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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this research, a general mixed mode I/11 fracture criterion is developed for fracture investigation of
Received 27 April 2017 orthotropic materials. Various experimental tests show that cracks always propagate in an isotropic
Accepted 24 September 2017 medium and along fiber direction in orthotropic materials. With a novel material model titled an

Available Online 27 October 2017 Equivalent Reinforced Isotropic Model (ERIM), fracture criterion can be extended for investigation of

fracture in orthotropic materials. This inspires that fracture in orthotropic materials follows the fracture

Keywords: . A . . . N . S

Mi);‘gd mode Fracture criterion mechanism in isotropic materials. This new criterion is developed based on extension of MTS which is
Reinforced isotropic material widely used for isotropic materials. Also in this research the effects of T-stress in fracture of some
Maximum tangential stress criterion specimens has been studied. A comparison between available experimental observations and theoretical

T-stress term estimation implies on capability of developed criterion for predicting both crack propagation direction

and fracture instance, wherein the achieved fracture limit curves are also compatible with fracture
mechanism of orthotic materials. It is also shown that non-singular T-stress term has a significant
impact on orthotropic material failure, especially when the second mode is dominant mode. It is shown
that unlike isotropic materials, fracture toughness of orthotic materials in mode | (K;;) cannot be
introduced as the maximum load bearing capacity and thus new fracture mechanics property, named
here as maximum orthotropic fracture toughness in mode | (K, |ortho) is defined. Considering ease of
access, wood is used as experimental specimen for the purpose of comparing the results.
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Fig. 1 Stress distribution around crack tip in orthotropic materials
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Fig. 2 Tangential stress around the crack tip of considered RVE in
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Fig. 5 Fracture limit curve utilizing EMTS in comparison with
experimental data of Norway spruce wood
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Fig. 3 Fracture limit curves for mixed mode loading of Norway spruce
wood in comparison with experimental data[6]
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Table 1 Elastic properties of Norway spruce & Scot Pine wood[6,8]
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Fig. 13 T-stress effect on the fracture of isotropic specimen under
mixed mode loading

oS 090 G NS L Sl 5 S, s, T i 3 550 13 UK

odle (5,05, @08 (5, IAT L L e S o e wles oo

O5SE L8, pl ogi e als | oge 5l i T oS 5 840 50

odalie B sST ool al)l cunSs glo,lixe 5 plaS e L
oo e.)},i

L ooz il Sasisiysl dlge canSd o ewlel sl -2

aS 0l ale s 495l S Sgnl Slge CanSl g by jgrelS

a5 WS g0 A, (pattie Gagly Cov S5 Sy gnl olge o

10 ojleibs 17 095 1396 5o (oI SBlle (Swdiue

e 5o g dimlg S5e S5 bl Cailes § S5 Sg p Jleel 1
asdad Wloads Lld Ng g My colyps b ashd o o5 ialS pl ool &3l
o aed s amlyr (Soias 10 K" @ Cans Sl ol o
00, S Cly Co s ] 00 (6,138 )L @y £9,0 5T 50 caSs 0> i
NG AW

Gy g o a8, S B oS 5 050 Sl Cod S5 a5 WK
Sle b T ok py Cldo j0 b aslys ool lis 50 T pis o)
ol dolys o929 K oy

iSRS o psghe b S el onl s Sy ol
2 potie (pl ol SLisjge BLIL 3 2 ol en 4y 22T L LS @
el 0 ools ylis "12 Jsa”

M2 IS8 e (oS 5 vge IS Sl pl (235 ks 0 b >
A sl eaalie 13 IS o T i pp b

S ene 5| Jol CaSs > e g5, T 5 05 il
4 bl b st opl a5 0l salys samlie "15 5 14 gla JS3" )5 5
1l 00 yuwni B ol
B =TV2nr @4

olie (glp Sl v (pomie 45wl e ool yLis "15 S jo
oo polie lp g a8 S 1T 25 oo Sl ) VLT (25 e
G55 nl Olgiise 18 USA" 4 azg b el 02lidl 3l godge cnl S
S| ogee 55 a8 el oy T 25 5 58l it 45 08 ol
saalie I 3o conSh w> e o gadge ol 45 WSl i
oy Lalls G oge 40 aS ded o il e aSS ol 5 15 S Il
ol 255 050 R Jlae! (amme 4 Jg S oo ol 8B T ps
B jielyl ctel atuie 55 "24 gala " 5l aS joblan 05 e oans il
a2l S5 elad onl 4z e o Cel Sty 4oL glad e 5 Sl

g2 wals ey el (nl 36 ol

S -4
Loas glabhis ;o ab osslie mlo 5 LSS 0 a5 jsbiles -1
S Ko 5 sl o o «awl 00 e0ls iales Kjc|ortho

L oAl oge o Glom Jb 5l it )b Wl oe askd 5 a8,

o —

&

Fig. 10 T-stress has no effect on the fracture of isotropic specimen in
pure mode | loading

o ol o aS LallB G oge (5,108 ,L o HaS 5 S g gl (caman 10 S

Ol S by 0 Wb T 2

298



Oled 9 3LT awa gl sl

T i 38,5 33 ) b S »5 390 BIAT )b s a9 )393 9l Slgo & Slauzo S JIST13S Hlro Esoss

(MPavm) coSs Soir Kic , Kiye
@97 0 R95Ps Sux LRT
sy 9 Jloyp eaiiS oy il n,i=16
o5 &b g mdle

(MPa) o285 5 ooy (23,8 Eij» Yij
S5y Al 0

Oglsy cmpo Vij

kgm?®) Js p

(MPa) 2285 oo (25 i)y Tij
(MPa) oo i 77

&lp -6

[1] J. McKinney, Mixed-mode fracture of unidirectional graphite/epoxy
composites, Journal of Composite Materials, Vol. 6, No. 1, pp. 164-166,
1972.

[2] E. Wu, Application of fracture mechanics to anisotropic plates, Journal of
Applied Mechanics, Vol. 34, No. 4, pp. 967-974, 1967.

[3] D. Hunt, W. Croager, Mode Il fracture toughness of wood measured by a
mixed-mode test method, Journal of Materials Science Letters, Vol. 1, No. 2,
pp. 77-79, 1982.

[4] S. Mall, J. F. Murphy, J. E. Shottafer, Criterion for mixed mode fracture in
wood, Journal of Engineering Mechanics, Vol. 109, No. 3, pp. 680-690,
1983.

[5] L. O. Jernkvist, Fracture of wood under mixed mode loading: I. Derivation of
fracture criteria, Engineering Fracture Mechanics, Vol. 68, No. 5, pp. 549-
563, 2001.

[6] L. O. Jernkvist, Fracture of wood under mixed mode loading: II.
Experimental investigation of Picea abies, Engineering Fracture Mechanics,
Vol. 68, No. 5, pp. 565-576, 2001.

[7] T. Van der Put, A new fracture mechanics theory for orthotropic materials
like wood, Engineering Fracture Mechanics, Vol. 74, No. 5, pp. 771-781,
2007.

[8] M. Romanowicz, A. Seweryn, Verification of a non-local stress criterion for
mixed mode fracture in wood, Engineering Fracture Mechanics, Vol. 75, No.
10, pp. 3141-3160, 2008.

[9] A. G. Anaraki, M. Fakoor, Mixed mode fracture criterion for wood based on
a reinforcement microcrack damage model, Materials Science and
Engineering: A, Vol. 527, No. 27, pp. 7184-7191, 2010.

[10] A. G. Anaraki, M. Fakoor, General mixed mode I/Il fracture criterion for
wood considering T-stress effects, Materials & Design, Vol. 31, No. 9, pp.
4461-4469, 2010.

[11]1A. G. Anaraki, M. Fakoor, A new mixed-mode fracture criterion for
orthotropic materials, based on strength properties, The Journal of Strain
Analysis for Engineering Design, Vol. 46, No. 1, pp. 33-44, 2011.

[12] M. Fakoor, R. Rafiee, Fracture investigation of wood under mixed mode I/11
loading based on the maximum shear stress criterion, Strength of Materials,
Vol. 45, No. 3, pp. 378-385, 2013.

[13] M. Fakoor, R. Rafiee, M. Sheikhansari, The influence of fiber-crack angle on
the crack tip parameters in orthotropic materials, Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, Vol. 231, No. 3, pp. 418-431, 2015.

[14] M. Buczek, C. Herakovich, A normal stress criterion for crack extension
direction in orthotropic composite materials, Journal of Composite Materials,
Vol. 19, No. 6, pp. 544-553, 1985.

[15] M. Gregory, C. Herakovich, Predicting crack growth direction in
unidirectional composites, Journal of Composite Materials, Vol. 20, No. 1,
pp. 67-85, 1986.

[16] V. E. Saouma, M. L. Ayari, D. A. Leavell, Mixed mode crack propagation in
homogeneous anisotropic solids, Engineering Fracture Mechanics, Vol. 27,
No. 2, pp. 171-184, 1987.

[17]1 L. Nobile, C. Carloni, Fracture analysis for orthotropic cracked plates,
Composite Structures, Vol. 68, No. 3, pp. 285-293, 2005.

[18] W. K. Lim, Mixed-mode crack extension in orthotropic materials under
biaxial load, International Journal of Fracture, Vol. 173, No. 1, pp. 71-77,
2012.

[19] B. Cotterell, Notes on the paths and stability of cracks, International Journal
of Fracture, Vol. 2, No. 3, pp. 526-533, 1966.

[20] A. Sherry, C. France, M. Goldthorpe, Compendium of T-stress solutions for
two and three dimensional cracked geometries, Fatigue & Fracture of
Engineering Materials & Structures, Vol. 18, No. 1, pp. 141-155, 1995.

[21] Y. Chen, Integral equation methods for multiple crack problems and related
topics, Applied Mechanics Reviews, Vol. 60, No. 4, pp. 172-194, 2007.

[22] Y. G. Matvienko, Maximum average tangential stress criterion for prediction
of the crack path, International Journal of Fracture, Vol. 176, No. 1, pp.
113-118, 2012.

299

boosr o bl adlioe NS,k o9e g o3le (ol & anly

—_—B=0

wereemene B =030

-———p3 =010 ]
B =+0.10
B =+0,30

0 1 L L L L &L
0 0.1 0.2 0.3 0.4 0.5 0.6

&

Fig. 14 Fracture limit curve by Considering T-stress effect
T S py jpam 50 Cwlld v e 14 K0

—_—B=0
L3 R B=2030 |
‘ ———p5 =-0.10
145 [, |
’ e, ——=B =10.10
Sl i B —=4). 30|

115}

"

0.1 0.12 014 0.16 0.18
&
Fig. 15 T-stress effects on fracture limit curves
ConSs > i 55, T G5 o5 536 15 S

el 33 0l 4 Sitly yg0r 6laS 5 (BLII glls glacy juelS
aalyz ab, SUI sbiwl, o 3L g S5 G asly Guizen
Og0d
svaliv plpoe Jlre cnl 5l (293 Gl jlogel )3 oS wigSlen -3
o Sy Jy adbsed aljlSabdle o lae jlxe ol g
S a3 oen B T e i G9S Jlne 3k -4
S oo Wl (oS S 090 (NS ,L Coxd Sigie8 sl lalad

e s 4g8 -5

m) S5 Jsb a

25 o ple lyo Ci;

ECOUNCv) iy PRV E,i=x7y,2

o dsxe  GyplLj=xY,2

MPaym) 5 ous ool o K, Ky

9 o)laib 99 0959999 (133,958 (LIS Sille wdiie



O 9 LT g £1) Sl

T i 38,5 33 ) b S »5 390 BIAT )b s a9 )393 9l Slgo & Slauzo S JIST13S Hlro Esoss

[26] D. Smith, M. Ayatollahi, M. Pavier, The role of T-stress in brittle fracture for
linear elastic materials under mixed-mode loading, Fatigue & Fracture of
Engineering Materials & Structures, Vol. 24, No. 2, pp. 137-150, 2001.

[27] J. Williams, M. Birch, Mixed mode fracture in anisotropic media, in: Cracks
and Fracture, Vol. 601, No. 1, pp. 125-137, 1976.

[28] F. Erdogan, G. Sih, On the crack extension in plates under plane loading and
transverse shear, Journal of Basic Engineering, VVol. 85, No. 4, pp. 519-527,
1963.

10 ojleibs 17 095 1396 5o (oI SBlle (Swdiue

[23] K. J. Kang, Criteria for kinking out of interface crack, Engineering Fracture
Mechanics, Vol. 49, No. 4, pp. 587-598, 1994.

[24] J. Williams, P. Ewing, Fracture under complex stress—the angled crack
problem, International Journal of Fracture, Vol. 8, No. 4, pp. 441-446, 1972.

[25] S.-G. Larsson, A. J. Carlsson, Influence of non-singular stress terms and
specimen geometry on small-scale yielding at crack tips in elastic-plastic
materials, Journal of the Mechanics and Physics of Solids, Vol. 21, No. 4, pp.
263-277, 1973.

300



