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1-maximum tangential stress (MTS)
2-minimum strain energy density (SED)
3-maximum energy release rate
4-cohesive zone model
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5-three point bending

6-four point bending

7-central-carcked circular disk (CCCD)
8-semi-circular bending (SCB)
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9-generalized maximum tangential stress
10-modified maximum tangential stress

v I ;o 5 (ki 45 Mol ey ol &



SEE 7

4K|| ¢K| S 2 w‘;@ S yge b |) lmL».lag S Ja.wJ u)Lo.’> |J,o u‘“‘ .L:.u‘j) )| oalazul U.J.sls uwbs‘ 9 )15 L;.)L..u ‘_.;ljJ YM
el 00 03,51 (V) B () Lasly, 55 culy ol 65be S o 0950 S o0 ol g dewle Bs g Az (T

_P 2pRK ®
Rt
K, =+ 2R, “
”_Rt ]
T=‘§T an
_P 1, an
A mimh
5 P 1. %)
3 Rt\/ﬁ

4 1, MMTS 3 GMTS MTS slo Las 45 bgspe cY¥oleo sled p,3 «(A) 5 (V) «(Y) dalg, j0 am o polie o )38 L aiil oo 00)lg

K, sing, + K, (3cosq, -1) =0 0

K, sing,+ K, (3cosq, —1)—%\/Zcosqosmq7°=0 )

3\/ﬁK (sm—+sm3q°)+
8\r, 2
4T (sin2q,) - &((sn——sni°)+

3 RK”(cosq +3c033q°
8\r, 2

5 B(cosqo 5cos%)=0
8 R 2 2

%)

00 Sole b gl i Sol ol Cad 4 s (Bo) S5 o, saugly MTS L [0 050 0 0alie (VF) alayly ;0 a5 jslailen

Lol oty go Jias axkad i (raizean 5 diged olasl alKiule)l digas 1 03)l5 b so3lail gzeed (63 )l50 5l 5 010 (St (6l L 050 4 s

b dxhad olal 5 oole iz 4 (6 005 050 ogdle A o dezg Cde 4 (VF 5 VO Luly) MMTS 3 GMTS sla)lrs 45 bgy e Ly, 4o

S alie ol o ail o 0gzge il Lailg, o gamlone (gl .28 )5 Sl 1o o 58 gaml osll b il g e |y Tecuiils vales Sy
LOV) abal)) el oas o3liztal Coul ou 31| (Ayatollahi and Akbardoost 2012) ceugs 1515 llal bawgs 151 a5 slaba

2
K2
f.A/2p i\/prf—lZQi RC v
ro= L
GA3 Ke
K, R
@) S pigrn 5 eolicd i Mol o o205 £




SEE 7

g le laite il b Jbo awilge oole 228 Cunglite Jlade pily fi g oole (5 ol consls (Sojiz Jlade ol Ko alal, ol jo
g dmle Lo b soae slass, 5leslizull |, Bg 9 Az T Ky K, aw o

P 0y o oS S0 PB4 P g

9y il ) el sgamalizl o (gog0me Sl (giie a5 Wl oo S5 Ay s (eSS Sl ool By S o 4 o5 g,
Aralons (5Ll 33 (K58 55 s 3558 0 e als] 55 o |y 4aksB Sy (sl chlishe sl e b o 3,5 (sl i
el ool b s (6w Jass &Mz 4y bgsye ol cgin p8 )0 008 Jols syo S5 L (glaskad b oo adlol adgl S5 4y ool
Sl £y dgly redt 4 bgyse dailyy 10 0ol aile polie 51051 L og wigd so awle wu S5 L ganlad gly sgaore 132
S5 00,5 o Al waz S5 b 4 s dnslome sbily )0 (SzsF S5 0)les e Cessy oz axkad (sl S5 S b,
Eor agly anwlone (gl oolainl 050 Lalg ) o gy ol 10 e ST S o oy dnlol dalad Slod CunSS B WS, cpl Ll Canny (50
Slp S0l s dalol ;o 058 o colatnl a8 jo j0 CelSlh £9,0 aygly anuloe sl VP B OF) Lafg, 5l allie ol o adib po cunSs
S5 by e a3 5 Y diye Sz B B 355 s 03] 5038 (V) B (V) Ly, 5 6l 4 615 g, 3l ool L (St aiges
205 (s

(S 41900 30 5 33 Ay yaumo oS

(Aliha, et a. 2010) 2!, Koo g lode 2Biole;] zls o5 @ o5 Loy, ;0 YL 4 o Do Gl 31 alliolo;] (o) jobite @
b S (Sewd gankd iolosl 5550 sladiges ailes S Lialesl g oolel Sl Sows i 5l olodiges (il Kon g loude aigd o ool
2 Py (Ol NEagh 4zl 950 3 bl sladised elgil (S aigei (nl 9sdse 45 CCCD Latsl 4y oS wilioe 53550 S5
3 U;%Loﬂ sly L.JL: a5 ol opl o LS Cusls Sl 0 bogr e Slislesl 4o diges el ade il s (S Sl Sl s
Wgod (Gamsd I 0gd oo oolainl S ojre laolliws I bol> 5 fobs ezmar olaojle sonims JSus ‘5@..: Slga olyz 0,9] Cows
ol 0ol ool lis aslad pul 5l Soleds 1 SKS 50 .0l el otz ,6)[5 Orole 4y zlizly 009y ool

CCCD wigai Swilauds 11 5

aibige 28 Jsb a4 5550 S L g R gled 4 g9nls Sips S, CCCD . (saigas 0500 0salive JS ol jo a5 jshailen

LI oS 5 950 )38, 51 gilizee SlaS 5 (lior S5 by b (651080 (sliwly i b 5 009y (5Ltd & j00 4y anbad ol o (6,1350,

YV Jgaz 50 Ginlejl 050 ankad olal .85 amles J18 ) 950 (allE ] 0ge (6,135 )L cll> Lads o Solw jglate 4 el [0 0505 ol

G |, CCCD anksd gl bl o I o Liglej] anksd (gl A/R s 29 o oanline Joiz ol 53 45 pobilen sl od ol

YY sagly a5 s o wolakad ol by (Ayatollahi and Aliha 2007) ses o ¢, 4,0 0=27 say4l5 0 alls 1] 540 > @/R=0.3
el 0als LoV Jaaz 4o 5 b ol o el L ailoads U;%Lo)’i WSl 4z o

AN 930 cl> ;3CCCD wigai Consld b g ole) o Jyuz

c S FHURFOWES adel S5 Jsb (g0l Aged glad
P(N) t (mm) 2a (mm) R (mm)
FFA- ¥ N &

o I ;i 5 ool Ay Ml e oy N




SEE 7

T 5 Ki Ky o yo an ogad analons | 5ol (6 Ly SBlozr calpo dal o il sl S5 Jobo b oSl 9,5 (sl sanmlone 2

650 Uy 3 b el s Ba g Az sw) wil YL SMex colpd 4 s &5 b o WS e ole a5 e ABAQUS I a1,

ol opl goae polie ailoas dcule (Ayatollahi and Nejati 2011) yxel $ sg0mme ylodl (o9, Jawgs ol po colos 3udizs opl 10 3503 oolil
ol 008 s 42,5 YY S 5 gl 9 AIR=0.3 s LCCCD sk 61, ¥ Jouz 10 B 9Az T Ky K culys sin) e &30 &

.@/R=0.3)11 350 cJl> ;0 CCCD wigas slp S slgiif yo ey o /po polio:l fous

E3

Bs

E3

As

£3

T

Ky

K,

AYY

BYRLL

AR

ARG

Gekiie ol Gl T ce Caws 4 (VY) alal) Lawgs a5 abl oo Te el )Y S £49,5 (saugl) dmlime 51y a5 (6,500 e sl yb
Gaoly (Sl ol lade g ams ol o il b eaST il sales el YV ol (g lade Mo ol o Canl 00l (g 135> /Y
Eoyi sbls; ¥ Jooz j0 auil o dewle B MMTS s GMTS MTS slo Lo 5l ooliiwl b adsl S5 sloil 1o (Bp) S 5 o, g4,0
ol 03 03,51V Jgaz ;0 0o asls slal b diges (gl S5 o, 4
.@IR=0.3)MMTS 5 GMTS MTS (cla,luzo jf solitasl b || 530 cllo 33 CCCD digai (shy ennlisd £9.55 51305 :F Jaokr
MMTS GMTS MTS
ff 0 oY © V.0

Sz S5l Gl e culpd G sier LSl adsl S5 a asly cnl Ll jo (S Sl £5,0 sl Al Sl oy

azhad (gl oals 12l Jolie ¥ USS j0 ae0 o0 7, ashad ol CanSo U adg) (pl 058 o0 dnlore ayus Sl £4,50 agly 9 00l il

00,55 s ] Jlade g ool 5,8 Coll cand Wiy, bl B e jlade a5 cl cpl el o azgs BB 4SS sl o ools ylas CCCD

IS ol o el o ools las ¥ JSs po cl osds Jols MMTS g GMTS IMTS jlse 4w 5l a5 S5 0l e Opuiorod Sl
Al oo sdnlie JBEMMTS g GMTS IMTS Lae a3l oolatwl b oo 00 (pads S 5 0y (5l yuamo (s glis

MMTS jLeeo jf oslicwl b plS & ol g, 0 Sy sy o lpor¥ S5

?

20 Yifj (oroigee 5 ool dfi; Mol s olR2095



SEE 7

\ \
AN N

/ d-term 7/ crack tip \"\

it Yl a0 Moz U g oI5  pl5 Y9y b S iy s (ot N J0S

S A

Silse 35290 (dlae szmen Lol (S )0 (srmb D)9 b g bplaiSle Hezmen waige slaojle Sl gl cle > S
30 09290 sl S 5y g 05l oo CunSl o (Sl slag JAT L cou 1) ail oo el slaS 5 5y sl 0s LBl jo e S
Ol 0 il oo S Al s pedt (ol Caml Pl S Sladad (0 S5 Al ey )0 A5 segee SIS 1 (S aiiS pe 0l S
Gl ool g, 5 ol aiSly,y alls 1 550 > ;0 CCCD o jlailiwl diges 5l oolaswl b (Kins digas 10 S5 Al e (peasS 4 callio
e (Sl sl ooliinl b S 5 £9,8 aygly aloyo y2 30 a5 039 o5 4 5 (hg) S soleidnn (A 00T Sletden S5 0D s (S
S asler) (1S5 OMez pogdle (S5 Bkl o Jare i deslxe glp @i (pl 0 00 5 0 desle MTS) e s iy
@ bt tuslio | .l oad a8 )5 s 0 35 (MMTS g GMTS (sl )lse) 30ldg (6w does 5l poms g pgo ez (SdS MTS
A 00lo yLid by Le (ol Laagh o0h 005 (oS uamns G glis MMTS g GMTS (sla lxe L MTS jLxs 5l ool o

&1»
Akbardoost J and Ayatollahi MR (2014) Experimental analysis of mixed mode crack propagation in brittle rocks: The
effect of non singular terms, Engineering Fracture Mechanics, 129: 77-89

Aliha MRM et a. (2010) Geometry and size effects on fracture trajectory in a limestone rock under mixed mode
loading. Engineering Fracture Mechanics, 77; 2200-2212

Ayatollahi MR and Akbardoost J (2012) Size effects on fracture toughness of quasi-brittle materials —A new approach.
Engineering fracture mechanic, 92: 89-10

Ayatollahi MR and Aliha MRM (2007) Wide range data for crack tip parameters in two disc-type specimens under
mixed mode loading. Computational Materials Science, 38: 660-670

Ayatollahi MR and Aliha MRM (2008) Mixed mode fracture analysis of polycrystalline graphite — A modified MTS
criterion. Carbon, 46: 1302-1308

Chen CS, Pan E and Amadei B (1998) Fracture mechanics analysis of cracked discs of anisotropic rock using the
boundary element method. International Journal of Rock Mechanics and Mining Sciences, 35: 195-218

Elices M et a. (2002) The cohesive zone model: advantages, limitations and challenges. Engineering Fracture
Mechanics, 69: 137-163

Erdogan F and Sih GC (1963) On the Crack Extension in Plates Under Plane Loading and Transverse Shear. Journal
of Fluids Engineering, 85: 519-525

Hussain MA, Pu SL and Underwood J (1974) Strain energy release rate for a crack under combined mode | and mode
[l. Fracture Analysis, ASTM STP 560: 2-28

JiaZ, Castro-Montero A and Shah SP (1996) Observation of mixed mode fracture with center notched disk specimens.
Cement and Concrete Research, 26: 125-137

Jan-An H and Sijing W (1985) An experimental investigation concerning the comprehensive fracture toughness of some
brittle rocks. International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 22: 99-104

v L 3 gt 5 ol s Ml ey olSngsy TN



SEE 7

Lens NL, Bittencourt E and d’Avila VMR (2009) Constitutive models for cohesive zones in mixed-mode fracture of
plain concrete, Engineering Fracture Mechanics, 76:2281-2297

Lin Q, et a. (2009) Initiation of tensile and mixed-mode fracture in sandstone. International Journal of Rock Mechanics
and Mining Sciences, 46: 489-497.

Liu HY, et a (2007) Numerica Modelling of the Heterogeneous Rock Fracture Process Using Various Test
Techniques. Rock Mechanics and Rock Engineering, 40: 107-144

Ayatollahi MR, Nejati M (2011) An over-deterministic method for calculation of coefficients of crack tip asymptotic
field from finite element analysis, Fatigue & Fracture of Engineering Materials & Structures, 34: 159-176.

Sih GC (1974) Strain-energy-density factor applied to mixed mode crack problems. International Journal of Fracture,
10: 305-321.

Song L, Huang SM and Yang SC (2004) Experimenta investigation on criterion of three-dimensional mixed-mode
fracture for concrete. Cement and Concrete Research, 34: 913-916

Williams ML (1956) On the Stress Distribution at the Base of a Stationary Crack. Journal of Applied Mechanics, 24 (1).
pp. 109-114. |SSN 0021-8936

Xeidakis GS, et al (1997) Trajectories of unstably growing cracks in mixed mode I-11 loading of marble beams. Rock
Mechanics and Rock Engineering, 30: 19-33

Xu'Y and Yuan H (2011) Applications of normal stress dominated cohesive zone models for mixed-mode crack
simulation based on extended finite element methods, Engineering Fracture Mechanics, 78:544-558.

A

20 Yifj (sroigee 5 ool dfi; Mol Gy olR2095



