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Abstract.

In this paper, a fracture criterion for predicting the failure of the cracked composite specimens under mixed mode

I/ loading is provided. Various tests performed on composite components reveal that cracks always grow along the fibers in the
isotropic media. Using a new material model called reinforcement isotropic solid (RIS) concept, it is possible to extend the
isotropic mixed mode fracture criteria into composite materials. In the proposed criterion, maximum shear stress (MSS) theory
which is widely used for failure investigation of un-cracked isotropic materials will be extended to composite materials in
combination with RIS concept. In the present study, cracks are oriented along the fibers in the isotropic material. It is assumed
that at the onset of fracture, crack growth will be in a path where the shear stress has the highest value according to the MSS
criterion. Investigating the results of this criterion and comparing with the available experimental data, it is shown that, both the
crack propagation path and the moment of crack growth are well predicted. Available mixed mode I/II fracture data of various

wood species are used to evaluate and verify the theoretical results.
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1. Introduction

Nowadays, composite structures are widely used in
various industries due to their unique properties. These
materials are usually subjected to mixed I/II loading during
their lifetime (Altunisik et al. 2017). Therefore, before
utilizing composite materials in any industry, we need to
know their failure behavior. One of the main factors in
increasing the rate of failure in orthotropic materials is the
creation of different defeats in their structure (Fakoor and
Ghoreishi 2018). As a result, it is necessary to achieve an
efficient failure criterion that can predict crack initiation
and propagation in these materials (Wu 1967). For this
purpose, numerous studies have been conducted
theoretically and experimentally, and several criteria have
been proposed. Fakoor and Shahsavar (2020) conducted a
comprehensive review of the proposed models and criteria.
A succinct review has been conducted on local approaches
for the failure assessment of quasi-brittle and brittle
materials (Berto 2014). Mixed mode I/II fracture criteria for
cracked orthotropic materials, can be classified as shown in
Fig. 1.

Preliminary studies on fracture of composite materials
have been done experimentally based on curve-fitting on
experimental data of different wood species. For the first
time, experimental results of balsa wood and glass-fiber
reinforced composites have been utilized to provide a mixed
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mode I/IT failure criterion for orthotropic materials (Wu
1967). Mc Kinney (1972) proposed an experimental
criterion by performing some tests on single-directional
graphite-epoxy composites, utilizing the least squares curve
fitting method. In another research, a new empirical
criterion based on curve fitting has been proposed using test
results of Baltic red wood with cracks in RL direction (Hunt
and Croager 1982). Mall et al. (1983) used central and edge
cracked specimens of Eastern red spruce wood to
investigate fracture behavior of orthotropic materials under
mixed mode loading and finally, they introduced the
appropriate mixed mode I/Il experimental criterion.
Leicester (2006) employed pine wood in his study and
proposed a conservative criterion. Reynolds et al. (2019)
studied experimentally on fracture of bamboo wood with
LR, RL and TL crack under pure mode I and II loading.
Chen et al. (2011) also experimentally studied on the shear-
bond failure mechanism of composite deck slabs.

Empirical criteria have two or three constants that
should be evaluated for any specific kinds of materials and
this issue is a drawback for them. Therefore, it can be said
that these types of criteria, despite accuracy, are very costly
and time-consuming (Al-Fasih ef al. 2018). Fernandino et
al. (2020) using tensile tests and the specimen's surface
observation with SEM, studied on damage evolution at the
microstructural scale of a ductile iron partially austenitized.
They show that at the onset of fracture, cracks initiate and
propagate at the matrix-nodule interface, and then by
increasing the load, the initiation and propagation in the
metallic matrix take place inside the ausferritic areas.
D'Angela et al. (2020) also investigated the damaging
micro-mechanisms in a pearlitic ductile cast iron specimen

ISSN: 1229-9367 (Print), 1598-6233 (Online)



766 Sadra Shahsavar, Mahdi Fakoor and Filippo Berto

Mixed Mode I/l
Fracture Criteria

111eoret|cal Based
Mlxed Mode I/1l
Fracture Criteria

Expenmenlal Based
Mixed Mode I/II
Fracture Criteria

EES
&5

Fig. 1 Mixed mode I/II fracture criteria for cracked orthotropic materials

using SEM analysis and acoustic emission testing.

In another study, Di Cocco et al. (2014, 2010)
investigated the damaging micro-mechanisms in a ferritic
ductile cast iron using SEM with a micro tensile holder in
which these tests were performed according to a step by
step experimental procedure. Fernandino et al. (2020a) also
using digital image correlation technique and tensile
loading, studied on the damage analysis of the same
material. They claimed that cracks initiate in the metallic
matrix at the boundary between ausferrite sheaves and
propagate at the direction of the ausferrite plates. They also
obtained  the  relation  between  microstructural
heterogeneities and damage mechanisms of a ferritic
spheroidal graphite cast iron during tensile loading and
examined the crack initiation and propagation of the
mentioned specimen (Fernandino et al. 2020b, c). Ataabadi
et al. (2012) studied on the failure models and fiber-kinking
of laminated composites under mode I and mode II loading
conditions. In another research, some failure criteria have
been investigated to predict damage in glass/polyester
composite beams under low-velocity impact conditions
(Aghaie ef al. 2015). Rizov (2017) studied the delamination
of an end-loaded split functionally graded beam under mode
II loading considering material non-linearity by theoretical
approach.

Some researches have been done for improving fracture
properties of civil and construction materials under a
different type of loading (Golewski 2017a, b, c), using
microscopic approaches and fracture behavior of composite
material, the fracture toughness’s of mode I and II have
been obtained (Golewski 2018, Golewski et al. 2019a, b,

Golewski 2019) of composite structures. He also utilized
low calcium fly ash in concrete composite and investigated
the influence of the curing time on its fracture toughness
(Golewski 2020). The behavior of ternary concretes after
incorporating Fly Ash and Silica Fume has been
investigated (Golewski et al. 2021). Also, Golewski (2021)
subjected the dynamic load on concrete composite with the
addition of fly ash (FA) in the amounts of 0%, 20%, and
30% to investigate the micro-cracks of concrete.

In another study, a model for investigating the non-linear
behavior of steel-concrete composite beams has also been
proposed (Dall'Asta et al. 2002).

In the field of fracture of orthotropic materials,
theoretical criteria have been presented with acceptable
accuracy based on the extension of well-known isotropic
failure criteria such as maximum tangential stress (MTS),
maximum principal stress (MPS), maximum shear stress
(MSS), strain energy density (SED) and strain energy
release rate (SER). For example, MTS and SED criteria
have been extended to orthotropic materials to obtain
fracture limit curves (FLC’s) for predicting crack initiation
and propagation (Saouma et al. 1987, Nobile et al. 2004).
Fakoor and Rafiee (2013) using the maximum shear stress
criterion which is applicable for failure investigation of
isotropic materials, proposed a new mixed mode I/II
criterion for fracture assessment of orthotropic materials.
Based on the other well-known isotropic failure theories
(MPS, SED, and SER), new mixed mode I/II failure criteria
have been introduced by (Jernkvist 2001a). The
applicability of these criteria was evaluated by testing on
SENT and DCB test specimens made from Norway spruce
wood species (Jernkvist 2001b).
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Table 1 Some famous theoretical mixed mode I/11 loading criteria for orthotropic material

Author Approach  Theoretical base Fracture criterion Damage parameter
1
Jernkvist 2 2 2 s, ) (E
SER K?+BK:—KE =0 B :[A] :[_.
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He concluded that these extended criteria are acceptable just
for dominant mode I conditions, i.e. K, and energy-based

criteria (i.e., SER and SED) were conservative due to the
assumption of linear elastic fracture mechanics (Jernkvist
2001b). Numerical analysis of center cracked orthotropic
FGM plate has been conducted and the mode I stress
intensity factors at the crack tips has been calculated using
the Displacement Correlation Method (Kaman and Cetisli
2012).

Another approach based on the non-local stress criterion
was adopted to investigate the fracture of orthotropic
materials for the case of cracks oriented with arbitrary
angles with respect to the fibers (Romanowicz and Seweryn
2008). This approach was compared with the MTS criterion
and concluded that the non-local stress concept is more
accurate than MTS (Romanowicz 2019). Considering non-
singular T-stress term and FPZ effects, a new mixed mode
fracture criterion for composite materials has been
presented (Anaraki and Fakoor 2010, 2011). Also,
introducing a representative circle element (RCE) model
and effective elastic properties of a damage zone around the
crack tip has been obtained (Fakoor and Khansari 2016).

Using the Van der Put’s theory (Van der Put 2007), a
new concept which was named the “reinforcement isotropic
solid” (RIS) model for fracture investigation of orthotropic
materials was proposed by Fakoor ef al. (Fakoor 2017,
Fakoor and Khansari 2018, Fakoor et al 2019). RIS
assumes orthotropic materials as an isotropic solid media
which is reinforced with the fibers. Employing the RIS
concept, well-known isotropic fracture criteria such as SED,
MTS, and SER were extended to orthotropic materials.
They also verified their proposed concept with different
failure theories and experimental test results (Khansari et al.
2019, Farid et al. 2019, Fakoor and Farid 2019, Farid et al.
2020, Shahsavar et al. 2020).

As a conclusion, the most famous theoretical mixed
mode I/II fracture criteria are summarized in Table 1.

The purpose of the present research is to find a mixed
mode I/II fracture criterion for fracture assessment of highly
orthotropic materials. As discussed in the literature, several
theories have been proposed for predicting mixed mode
fracture in orthotropic materials with quasi-brittle behavior
based on well-known isotropic fracture criteria (i.e., MTS,
MPS, SED, SER, and so on). In nearly all proposed criteria,
crack propagation direction is assumed to be along the
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Fig. 2 Six possible crack growth systems in wood species

Table 2 Elastic modulus and fracture properties of wood specimens employed in this study (GPa)

KRL KRL KTL KTL
Wood Species Name Er E E, Gre Ve Vi Vm e e e Thie
Norway spruce (Picea abies) ) )
(dernkvist 2001b, Edlund et al. 2006) 081 064 1184 063 038 056 034 058 152
Scots pine (Pinus sylvestris)
(Kollmann et al. 2006) 110 057 16.3 174 047 045 031 049 132 044 205
Red spruce (Picea rubens) (Ross 2010) 098  0.63 127 080 037 042 030 042 166 042 219

fibers with a self-similar assumption.

Although this assumption may be acceptable from a
microscopic point of view, detail microscopic observations
of the crack tip at the crack propagation moment, reveals a
crack kinking phenomenon between the fibers. In the
presentation of the new mixed mode fracture criterion, this
kinking phenomenon is taken into account utilizing the
reinforcement isotropic solid (RIS) concept. In the RIS
concept, the effect of fibers on the matrix in orthotropic
materials is modeled via reinforcement or stress reduction
coefficients. Then the well-known maximum shear stress
(MSS) theory is employed to anticipate the kink angle and
onset of in-plane crack propagation. The superiority of the
present work is proven with the comparison of the derived
fracture limit curves by available experimental data.

2. Theoretical background and problem statement
2.1 Materials and assumptions

In this research, wood as a natural highly orthotropic
material is utilized for the case study. It has been shown that
due to the complex structure of wood components and the
inherent defects, any fracture criterion that can interpret the
behavior of wood failure is certainly able to predict the
failure in man-made composite materials (Fakoor and
Shahsavar 2020, Wang et al. 2019). Wood has special
mechanical properties in different directions wherein its
three principal directions are longitudinal (L), tangential (T)
and radial (R). These three principal directions and the six
possible crack growth systems are shown in Fig. 2. In this

paper, the behavior of most probable crack systems (i.e., RL
and TL) in which cracks are oriented along the fibers is
investigated. Mixed mode I/Il loading and plane strain
conditions are assumed in the theoretical analysis. Elastic
properties and fracture toughness of the wood species
studied in this paper are also summarized in Table 2.

2.2 Stress field in the vicinity of the crack tip in
orthotropic material

The stress state near the crack tip of an orthotropic body
is illustrated in Fig. 3.

The corresponding stress components are defined as
follows

I(I

I<II

mgu(ﬁ); hj=12 (M

fi (0)+

Fig. 3 Crack tip stress state
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Fig. 4 Dependency of fij and (j to crack growth path in Scots pine sample

In the above equation fij (9) and o (9) are the material-

dependent angular functions. For orthotropic materials,
these parameters are as follows (Sih et al. 1965)

f(0)- Re{slsz (99 - 9161)}

‘91 - ‘92
(2a)
‘9162 — ‘9251
f(0) =Re| =— =
1 2

‘91 _‘92

9.,(0)= Re|:

(‘92252 _‘91251):|

(2b)
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Where, §,and ¢, are defined as follows

1 1

5 = 1 5 =
' (cosO+9sin)"” ’ (cos@+9,sin0)"* ®)

$ and 9, are the roots of the following characteristic
equation (Su and Sun 2003)

Cu +2C% +(2C, +Cy ) F —2C,59+C,, =0 4)

In the above equation Cij ' are the components of the

below compliance matrix

&y 1/E, —vuyl/E, -v4/E, O 0 0 oy
Ep -v,/E,  1/E, -v,/E, 0 0 0 Oy
& | | vil/E —vulE, 1/E 0 0 0 [
7al | O 0 0 1/G, O 0 || 7y ®)
Va1 0 0 0 0 1/G, © Ty
Y1 0 0 0 0 0 1/G, )\ 7,

For plane strain conditions, the following equation is
used for components of the compliance matrix

Ci; =Gy —CiCys ICy (1,j=1,2) (6)

f;(0) and 9; (6) can lead us to a possible fracture

plane at crack tip vicinity. Fig. 4 reveals the dependency of

f; and g; to crack growth path in Scots pine wood

species.

The cracking tendency to grow along the maximum
shear stress plane in isotropic matrix among the fibers has
been investigated in Appendix A.

3. Deriving the mixed mode 1/ Il fracture criteria

3.1 Augmented maximum shear stress fracture
criterion (AMSS)

Considering the orthotropic stress field, the well-known
and practical MSS theory is used to study the fracture
behavior of orthotropic materials under mixed-mode I/II
loading (Fakoor and Rafiee 2013). Tresca stress theory
which is applicable for failure assessment of isotropic
materials is defined as follows

1
Tmax = \/4 (6121 + 03, —20,,05, ) +0o3,° (7

According to the stress state at the crack tip of
orthotropic material (Eq. (1)), the following relations can be
defined

1
O-lzlzm(flilelz—i_gllelzl +2f11911K|K||) ®)

1
o5 :g( foKY + 05K +2f22922K|Ku)

1
op :ﬁ( foK?+95KE +21,0,K, )

1 ( 022 KE + Fu0, K + J
Zﬂ-r ( f11922 + fZZQll) KI KII

Through substituting Eq. (8) into Eq. (7), we have the
following from for MSS

Tmax = (AilKI2 + ALK K, +A22K|2|)1/2 ©

In which A”. coefficients are defined as follows

0110 =

PR
Crack propagation is assumed to be when 7, = T, ,

considering crack propagation along the fibers (1.e. K, =0,
K, =K,,), the critical value of maximum shear stress (7, )

for crack propagation can be obtained as follows

Ke [ fu fzz)
1=l | u e 11
2xr ( 2 (b

Now for self-similar crack propagation, the final form of
AMSS fracture criterion for cracks along the fibers (¢ =0)

is (Shahsavar et al. 2020)

1
K/ +—K> =K. (12)

1

2.5

1.5F

051

-0.5 : . . - : - :
- =3n/4 -w/2 -7/4 0 /4 /2  3n/4 7

2}

Fig. 5 Dependency of the damage factor (4, ) to crack
growth path in Scots pine sample
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Fig. 6 Crack kinking in an orthotropic material

Tree Trunk sectional
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o~
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Fig. 7 Selected RVE for extraction of RIS coefficients under (a) tension along the fibers (b) shear loading and (c)

tension across the fibers

Where, v :[ f“(a); f22(9)]2, and defines as a damage
parameter. Eq. (12) was derived by (Fakoor and Rafiee
2013) by another alternative approach wherein y/, was
equal to(KIC /K
mode II fracture toughness of the material.

Fig. 5 depicts the variation of y/, in Scots pine wood

lic

)2 , which depends on almost inaccessible

for different angles around the crack tip.

As observed in Fig. 5, the maximum value of the
damage factor is in the direction of the fibers (i.e. 9=0) and
it is in accordance with the self-propagation assumption of
AMSS. Obviously, this curve has different amplitudes for
other orthotropic materials, but the overall behavior is the
same.

3.2 Reinforcement isotropic solid (RIS) model

According to various experimental observations, crack
with any arbitrary direction with respect to the fibers in
orthotropic materials kinks immediately after the onset of
fracture and propagates along the fibers in the isotropic
matrix (See Fig. 6).

For the case of Fig. 7(a), fibers and matrix tolerate the
applied load simultaneously, in which the fibers increase the
strength of the material in their direction. But, in the case of
Fig. 7(c), the fibers do not contribute to load-bearing and
therefore do not have significant effects in stress reduction
of the matrix media; thus, the RIS-factors of this case are
equal to one. As a result, the RIS-factors can be defined as
follows (Fakoor and Farid 2019)

E. E,(1+0y)
n==" 7=1 y=(1-v, )1+ (3
g nTton ( f)[ E22(1+u12)j (13)
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The stress state at the crack tip of the isotropic matrix is
as follows

oy =y (0)+ !
b 2 N2xzr

Therefore, using RIS-factors, an orthotropic stress state
can be converted to a reinforced isotropic stress state
employing the following relations

In the RIS model, orthotropic material is assumed as an
equivalent isotropic media which is reinforced with fibers
as reinforcing elements. The fibers are more potent than the
matrix and tolerate most of the subjected load. Therefore,
the crack cannot tear the fibers and propagates in the weak
plane of the isotropic matrix. In the RIS concept, isotropic
and orthotropic stress fields are related to each other with
some coefficients named as “stress reduction” or “RIS”
factors (Fakoor and Farid 2019, Daneshjoo et al. 2018). The
significant superiority of this manner is considering the
effect of the volume fraction of fibers in a stress state. They
selected a suitable RVE as shown in Fig. 7 to obtain RIS-
factors with FEA software.

9 (0) - (=12 (4

K, K
=, (0)+ — =0, (0
o yN27r pll( ) yN2nr qll( ) (s)
K, K
= ——— )+ —— 0
Oy v, Par pzz( ) , r qzz( )

K, K
ro_ 2] 1] 2]
Oy, 7 ot p12( )+ 7 oar q12( )

Where, o} is the stress state at the crack tip in the

reinforced matrix and also P; and Q;; represent the angular

functions of isotropic stress state which are defined as
follows (Williams 1961)

0 .30 . 60
0) = (cos Z)(L—sin ~—sin =
P, (6) (cosz)( sin > sin 2)

0 .30 . 60
0) = (cos =) (L+sin =sin —
P, (6)=(cos 2)( +sin 5 sin 2)

. 0 0 30
plz(e)zsmzcosicos?
o 30 0 1o
6)=(sin—)(2+cos—cos—
Qn() ( 2)( 5 2)

.0 0 30
@) =sin—Cco0sS—C0Ss—
4 () 5 005 €05

0 .30 . 0
@)= (cos—=)(1—sin—sin—
%2( ) ( 2)( 5 2)

3.3 Generalized maximum shear stress fracture
criterion in combination with RIS concept (RIS-GMSS)

On the contrary to previous studies, experimental tests
on wooden materials demonstrate that at the onset of
fracture, in microscopic point of view, oriented crack along
the fibers in the matrix of orthotropic lamina starts to

fa

= — A—m—
— Crack /'\\___,_  } -
V-—ﬂ—‘—’_:' s AT ( 50"

TE— :’_‘ - l‘:—i - nat
— onset of fracture

Fig. 8 Crack propagation direction at the onset of
fracture in microscopic point of view

deflect and grows in a different direction (i.e., 6, ) (Farid et

al. 2020). This phenomenon is schematically shown in Fig.
8. In this section to establish the RIS-GMSS criterion, crack
growth will be examined in the direction in which shear
stress has the highest value based on the MSS criterion.

According to RIS concept and Eq. (15), the following
relations where included RIS-factors are defined

2 1 [ pAKZ+giKZ +2p,q,K K, j

O, =

Y 2ar ;/12
O"2=i p222K|2+q222K|2| +2p22Q22K|Kn

22z v an
i _i p122K|2 +q122K|2| +2p,0,K K,

2 2xr 7/32

oot = b [ PuPaKP 460K + (Pl + Pahi) KI K,
1+22 27[[’ 717/2

Therefore, according to Tresca theory, the new form of

T nax including reinforcement factors is defined as follows

1

Toa = AT K] + ATPK K, + ATKE 2 (18)

max

In which A?IS factors are defined as follows

ms_ 1 (PO, P PuPy, Ph
1 = 4 2 4 2 2 2
7 72 Nnr. 73

2rr
AiF;IS — 1[ pllqll 4 p22q22 _ (plquZ + pZqul) + 2 p12q12] (19)

2zr\ 2 2y 217, v

RIS _ 1 [%21

2

= o LZZZ_qnqzz +q7122
2rr

4yt vy 2ny, 7i

In order to obtain RIS-GMSS criterion, the following
assumptions are considered:
e The crack grows in the isotropic matrix of
orthotropic material.
e Crack tip stresses are considered with RIS
coefficients in the isotropic matrix stress field.
e Crack propagates in the direction that the



Mixed mode I/II fracture criterion to anticipate cracked composite materials ... 773

maximum shear stress reaches its critical value.

e Crack direction changes after contact with the
fibers (crack kinking phenomenon) and propagates
along the fibers

Considering the above assumptions, Eqs. (17) to (19) are
employed to establish the RIS-GMSS criterion. According
to the MSS criterion, the crack propagates when the critical
shear stress reaches its maximum value at a critical
distance; thus, the following three conditions must be met
simultaneously to obtain the desired criterion

ot 0%t

T nax :(Tmax)cr ! Tr;axzo ! ﬁ<o (20)

The first condition is to get the maximum critical shear

stress (Tmax )Cr . As mentioned, this value is part of the

properties of the material. The pure mode I loading

conditions (i.e. 6. =0, K,=0.K, = K,)> areemployed to

express the (rmax)ras a function of the mode I fracture
Cl

toughness.

The first condition is to get the maximum critical shear
stress (Tmax) . As mentioned, this value is part of the

cr
properties of the material. The pure mode I loading
conditions (i.e. 6. =0, K,=0.K, = K, ), are employed to
express the (r ) as a function of the mode I fracture
max Jecr

toughness.

The second and third conditions specify the crack
growth path, which is calculated as follows

0

Trnax , \RIS / \RIS 1 \RIS
WZO D(Au) KI2+(A12) K|K||+(A22) K =0 (21)
Where
20, , 2P2Py
(Ai,l)ms :i 4712 4722
277 | (PiaPz + PuPia) | 2Pl
2,7, 7/32
(Pl + Puthy) | (PiaClee + Paollie)
2y; 273
, 1| ((Pii8 + Puls )+ ( P5Chy + Prolhy
(Aiz)RIS = (( 111122 11 22) ( 22411 22 11))+ (22)
2zt 21,7,
4
20,0 | 2007
(A; )RIS :i 4712 4722
U 2ar| (0 + ) | 20,0,
217, 7§

Regarding the third condition, the below relations are
obtained

2
e <0 = (W)™ KT+ (A) KUK+ (A) K <0 23)

In which

2P+ PuPli ) 2(Pz+ PPl )
4y 4y

( Y )RIS _i (( PPy + Py péz)"'( Pry P2, + Pry 3, ))

2nr 2117,

. 2(p1,22 + P Pry )

7

((P{iGhy + PisHy )+ ( Py + PuChy ))
2y;

(( P52, + p£2q£2)+( 202 + £,05 ))
2y;

((PfiG0 + PLs, ) +( PLi, + P )
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In this way, utilizing Eqs. (21) to (24), the criterion

related to the state of (@, :(ec )MSS) can be obtained as

follows

(0K AT (KK, AT (0)K = AT (0)KE 25)

c

here, the damage parameter of RIS-GMSS criterion (¥/,) is

defined as follows

K6
AT (0)

Fig. 9 depicts the variation of y/, around the crack tip

7 (26)

for Scots pine wood as a sample. The maximum damage
factor occurs at an angle of 45° which is in accordance

with the angle of the maximum shear stress plane (See
Appendix A).

4. Result and discussion

In order to validate the criteria, experimental data of
three types of wood species have been utilized from the
literature. Figs. 10(a)-10(c) depicts the fracture limit curves
of the proposed criteria in comparison with Scots pine,
Norway spruce, and Eastern red spruce experimental data,
respectively.
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Fig. 9 Dependency of the damage factor (y,) to crack growth path in Scots pine sample

As observed in Fig. 10 more accurate coincidence with
experimental data can be found in FLC’s of RIS-GMSS
criterion. Precise physics-based assumptions such as
cracking propagation tendency along with maximum shear
stress and employing the reinforcement isotropic model are
the main reasons for this accurate estimation. Embedded
damage factor in RIS-GMSS criterion (y,), has absolute

maximum along the maximum shear stress planes (See Fig.
8 and Appendix A). The aforementioned damage factor
includes significant effects of shear stress which is reduced
with .. It could be concluded that the maximum shear

stress theory is in accordance with the nature of fracture of
fibrous composites such as wood.

5. Conclusions

The processes of manufacturing, machining, and
forming materials can lead to defects in engineering
components, especially composite parts. Neglecting these
defects in the designing process, leads to catastrophic
failures in the structures. The effects of these cracks and
defects can be considered with a suitable failure criterion. In
this paper, the RIS-GMSS fracture criterion was derived
based on the well-known maximum shear stress failure
theory for cracked orthotropic materials wherein crack was
oriented along the fibers. Mixed mode I/Il loading was
considered in this research as general in-plane loading
condition. The reinforcement isotropic solid concept (RIS)
as a new superior material model was utilized to investigate
the fracture of orthotropic materials. In the RIS concept,
fibers are assumed as reinforcing elements, which reduce
the stress state subjected to the matrix by three defined
factors. These factors depend on the elastic properties and
the fiber volume fraction of the material. Unlike self-similar
crack propagation assumption in available mixed mode
fracture criteria, in RIS-GMSS criterion cracking
propagation tendency was considered along maximum shear

stress. From a microscopic point of view at the onset of
fracture, RIS-GMSS assumes that the crack makes a small
kink along the MSS in the isotropic matrix medium. Crack
propagation was also considered to happen when maximum
shear stress reaches its critical value at a critical distance
from the crack tip. Accuracy of RIS-GMSS fracture limit
curves in the prediction of mixed mode experimental
fracture data related to three kinds of wood species proved
the superiority of the proposed criterion.
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Appendix A

The plane of maximum shear stress is shown in Fig. Al

and can be obtained as follows

(O'X _ay)

T =Tsin 20 -0, 0820
d_r
dé

tan 20 = —(O'X —O'y)/20'xy

Considering RIS concept, we have

(0)+

_ K, p Ky q (9)
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tan 260 =
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0.(0)

7173 P2 (9)_7273 Pu (0)

tan 26, =
27/17/2p12(9)
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tan 20, = 22 2
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(73\/27” P2(9) yaN27mr

0(0)

Now, for pure mode I loading condition we have
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Fig. Al Plane of maximum shear stress at the crack tip of

an orthotropic material
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Fig. A2 Critical stress intensity factors for mixed mode case

tan 26, =

tan 26, =

11Y3P52 (0) = 7275Pu (9)
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For stress state along the fibers (9 =0), we have

tan20, =0 = 6, =

And for pure mode II loading condition, we have

(sin gcosgcosﬁ)
Nrs 2 2 2

36 .
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For stress state along the fibers (8 =0), we have

tan26, =0 =

6.=0,7

(A3)

(AS5)

(A6)

For a mixed mode case, using Scots pine experimental

data (Fig. A2), ¢ can be found

as follows
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v G HE) G2

o K 2(2%) @
73 6.8
= 0,=2555
Where, K, =033 & K, =0.84.





