under compression-shear action (1-2)

40 I-15kF

w AL R

— BEEBLR

I-25&#

E « RBRER

£ o} T BEBBIER

= 1-35H

ol RRLGR
— BRI R

-40 -20 0 20 40

L /mm

ROy M 0/C

E12 ARMBRIAFZFGHTERRIEKRINT RA

Fig.12 Crack path and propagation angle under different initial crack angles

2.3 EFLRZRGEEI BT REM

EAMELEA W AR e MR A A 2R
RUE  ZFIEARAFLIR 2B LA S 25 41, 78 TR 3
AR 1 LR 2 B R B R AR — B2
—ANHMESRIE, ©A M58 KRR P e B — LIRS
Y X B LI 2 24 80 R ) T 240 AR AL IR A A7 AE
XL R AR SR FT 500 LARCEL I 4B
AR L3R R R R AT R AR, 25 o B L
X} SLECY R PR AR (R R, LAIE B IO K% T 28 A A
220 e Jy 1w 3E Rk, BEALEE A ] 13
No

BRI R ) A DXL(127 mmx 127 mm) |, J5EJE 22
ATt RS Ak Ry SN g Rl RFL IR AR
2 mm, WIRRE K a=2. 54 mm, i 6=45°, H
o PR E=0. 689 GPa, JAFALL v=0. 3, 52 XL i)
PR AT ER . DR R AR AL — A8 WA 4 T
FAITESH, K 14 450 T35 30 26 5 i A L3 B
UL RS F S , [ 14 s i 2o ey R i
1, Hoh NS (1-1 ,1-2 52480 16 FLEER T A
BAT S 2L/

B 13 SFFEZRIEILMER
Fig.13 Geometric model of multiple cracks
body with holes

K15 ey et B b s — 0 1 = K
M 15 (a) AT LAFE Y, 24 PN 2SR 38 ) 7 FLI A
7= A A N S B T 2Ry R A I S A T,
B A 517 RURSAE, BEE Rt — L &,



%39% %34 W

H,F . —AEMBERLRT RO AL ARNBTFAER <111 -

7 3 4 F X2 T8 %, AR S SN 2 S0 B Ak
TR, AP 15 (b) frs, INIIREL R 32 L
I R 2B B8 XU S ), 4 R A i [ i 3, g o
MRS B L HL MY RIES ., K16 AT
HUERBIALE R Moes 552 AUBFFE LR (T 1L, 7]
LI s BB W5

14 MBI RIFH BRI G
Fig.14 New mesh topology structure after grid cracking
o /MPa
12.828
‘ +8.0840
3.3402

’ “WUJ’

-1.4035

(a) 14

o /MPa
15. 392

(b)26

E15 gy REBE—FTHHIZE(x2)
Fig.15 The first principal stress nephogram during

crack propagation process ( x2)

(b) MoesZxlUHFFT AR

16 SIRSRUEGERIYY RERZ
Fig.16 Crack propagation path of rock mass with holes

3 % it

(1) R =M HI0 R T 2R E Y

i, SRarn] A ARB T — > Hon sl SoC i R
DRI M SR B A8 AN 52 200 0y A% 1) BRS04 T A 9
J& 5 ST BUA B AR EER B AR L, 1207k RO 4R
JRy R EAICHE AT WA I SR YT R A% Bl SO 4
R

(2) = A FAITIAE IFZEE AR A CRA B 1
BT ARTEE 00 AT LG B D 1 5 45
SLZR N ITIRAS T 1 RLELCHT A= AN oy o PR A
1 PEBA R A AR TR DT L BRI ST S A ) 52
#,

SE

(1] BpR, 2o, X 4, 45, 38 R 2800 e 5 1 A 1o 38 A AR

{EZP T[] AR A~ 41,2009,40(8) :934-940.
YANG Qing, LI Qiang, ZHAO Wei, et al. Experiment
study and numerical simulation on propagation characteris-
trics of wing type cracks under compression[ J]. Journal of
Hgdraulic Engineering, 2009,40(8) :934-940.

(2] BRILE,ZERA RYEH 25 A AR RS S

BAE BT [J]. A0 T2 5 TR 27 4, 2003, 22
(1):18-23.
CHEN Weizhong, LI Shucai, ZHU Weishen, et al. Ex-
perimental and numerical research on crack propagation in
rock under compression[ J]. Chinese Journal of Rock Me-
chanics and Engineering,2003,22(1) ;18-23.

(3] JAXHI T, 5k H IR, 5. 22806 1 B0 i 4 i it

MR RG], 5 124 5 TR, 2010,
29(3) .465-470.
ZHOU Huoming, YANG Yu, ZHANG Yihu, et al. Fine
test on progressive fracturing process of multi-crack rock
samples under uniaxial compression[ J]. Chinese Journal
of Rock Mechanics and Engineering, 2010,29(3) :465-
470.

(4] L& A4 JHEah, 55 A AR 2 g (M.
L E RSB RS AL, 2010 1-10.

[5] R Ege B SR [)]. Ji# it g, 1982,12
(2) :133-140.

ZHENG Zhemin. Continuum mechanics and fracture[ J].
Advances in Mechanics,1982,12(2) :133-140.

(6] JEELZ, WA, skER, % Aah b 2289k

A A B FE B AL B BUE AL [ ). H 52, 2001,
21(2):53-58.
TANG Chun'an, HUANG Mingli, ZHANG Guomin, et
al. Numerical simulation on propagation interaction and
coalescence of multi-cracks in rocks [ J ]. Earthquake,
2001,21(2) :53-58.

(7] 2w, 5K 168, 5700 =2, 4. JRAR 3 T M5 RS0y it



- 112 -

T E G HKFFIR(ERAFR)

2015 %6 A

(8]

[9]

[10]

[11]

[12]

[13]

[14]

Loy SBR[ J]. TREI1%,2013,30(4) :294-
300.
LI Qiang, ZHANG Liting, QI Qinglan, et al. Study of
the curve branch crack model for the closed flaw under
compressive loading[ J]. Engineering Mechanics,2013,30
(4) :294-300.
PRI, S SRR IR K O 2B G 1 LI [T . A
TR A2 A AR R, 2013,37(5) :88-94.
CHEN Mian. Re-orientation and propagation of hydraulic
fractures in shale gas reservoir[ J]. Journal of China Uni-
versity of Petroleum ( Edition of Natural Science) 2013,
37(5) :88-94.
WA, . WA R A BT T ). 7
F4%,1997,14(4) :33-38.
YANG Qingsheng, YANG Wei. Finite element simulation
of fracture process[ J]. Chinese Journal of Computational
Mechanics,1997,14(4) :33-38.
PN, XA 27 Bt g, A BRI S B HOTIR G 7E R
e/ VA I A S R ERT DN P S RN R
W% ,2013,37(3) :126-130,136.
SUN Xiang, LIU Chuangi, XUE Shifeng. Application of
combined finite-discrete element method for crack propa-
gation[ J ]. Journal of China University of Petroleum ( E-
dition of Natural Science) ,2013,37(3) :126-130,136.
BELYTSCHKO T, BLACK T. Elastic crack growth in fi-
nite element with minimal remeshing[ J]. International
Journal for Numerical Method in Engineering, 1999 ,45 .
601-620.
DAVID A, MARCELO E, MARIA C R. Automatic LEFM
crack propagation method based on local lepp-delaunay
mesh refinement [ J ]. Advances in Engineering Software,
2010,41:111-119.
W B, IR AR REUEN YR 1 R TR
[J]. dbnt Tl R&2%41 ,2013,39(6) :806-810.
LEI Jun, HUANG Weifeng, YANG Qingsheng. Dynam-
ic crack propagation by boundary element method [ J].
Journal of Beijing University of Technology, 2013, 39
(6) :806-810.
ZR AR MR, Z RS RS H i L R o Tr
L)), BRI ,2002,23 (4) :431438.
QIN Fei, CEN Zhangzhi, DU Qinghua. Boundary ele-
ment analysis of cracked bodies [ J].

Solida Sinica, 2002,23(4) :431438.

Acta Mechanica

[15]

[16]

(17]

[18]

[19]

(20]

[21]

FRUIME  Brib et B 5 SF PR BROT T IR R
ZER[T]. J124Z1),2011,32(4) :612-615.

GUO Lilun, CHEN Zhongfu, LUO Jingrun, et al. A re-
view of the extended finite element method and its appli-
cations [ J]. Chinese Quarterly of Mechanics, 2011, 32
(4):612-615.

THEH W, TUEIE. JE T3 AT FRIOT I RS 3R
SUEERI[ 1] AR R A2 4l FARBHIR, 2007,47 (3)
344-347.

FANG Xiujun, JIN Feng, WANG Jinting. Cohesive
crack model based on extended finite element method
[J]. J Tsing Univ(Sci & Tech), 2007 ,47 (3) :344-
347.

XS, XUERE, 1 A 5. B T4 AT BROTIE X 5 LI
2 RL Y AU I [T ] R Ao S B
2013,8(6) :326-330.

LIU Jian, LIU Xiaobo, FENG Faqiang. Simulation
study of multiple crack extension of holey plate based on
extended finite element method [ J]. Failure Analysis
and Prevention,2013,8(6) :326-330.

WG YL 5%, . SR AR & B R BON, i
R0 B Ze B3 E [T ). 45 4 0y 2 R
1996,13(1) .84-89.

YANG Xiaoxiang, FAN Jiaqi, KUANG Zhenbang. A
contour integral method for stress intensity factors of
mixed-mode crack [ J ]. Computational Structural Me-
chanics and Applications,1996,13 (1) ;84-89.

TP EAT A AT T BE. R B TR M ] db s R
A, 1993 :128-129.

W2kt , BN, I, B B LI RS R
A0 LA AL [ ] b Rk R 22 4, 2009, 38
(6):774-781.

YANG Shengqi, LU Chaohui, QU Tao. Investigations of
crack expansion in marble having a single pre-existing
hole: experiment and simulations [ J ]. Journal of China
University of Mining & Technology,2009,38 (6) :774-
781.

NICOLAS M, JOHN D, TED B. A finite element meth-
od for crack growth without remeshing[ J]. International
Journal for Numerical Methods in Engineering,1999 ,46 .
131-150.

(% FEF)



