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Stress Singularities in Dissimilar Orthotropic Composites
Containing an Interlaminar Crack
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The problem of an interlaminar crack in dissimilar orthotropic composite materials under
in-plane and anti-plane loading conditions is investigated. In the analytical model, orthotropic
half-spaces are assumed to be bound together by a matrix interlayer which represents the
matrix-rich interlaminar region in the fiber-reinforced composite laminate. The crack is embed-
ded within the interlayer. With the utilization of the stiffness matrix approach, a system of
singular integral equations of the first kind is derived for the current mixed boundary value
problem. Numerical results are obtained for the interlaminar crack in a [0°/90°] fibrous
composite laminate subjected to three basic loadings in fracture mechanics. Under each applied
loading, variations of major and coupling stress intensity factors with respect to relative crack

size, crack location, and fiber volume fraction are illustrated.
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1. Introduction

An issue of fundamental interest and technical
importance in the area of stress analysis of layered
media has been increasingly focused on the situa-
tion when such materials contain a crack. Caused
by the material as well as geometric discontinuity,
the near-tip behavior is rather complicated via the
coupling among different modes of fracture even
under a simple loading condition. Furthermore,
the complex power singularity is attained for the
crack located along the material interface, giving
rise to the oscillatory crack-tip singular stress
field with the ensuing controversial phenomenon
of crack surface interpenetration. Specific solu-
tions can be found in the work of England (1965),
Erdogan and Gupta (1971), and Toya (1992), to
name a few, for the problem of an interface crack
in isotropic bimaterials. For the orthotropic coun-
terpart, solutions are due to Sun and Manoharan
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(1989), Dhaliwal and Saxena (1990), and Hwu
(1993). It was also illustrated by Sun and Mano-
haran (1989) and Toya (1992) that the respective
modes of strain energy release rates for the inter-
face crack do not converge in the conventional
concept of crack closure integrals. As discussed
by England (1965) and Atkinson (1977), how-
ever, such anomalous behavior is regarded to be
inevitable for the linear elastic solutions to this
class of crack problems, which are obtained based
on the ideal interface modeling with zero thick-
ness. On the other hand, Wu and Chiu (1991)
showed that the anti-plane shear interface crack
in both the isotropic and orthotropic bimaterials
retains the usual square-root singularities. A fur-
ther overview pertaining to this category of crack
problems was reported by Rice (1988) and Com-
ninou (1990).

Although the crack surface interference in a
tensile field is a highly localized one confined to
an extremely small region behind the crack tip,
various refined models have been proposed to
resolve the oscillatory behavior. For instance,
Comninou (1977) assumed that crack surfaces in
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isotropic bimaterials are in frictionless contact
close to the crack tip, while Sinclair (1980) and
Itou (1986) represented the interface crack with a
finite wedge angle. Atkinson (1977) and Delale
and Erdogan (1988) suggested a diffusive inter-
facial layer as an alternative to the ideal interface.
The frictionless contact model was later extended
by Wang and Choi (1983) to the interface crack
problem of dissimilar anisotropic materials.

In this paper, the stress analysis is performed
for the in-plane and anti-plane problem of an
interlaminar crack in dissimilar orthotropic com-
posite materials. Based on the microscopic obser-
vation that delamination in the fiber-reinforced
laminated composite is a matrix-dominated, pro-
gressive failure mechanism (Wang and Wang,
1979), the crack is embedded within a matrix
interlayer bounded by the dissimilar orthotropic
half-spaces. The interlayer models the matrix-rich
interlaminar region of the fibrous composite lami-
nate, which is also justifiable by the fact that
layers of such composite laminates are usually
bound together by the same matrix material in the
constituent fibrous layers (Jones, 1975). The stiff-
ness matrix method (Choi and Thangjitham,
1991a,b) is extended to formulate the current
crack problem as a system of singular integral
equations of the first kind. As numerical illustra-
tions, the response of an interlaminar crack in a
[0°/90°] laminated composite to in-plane normal,
in-plane shear, and anti-plane shear loadings is
presented in terms of major and coupling stress
intensity factors. Under each applied loading, the
effects of relative crack size, crack location, and
fiber volume fraction are discussed.

2. Problem Definition and
Formulation

Dissimilar orthotropic half-spaces bound
together by a matrix-rich interlaminar region are
considered. The interlaminar region is modeled in
the form of an interlayer of uniform thickness 2/
containing the crack of length 2a as shown in Fig.
1. As a result, the interlayer can be represented as
two separate layers but with the identical
isotropic matrix properties located above (0<z<

Fig. 1 Configuration of bonded dissimilar orth-
otropic half-spaces containing an inter-
laminar crack in a matrix interlayer

k) and below (— },< 2<0) the crack surface.
The upper and lower half-spaces are then regard-
ed to be fiber-reinforced along the x-(8=0°) and
y-directions (§=90°), respectively.

2.1 Governing Equations

Upon assuming that external loadings are ap-
plied such that the resulting field variables are
independent of y-axis, the displacement field is
written as

u=ul(x, 2), v=0vix, 2), w=wlx, 2) (1)

where , v and w are the displacement compo-
nents in the x-, y-, and z-directions, respectively,
and the constitutive equations for orthotropic
materials, in general, are given as (Lekhnitskii,
1981)

Oxx= Cu%}‘cu—ﬁ‘ st—gzﬂ"

ny = CIZ% + C23%—Zu/;n

Oz = Cls%;“‘*' Ca %ZZU )
z-yz: CA‘%;
—C(-2% 4 oW
[£75 Css( oz o )s
fo=Cos 32 @

where 0.,(x, 2) and r;(x, 2), i, j=x, y, 2, are the
normal and shear stress components, respectively,
and Cy ¢, j=1, 2, ---, 6, are the elastic stiffness
constants which take on the different values for
the upper and lower orthotropic materials.
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In the absence of body forces, the displacement
equilibrium equations are expressed as

2
Cu T4+ Co T+ (Cut CH T

0x0z
(Cls‘f‘Css)aag +C55%MZ)+C338 % =0

C66W+ Cusz ?;1; =0 3)

It is seen from the foregoing basic equations
that the in-plane deformation, z and ), and the
anti-plane deformation, p, are decoupled from
each other. In what follows, however, a general
solution procedure is provided which uniformly
enables the analysis of both the in-plane and
anti-plane crack problems in a simultaneous
manner.

2.2 Boundary and Interface Conditions

By dividing the interlayer into two regions
above and below the cracked plane (Fig. 1), the
laminate is modeled as a 4-layer medium. The
upper/lower half-space is labelled as the first/
fourth layer, while the upper/lower region of the
interlayer is labelled as the second/third layer.

The condition of displacement continuity at the
perfectly bonded layer interfaces and that of trac-
tion equilibrium are to be satisfied such that

Uk = Uk+1s Uk = Vks1y Wi = Win

lxl<oo, k=1, 3

(022)5 =0 b (Ted s =) bt
(Tyz);:(fyz)z“ 5 ‘XI< oo, k=123 4

while the regularity conditions at infinity are
imposed as

(027 =0, (r:x)T =0, (52)7 =0,
(022)7 =0, (12)31 =0, (52); =0
¥+ > oo (5)
where the subscript £ or £+ 1 denotes the layer
number and the superscript +/— indicates the
layer upper/lower surface.
The mixed boundary conditions on the plane
containing the crack (the interface between the
second and third layers) are expressed as

ur =ui, vs=vi, wy =wi

;a<lx|<oo
(Gzz);:pl(x)7 (sz)?zﬁz(x), (Tyz)3+:p3(x)
sxl<a (6)

where p(x), j=1, 2, 3, are functions describing
the applied crack surface tractions.
By defining a set of auxiliary functions as

) =z — )
(0 = — )

U0 =2 (07— )

lxj < oo M
the mixed conditions in Egs. (6) can now be
written as a set of three homogeneous conditions
in terms of the auxiliary functions, subjected to
the restrictions to ensure the continuity and
single-valuedness of displacements outside the
crack surface :

¢k(X):0
sa<l|x|<oo
a
[ ptorae=0
;=123 ®
2.3 General Solutions
By employing the Fourier integral transform
technique, the governing equations (3) are readily
solved to yield the general solutions for the dis-

placement components of orthotropic half-spaces
satisfying Eqs. (5) such that

l

u;;—» ZF e( l)ﬁlspluz—zsxds
(_ l)k 1)%| 8l ApsZ~
We= 27r ZZF R e( %[ 8| Ay tsxds
vk:%'/:kaBe(—l)"lslhoz—x‘sxds
s k=14 9)

where s is the transform variable, F,;(s), k=1, 4,
j=1, 2, 3, are the unknowns to be evaluated, A,
=(C&/CEN2, and Ay, k=1, 4, j=1, 2, are
positive roots of the characteristic equation :
C®CEMAH(CY+ Gy~ C O
—(CEN) A+ CIPCE=0; k=14 (10
and R,;
stants

k=1, 4, j=1, 2, are the material con-

(k) Cék)AZ
’*( COTCH Mg b

From Egs. (2) and (9), the general solutions for
the traction components are obtained as

Ry
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(0de= 3 [~ 2 i CH AR~ SCEI g

—1)*iS|Ang2—1
e( 1)*i8|Ans2 isx fo

(=G ("5 CsRu +IslA) P

—1)e -7
e( 1% 8] Ags2 lsdeq

(=D* r= (&)
(Tyz)kz"T/:JSMkoCM Fs

—~1}8|8 —1.
e( 1)%|8|Ano2 zsxds

sk=14 (12)

For the matrix interlayer having isotropic prop-
erties, there are only two independent elastic
constants such that Cy,= Cp= Css=2n(1— vn)/
(1=2y,), Cia=Cis=Cs=24nvn/(1—2y,), and
Cau=Css=Co6= ptmn=En/2vn+1) where pn, upn,
and FE, are shear modulus, Poisson’s ratio, and
Young’s modulus of the matrix phase of fiber
composites, respectively. The roots of the charac-
teristic equation (10) then become repeated and
equal to unity, with the general expressions of
displacements and tractions for this special case
given as (Choi and Thangjitham, 1991a)

Us :71;'/:00[(44)«1 + zAuz)coshsz
+(Bu +ZBk2)Sinhsz]e“'s"dg,
We :%j—‘mi[(‘q“ 2w Rn Bkz)Sinhsz

N

+ (Bkl + 2B ~’‘Eg’ifl)¢2>COShSZ:| e isde,

Vs :2~17r— /: :(AkSCOShSZ + Bussinhsz) e~ *ds

k=23 (13a)
(Gzz)k:‘zg‘;f/_‘:i{[zs(/qkl+ZAI¢2)_(Rm+l)BkZ]
coshsz

+ [ZS(BH +2Bi2) —(Rn+ I)Ak2]
sinhsz}e % Js)

(Z'xz)k :%[:{[ZS(BM + ZBkz) + (1 - Rm)Akz]
coshgsz
+ [ZS(AkI + ZAkz) +(1—- Rm)BkZ]
sinhgsz}e™**ds
(ryz)k=§§ I :S(AhSSinhSZ+ Biscoshsz)e™ s

s R=2,3 (13b)

where A,,(s) and B,(s), k=2, 3, j=1, 2, 3, are
the unknowns to be evaluated and R,=3—4y,,.

24 Stiffness Matrix Formulation

For the entire 4-layer medium, a total of eigh-
teen unknowns exist (three unknowns F;, k=1,
4, j=1, 2, 3, for each half-space and six un-
knowns A,; and By, £=2, 3, j=1, 2, 3, for each
region of the interlayer), yet to be evaluated by
applying Eqgs. (4) and (7). As an efficient ap-
proach to accomplishing this intractable task, the
stiffness matrix formulation (Choi and Thang-
jitham, 1991a,b) is extended to the analysis of the
current crack problem.

The following quantities are then introduced as

(14a)
(14b)

[i_k:[-iu")k Un ﬁh]r,
Gk:[—i( Eu)k (fxz)k ( fyz)k]r

where d,(s, z) and &.(s, z) are vectors for the
displacements and tractions of the kth layer,
respectively, in which overbars denote quantities
in the Fourier transformed domain (s, 2).

The tractions Oi(s) at the upper(+)/
lower( —) surface of each layer can be expressed
in terms of the corresponding displacements
di(s) such that

—-or=K®dr

[ O‘{}:[ i 1‘2’”] {@_};k:z’ 3
— O K K| \d;

or=K{di (15)
where K{F(s), i=1, 2, k=1, 4, are 3 x 3 symmet-
ric local stiffness matrices for the orthotropic
half-spaces and K{#'(s), 7, j=1, 2, k=2, 3, are 3
X 3 submatrices of the 6 x6 real and symmetric
local stiffness matrices for the matrix interlayer
(Appendix}, together with the following
asymptotic behavior for large values of [g|:
K i=j

16
0 ;i=j (16)

o=
in which K{&, /=1, 2, denotes 3 x3 symmetric
submatrices containing nonzero limiting values.

By defining gu(s)=di(s)=di(s), k=1, 3,
as vectors for the interfacial displacements com-
mon to the perfectly bonded layer interfaces, the
traction equilibrium on the cracked plane can be
written as

Kz(f)3_1+K2(22)¢72_+K1(?)Ja++K1(g)8—3:0 17
where from Eqgs. (7), (8a) and (14a), the vectors
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ds (s) and d3(s) for the transformed crack sur-
face displaczments are related to each other such
that

4d()=d —ds =L [ wnevar ()

in which the vector

T=[—ith ¥ ]” (19)
Upon noting that both vectors d;(s) and
di(s) define the common interfacial displace-
ments §,(s) for an otherwise uncracked medium
and the additional deformation due to crack
extension, from Egs. (17) and (18) in conjunction
with the asymptotic properties in Eq. (16), these
vectors can be decomposed as

= 8_2+LwK1(13=)=A¢—{,

di =& —L.K#4d (20)
where L. is a 3x3 symmetric constant matrix
written as

L.=[K{+ K] (2D

Through the successive applications of Eq. (4)
to the layer local stiffness matrix equations (15)
and using Eq. (20), a global stiffness matrix
equation for the composite laminate containing
an interlaminar crack is constructed as

KPP+ K® K@ 0 5 f
K? KR+ K® KY St =16
0 K+ K| | 6s) (|f

(22)

where fi(s), 1=1, 2, 3, are vectors of length three
expressed as

f}: - K®LK4d
=(K{ LK~ K LK) 4d
fa= - K L.K#$4d (23)

In matrix notation, the above system of equa-
tions is written as
K&=fr (24)
where K(s) is a 9x9 banded and symmetric
global stiffness matrix, §(s) is a vector of length
nine for the unknown common interfacial dis-
placements, and f(s) is a vector of length nine
containing the geometric and material properties
of the interlayer and the crack surface displace-
ments.

2.5 Integral Equations

After substituting the crack surface displace-
ment vectors in Eq. (20) into Eq. (15) and using
the values of §(s) from Eq. (24), the tractions
o5 (x) acting on plane containing the crack can
be obtained by taking the inverse Fourier trans-
form such that

ot =7 [ [TAms)e v as | @b
s |xf < o0 (25)
where M(s) is a 3 x 3 matrix written as
M=—-KPL-K#$+KVYH:+K$H, (26)

in which H,(s),n=1,2, are 3 X 3 matrices expres-
sed as

H __L(1+n)1K12)LooK(3)
+ Lasm K L K82 — K Lo K2
+L(1+n)3(K21)L K(zzl ;n=1, 2 (27)

where L(s), i, j=1, 2, 3, are 3 X 3 submatrices of
L(s)=K"(s).

It can be further shown from Egs. (16),(26),
and (27) that the matrices H,(s), n=1,2,and M
(s) have the following asymptotic behavior

hm—H,.(s) 0;:n=1,2

isl-

mu M 0

Mo mz 0

0 0 mas

muy- 0 0
=——|§|— 0 Mz 0 (28)

0 0 mgs-

hm M(s)= lim—

|§l—ec §

where on the ground that both the second and
third layers belong to the same matrix interlayer,
the constants m,-, {=1, 2, 3, are obtained as
Wlu«=mZz~=2—(l%, mss-’z% (29)
The foregoing results make it clear that the
singularities of the integral equations (25) are
attributable to the asymptotic values of the inte-
grand s !M(s) as |s| approaches infinity. In
consequence, separation of the singular part in
Eq. (25) can lend itself to a system of Cauchy-type
singular integral equations of the first kind such
that
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271(1—1/,,.) —a tl xdt

+ [0S knl, DDt =pr(0)

Hm Qz(t dt
27((1—1/,.) —et—x

+ f " S ks DY)t =pal),

%./—.: ta—(tx) dt+[:k33(x, B t)dt

=p(x) ;x|<a (30)
where £ (x, t), i, j=1, 2, 3, are referred to as the
bounded Fredholm kernels written as

kix, t)= _L” w[%m,;,-(s) + mg-}

sins(t —x)ds
(4 )=, 1),(2,2),3,3)

kilx, t)= ——i?./()‘w“};M12(S)COSS(t—x)dS‘

kalx, t) =L”l:m%m21(s)coss(t —x)ds
31

The singular integral equations obtained as
above demonstrate that there is no coupling
between Eqs. (30a, b) and Eq. (30c). This indi-
cates that the in-plane and anti-plane responses of
the interlaminar crack in the orthotropic bimater-
ials are independent of each other.

Via the existence of dominant Cauchy-type
singular kernels in Eqgs. (30), the singular nature
of the auxiliary functions, i,, k=1, 2, 3, is char-
acterized by the fundamental function of the inte-
gral equations (Muskhelishvili, 1953). Such a
function, in this case, corresponds to the weight
function of the Chebyshev polynomial of the first
kind (Erdogan, 1977). To preserve the correct
nature of singularities of the problem, the solu-
tions to the integral equations in the normalized
intervals, £=x/q and r=¢/aq, can then be expres-
sed as

wk(z-)— /~— 2 Crn Tn(T)

s k=123, 7] <1 (32)
where ¢, £=1, 2, 3, and x> 1, are the unknown
constants yet to be evaluated and 7,(7) is the
Chebyshev polynomial of the first kind of order
n, and 1/(1—7%)'* is the corresponding weight

function. To be noted herein is that the compati-
bility condition in Eq. (8b) is identically satisfied
by the above series expansion.

Upon substituting Eq. (32) into Egs. (30) and
using the integral formula (Abramowitz and
Stegun,1965)

1 Tn(z')dl' —
LRI~ Uy ®
i1, |e<1 (33)

the singularities of the integral equations are
removed such that

T(T’iT)Ech,. (&)
+’§”I2=1Hrfm(5)6'mn=pl(5)

s i=1, 2, &«
£33 cnlUn )+ 5 HIE) cun=pu()
;€< (34)

where [/,(7) is the Chebyshev polynomial of the
second kind and H/™(£) is defined as

Hr©=af AE DLW g 33)

To recast the above functional equations (34)

into a solvable form, the following orthogonal

relation for {J,(r) is utilized in the sense of the

weighted residual method (Abramowitz and
Stegun, 1965)

0; ks
FLO@ U= de={] 57" o)

and a system of linear algebraic equations for ¢,,
is obtained as

o 2
Z(lir—L’L;)—clk+;§1”,2=1 Y;?Cmnzé?li
=12, k=123, -,
'E‘z—mcak‘f"gl YI?SCSI!:SE
k=1, 23 3’ Tty (37)
where the constants Y7

= [ HMO U0 T—E g
o= [ pOUENT=Fde  (38)

The series in Eq. (32) is truncated, in practice,
after the first NV terms leading to a system of 3V

and ¢} are expressed as
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simultaneous equations for c,,, k=1, 2, 3, and |
<n<N in Eq. (37). This number N must be
large enough for the solution to be within a
specified degree of accuracy. Upon solving the
truncated version of Eq. (37), the dominant singu-
lar terms of crack-tip tractions can thus be
obtained from Eg. (25) in terms of the solutions
to the integral equations as

()3 (6)= m%zansn@w(l)

(53 (O) =4 31 cinSn(£)+0(1)
Hg>1 (39

where (O(-) denotes the higher order terms and
the function S,(£) is written as

Su(E)=— [E_Sgn(’f)\‘ EZ_ 1]”
sgn(£)y 21
sl & >1 (40)

The stress intensity factors at the right-hand

side crack tip can therefore be evaluated from the
solution structure obtained for the crack-tip trac-
tions such that

l{[—llmv 52 (0'22)3(5) ( ECM

]{Ilzlel_rgx/gzj(fxz);(g):_ 2(1 o ) 2C2n
I{IIIEIEi_‘IRV 52~1(ryz)§(5)——f2 Can (41)

where £, K, and K, are mode 1, II, and III
stress intensity factors, respectively, and at the
left-hand side crack-tip, the negative sign is re-
placed by (—1)".

3. Results and Discussion

For the purpose of numerical illustrations, a
fiber-reinforced composite material with the fol-
lowing fiber (T300 graphite) and matrix (epoxy)
properties is considered (Chamis, 1984)

E;=220.6 GPa, y,,=0.2, ;1,,=89 GPa

E;»=138 GPa, 1,,=0.25, 1, =48 GPa

E,=3.45GPa, ,=0.35, 4,=128 GPa
where the subscript s refers to the matrix phase,
while the subscripts f1 and f2 denote the

longitudinal and transverse directions of the fiber
phase, respectively.

By regarding the fibrous composite as effective-
ly homogeneous and orthotropic, the correspond-
ing elastic stiffness constants C¥, k=1, 4, are
evaluated via the composite micromechanics
equations (Chamis, 1984). For the fiber volume
fraction of 1/,=0.5, the values of stiffness con-
stants for the upper (§=0°) and lower (§=90°)

orthotropic half-spaces are obtained as

upper half-space

Ci{'=114 GPa, C{{'=C{¥=8.7 GPa

Ci¥=Ciy=3.3GPa, C#=3.4GPa
#W=27GPa, Ci¥=C{'=32GPa

lower half-space

CiP=C$=8.7GPa, Ci#=114GPa
(9= (C§=3.3 GPa, C{#=3.4GPa

CP=C@®=32GPa, C{#=2.7GPa

Without loss in generality, the following modes
of loadings are prescribed in which the crack
surface loading functions p,(x), j=1, 2, 3, in Eq.
(6b) are given as:

For the in-plane normal (mode I) loading

pix)=—00» p2(x)=0, ps(x)=0; |x|<a

For the in-plane shear (mode II) loading

plx)=0, plx)=—1,, pa(x)=0;lx|<a
For the anti-plane shear (mode I1I) loading

2(x)=0, po(x)=0, pa(x)=—3s0;|x|<a
where ¢,, 70, and s, are, respectively, the magni-
tudes of in-plane normal, in-plane shear, and
anti-plane shear tractions uniformly applied on
the crack surface.

Depending on the loading conditions, the series
in Eq. (32) can either be expanded in terms of odd
or even numbers. Specifically, under mode I load-
ing, the Chebyshev polynomials for ¢, and y, are
to be expanded in terms of odd and even num-
bers, respectively, while the reverse is true under
mode TI loading. For the case of mode 1II load-
ing, the polynomial for ¢; is to be expanded in
terms of odd numbers. In this manner, a twelve-
term expansion of the Chebyshev polynomials is
found to suffice in obtaining the solution with a
required degree of accuracy, together with the
numerical evaluation of related integrals based on
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the Gauss-Chebyshev and Gauss-Legendre qua-
drature formulas (Abramowitz and Stegun, 1965).
It is noted that, in the present discussion, the
stress intensity factors are evaluated at the right-
hand side crack tip and for 1/,=0.5 unless other-
wise stated.

With the interlaminar crack located at the
midplane of the interlayer such that %,/ 4,==1, the
values of major stress intensity factors, K, /=1,
I1, I, are shown in Fig. 2 as a function of
relative crack size h/g, to be directly identified
with the modes of applied loadings. In this figure,
the normalized stress intensity factors are obser-
ved to increase monotonically in proportion to
the ratio /;/¢ but remain below the upper bound
of unity. This may be indicative of improved
load-carrying capacity of the fibrous laminated
composite against fracture in comparison with
that of a conventional homogeneous material of
the same extent.

Because of the mismatches of layer material
properties, the mixed-mode behavior is predicted
in Fig. 3 by the simultaneous occurrence of coupl-
ing stress intensity factors Kj, and K, under mode
I and I loadings, respectively. Such values of K,
and K are, however, becoming insignificant as j/
a increases. In particular, a crack-tip state of
compressive singular normal stresses is depicted
under the in-plane shear loading, as indicated by
the negative values of K. Owing to the antisym-
metry of mode I1 loading, the [ at the left-hand
side crack tip is equal in magnitude but opposite
in sign, implying the partial crack closure at one
of the crack tips. Although the initial assumption
of a frictionless, open crack model may thus be
violated, in the light of general loading conditions
where there exists a sufficiently large component
of tensile loading, such negative solutions for X
can have a meaning provided that the super-
imposed values of K; at both the crack tips
become positive. To be noted is that under mode
HI loading, only the values of [, are induced as
the major crack-tip response and there occurs no
mixed-mode stress intensification.

The effect of relative crack location, 4,/24, is

1.00
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Fig. 2 Variation of major stress intensity factors as a
function of relative crack size h/q for h,/h,
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Fig. 3 Variation of coupling stress intensity factors
as a function of relative crack size h/a for
h/h=1 and V,=05

next considered. Specific results are obtained for
h/a=1 and plotted in Figs. 4 and 5 for the major
and coupling stress intensity factors, respectively.
Figure 4 illustrates that the values of K, experi-
ence slight and monotonic increases as },/2}
becomes relatively large. On the other hand, the
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values of K;; and K, are influenced to a much
greater extent by },/2/ when compared with
those of K;. In Fig. 5, it is shown that the signs of
coupling stress intensity factors may change with
respect to varying crack locations within the inter-
layer. Of interest in this figure is that the mixed-
mode behavior appears to vanish when the crack
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Fig. 6 Variation of major stress intensity factors as a

function of fiber volume fraction V; for h/a
=1 and A4/ h,=1

is located around j,/2/,=0.55.

It is now worth mentioning that in going to
limit 4/q@=0 and },/24=0 or 1, the problem
reduces to that of bonded dissimilar orthotropic
half-spaces containing the crack at the ideal
nominal interface. The integral equations de-
scribing the in-plane behavior are then changed to
those of the second kind (Sun and Manoharan,
1989 ; Dhaliwal and Saxena, 1990 ; Hwu, 1993).
Because the corresponding nature of crack-tip
singularities is oscillatory type and different defi-
nitions of stress intensity factors are required, the
results for these limiting cases are not provided
herein.

For the fixed values of /q=1 and h;/h,=1,
substantial effects of fiber volume fraction ¥/, on
the major stress intensity factors are presented in
Fig. 6. Observed in this figure is that increased
fiber content from the isotropy of the matrix
phase ( V,=0) tends to lower the major intensifi-
cation of crack-tip tractions. The overall increases
in fiber composite elastic moduli in parallel with
V;, especially in the fiber direction, are under-
stood to be mainly responsible for such a reduc-
tion in the magnitudes of major stress intensity
factors. For the case of coupling stress intensity
factors as shown in Fig. 7, the reverse trend is
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Fig. 7 Variation of coupling stress intensity factors
as a function of fiber volume fraction ¥/, for
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obtained with respect to V. In this case, however,
the degree of dependence on 1/, appears to be
insignificant.

4. Closure

Analytical solutions are presented for the prob-
lem of an interlaminar crack in dissimilar orth-
otropic composite materials, by embedding the
crack tips within the matrix interlayer bounded
by the orthotropic half-spaces. The stress intensity
factors are readily defined from the crack-tip
tractions with the standard order of inverse
square-root singularities. As a result, under in-
plane normal, in-plane shear, and anti-plane
shear loading conditions, effects of parameters of
physical interest such as the relative crack size,
crack location, and fiber volume fraction on the
values of major and coupling stress intensity
factors are demonstrated.
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Appendix
The 6x6 local stiffness matrices for the upper/

lower region of the matrix interlayer are written
as

[ ® K(’”} 0 0 K¥ 0 0 K

k k)
A €

with the following explicit expressions for the
elements K{¥'(s), k=2, 3, given as

KiP'= K=~ [ has*+5(3—4vn)
sinhsf,coshsh, |
KPP =— K& =2pns + Iis(3—4y,)sinh?sh,
K{P =T has*coshshy, + s(3—4y,)sinhsh,]
K& = — ki = Ihes®sinhsh,,
K= K8'= I hs® — s(3—4up)sinhshucoshshy]

K =[s(3—4yn)sinhsh, — h.s’coshsh,]
(o) — pr() — _MmSCOShsh,
K35 =K sinhs/,
) __ HmS
K sinhsh,, (A2)

hzsz—(3 4y,)sinh%sj,
while the 3x3 local stiffness matrices for the
upper/lower orthotropic half-space are given as
follows, together with the corresponding elements
K{F(s), k=1, 4, such that

KW 0
KiP=|K® K 0 |;(k D=(1,2), (4, 1)
0 0 K(k)
(A4)
Kl(lk):‘rls“/{kl}?kl AuzRx2)
Kx('f):T(h?—l“)?[sc )Rkthz(/hz /11;1)]
—(=DAsCH
Kz(f):Te—C*R—BK/thkl-Amsz)
3(;):|S|Ak0 4(:2) (AS)



