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Abstract —The paper investigates the antiplane shear problem of a dissimilar interfacial circular
crack in cylindrically anisotropic composites. Using the theory of analytical functions, a general
solution based on a complex variable displacement function is obtained, which is similar to Lekh-
nitskii's stress potentials for rectilinearly anisotropic material. For some cases, the circular crack
problems are reduced to Hilbert problems which are solved in a closed form. The first three-term
asymptotic expansions of the near crack-tip stress field are given to identify the role of the curvature
effect. The asymptotic solutions are further compared with exact solutions. These solutions show
that the leading term exhibits an inverse square root stress singularity regardless of the material
properties. 1n order to compare the stress field near the crack tip for a curved crack with that of a
planar crack, a solution for a rectilinearly anisotropic body with a centered straight interfacial crack
is also presented.

I. INTRODUCTION

In predicting an accurate stress field near the crack tip under various loading, antiplane
shear loading is often considered as a model case since closed form solutions are attainable
in some instances. These solutions provide a basis for a qualitative fundamental under-
standing of the more complicated in-plane loading. Crack problems may be classified into
two categories depending on the type of crack geometry considered. The first class of the
problems involves planar or straight cracks. The shear tractions acting on the crack surfaces
of an infinite solid in homogeneous orthotropic materials under longitudinal shear has been
examined by Sih and Chen (1981), using the complex potentials technique introduced by
Muskhelishvili (1953). Zhang (1984) investigated a finite body containing an interfacial
crack between two isotropic solids under surface-loaded shear tractions using Fourier
transform and Fourier series methods. Wu and Chiu (1991) studied the antiplane shear
interface crack problem loaded along the boundary of a finite anisotropic body using an
integral equation formulation with a boundary collocation method. Recently, a kinked
crack in homogeneous media and a kink interfacial crack under uniform crack surface
tractions has been studied by Choi and Earmme (1990) and Choi et al. (1994) using the
Mellin transform and Wiener—Hopf technique.

The second group of the problems involves curved or nonplanar cracks. This class of
problems is of particular interest in micromechanics. for predicting fracture between the
fiber and the matrix. Sih (1965) derived and solved a circular crack in an infinite homo-
geneous isotropic body under remote longitudinal shear using a conformal mapping tech-
nique. For interfacial curved crack problems. Tamate and Yamada (1969) presented a
solution of a partially debonded circular interface crack between inclusion and matrix
under remote antiplane shear stresses. Smith (1969) studied a partially debonded interface
of a circular inclusion under remote antiplane shear stresses and a debonded surface shear
loading using the method of dislocations. Karihaloo and Viswanathan (1985) used an
Eshelby’s equivalent inclusion method to study an elliptic shaped interface crack between
two isotropic materials. The fiber-matrix interfacial crack has been recently addressed by
Teng (1992) and Teng and Agah-Tehrani (1993) by considering the interaction between
neighboring fibers using a generalized self-consistent scheme and a periodic array model.
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In this paper a circular interfacial crack between dissimilar cylindrically anisotropic
composites subjected to antiplane shear is presented. In the next section, the basic equations
of cylindrically anisotropic elasticity under antiplane shear are formulated based on a
complex variable displacement function. A general solution for the stress and displacement
in a cylindrically anisotropic composite is established in Section 2. The solution of constant
shear tractions acting on the interface for both regions with material anisotropy is con-
sidered in Section 3. Another example which simulates the anisotropic fiber imbedded in
an isotropic matrix is studied. The derivation and solution of an interfacial circular crack
under remote antiplane shear stresses are examined. In this paper, asymptotic solutions up
to the third-term expansion are derived to elucidate the role of curvature on the angular
distributions of stresses near the crack tips. For comparison of the crack-tip stress field
between circular and straight cracks, a planar interfacial crack between dissimilar rec-
tilinearly anisotropic solids under constant surface shear tractions is derived and discussed
in the Appendix.

2. MATHEMATICAL FORMULATION

Consider a cylindrically anisotropic clastic body deformed under antiplane shear. The
strain—displacement, stress—strain, and the equilibrium equation in the absence of body
force are given by

ow 1 ow
W= e A mm— —— 1
e 1 M
Tp- = Caayo- + Castre 1o = Casve-+Css7ie 2
ct,. 1ot 1,
r + r 00 ¥ 3)

where w(r, ) is the displacement in a direction perpendicular to the x-y plane, ;. and 14,
are strain and stress components, respectively. C; are the stiffness coefficients.
Substituting eqns (1) and (2) into eqn (3), the equilibrium equation can be written as

w1 ow 18w 1 &*w
Css( 5 +€r>+2645r5‘5§+c44ﬁ5§;=0- “)

A general solution of eqn (4) which is similar to Lekhnitskii’s (1963) complex variable
stress potentials in the rectilinearly anisotropic material can be expressed as

w(r,0) = 2Re [W(z;)] ®)]

where a new argument z; is defined as

—ii—1
o= (’) re" ()
a

where a is a characteristic length designated here as the radius of the circular arc. The 1 are
roots of the following algebraic characteristic equation

Cs:i?—2C,h+Cay = 0. )

When the material is isotropic, 4 becomes i. The roots of eqn (7) are either complex or pure
imaginary but cannot be real. Without loss of generality, / is chosen as
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A= [Cys +"\/’/C44Cﬂss —C35)/Css

where Re (—i4) = \/'FCM 555 —HC?;/CS,», > 0. It is convenient to introduce a function

; -———  dW(zy)
(D(Z;) = \/C.MCss—‘C:_&S:] __-d” (8)
“3
so that stress components can be simply written as
2 2 .
T,. = ; Re [@(21)] Tp. = ’ Re [/‘(D(:?)] (9)
and
ow i —
TR TEN) (19)
a0 u

where u = \/C,4Css —Cis and a bar denotes a complex conjugate.

Having established the general solution for the stress and displacement in a cylindrically
anisotropic material, we can study the interfacial curved crack between dissimilar
cylindrically anisotropic materials in the next section.

3. INTERFACE CRACK BETWEEN DISSIMILAR CYLINDRICALLY ANISOTROPIC
MATERIALS

Consider a circular crack lying along the interface of two cylindrically anisotropic
elastic solids, subtending an angle 2« at the center of the circle as shown in Fig. 1. Further,
let equal and opposite known tractions t(ae”) be applied to each crack surface. Then the

boundary conditions along = = g ¢ are
Y g

(%1'(“ 8‘1‘{:) (1) (2
W = 70—- ) =1 onlzl=a, 0>« (1)
and
TLU = ‘L'(aelU) ‘[:1::) — T(ae’“) on ‘:‘ —a |6| <y (12)

Here, and in the sequel, the superscripts or subscripts 1 and 2 denote the internal and

Y
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Fig. 1. Geometry and coordinates of an interfacial curved crack between cylindrically anisotropic
materials.
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external materials respectively. From eqns (9) and (10), the conditions (11) and (12) can
be rewritten in the form

1 — | &
— (D] 2)—0, ()] = o, (z *q)z z
G DO =@ = 00 B (13)

D (2)+D,(5) = 0.(2)+ D, ()

a
D)+, () = 5 7(2)
} onlz| = a,|0] <. (14)
. a
(I):(Z)+(I)3(f) = 51‘(:)
where z = a”;z. The following two cases are considered in this paper.

Crack under surface rraction
For the case of constant surface traction 7(z) = — 1, with zero stresses at infinity, it
readily follows from egn (13) that

1 1 a’ 1 1 — /a°
O )+ Dy — )= P2+ Dy —
1y > z e Hi z

D, (2) - D, (l> S NE RS (“)

Defining two new functions

1 1. <a3>
—®(z)+ —D, - =W¥(z) zeSt

Hy I
Ld)z(:)Jr : o, <a> =WY(z) zeS~ (15
I 1y z
_ (a’
(Dl(k)—(D3<_) =0((:) zeS*
(I)z(:)cb,<a:—>s®(z) zeS- (16)

then the displacements and stresses described by W and © are continuous across the
interface. In eqns (15) and (16), ¥(z) and ©(z) are analytic functions in the whole plane
cut along the arc r = «, || < o, with the possible exclusion of the origin and infinity. Note
that S* and S~ are the inner and outer regions respectively. Based on the definition of eqns

(15) and (16), we have

5

@'(‘”):w(z) @'(“j):@(z) zeS*and S~ (17)

Solving eqns (15) and (16) for @,(z) and ®,(z). we obtain
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Kl O(2) = (@ K12 0(2)
udi . Y(z)— S*
ﬂlﬂtz[W(ZH # ] ¢2<2> /1|+#2|: S ] o€

Ml % = aj _ Hila _9(2)
®z(‘)—#]+ﬂ2[\{'(z)+ m ] q)'(’) 1+ i [ly(z) ﬂz]

Z

D,(z) =

N

eS™. (18)

Substituting eqn (18) into the remaining condition (12) yields

W () + ¥ (2)+ l%[@*(z)—@)_(z)] - “;tiﬁiar(z)

onlzl=a, |fl<a (19)
N1+llza

1 2

1
‘I‘+(Z)+‘P‘(2)—#—1[9*(2)—@‘(2)] = (2)

that is,

Myt Ho

1 H2

O ()0 (2)=0 ¥ ()+¥ (2) = at(z) onlzl=a, |8 <a (20

where ¥+, ®* and W, ©~ are the limiting values of the functions approaching from S~
and S~ to the crack surfaces respectively. The unknown functions ¥(z) and ©(z) are
governed by eqns (20), which are a pair of Hilbert problems. The solutions for eqns (20)
have been given by Muskhelishvili (1953) as

O(z2) = P(z) (21)

I opy +p, () dt
Y(z) = — e 4 (2 R(z 22
(2) ZETR— a (Z)Jon*(t)(t—z)H(z) (2) (22)

where P(z) and R(z) are holomorphic functions in the whole plane except possibly at the
origin and infinity ; L is the arc |z| = a4, 0] < «, and

XO(Z) — (Z__aeiz)—l/l'(z__aefrx)—l 2.

With 7(z) = —1, = constant along the crack surface, ¥ can be simplified as
i+ U
Y(z) = — m— tod[l +(acosa—2z)xo(2)] + X (2) R(2). (23)
1H2

By replacing the argument z of functions ®(z) and W(z) by z; in eqns (21) and (23),
the complete functions of @(z;) and Y¥(z,) can be obtained. If the body is taken to be
infinite in extent and the stresses are assumed to vanish at infinity, it is sufficient to assume

1

O) = Y DX Riz)= Y Gk (24)
k

=1 k=1

From eqns (9) and (18), we have

2 )
o == 182 pe [(\P(zg) + (23))]
F i s

2 s [ ( 9(23))]
) = - —"—Re| A, | ¥()+ 25
W= Re 4y (W) = (29)
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2 = g Wallor B Re |:(L[J(Z‘)_+_ %>:|
" ropy ' i

2 s e
o =2 Ak pe [;.2 (\P(:;) + ﬂﬂ (26)
o+ U My

Since Re(—i/;) > 0, lin}) |z3] = 0 and lim |z,| — oc. Moreover, when the center of the

internal region is approached, anisotropic material occupies the central portion of the
region, thereby 4, — i as r » 0. On examining the stresses at the origin and infinity, we find

a
AC_]+ D..| =0
C0+cosaC,.— a D, = it 70a° (1 —cos )
M2 2u 4
D
Co+ =0, 27
H

From eqn (17) and the condition of a single-valued displacement field, we have

Coa+—=0
a
— L+ s 5
Cia+Cy = — ad B o Toa” (1 —cosa)
2p

DO:_D.(], D,|+151a2=0

Im (D) = 0. (28)

The solutions to eqns (27) and (28) are

Thus we get

+ s
O() =0 W) = —EE

2pp,

toal +(a—z3)xo(z3)]- (29)

From eqns (25), (26) and (29), the entire stress field can be found. Expanding ¥(z,) for a
small distance p from the crack tips, z = a €*”, and keeping terms up to the order of
O(\//_)), the first three-term asymptotic expansions of the crack-tip stress field are

3
=Y 4ptie) y=rb. k=12 (30)

i=1
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where s, = —1,5, = 0,5, =3
20 .« 1
A, :TU\/ESiHE, A, = —1y, AJ:TO\/Z—ST?D;
~(1) 1 ~(2) ~(3)
T, = Re| — , T2 =1, 1)) = Re[®;]
\/ COS @+ 4, Sin @
Ak R .
74 = Re [———L——~} T2 = Re 4], T4 = Re[4Ds]
\COS @+ /2, sing
. X PR L@
i2s1n<psm§ i(i—4) sin
Dyy=————F————— (4 sin® ¢ +icos’ ¢ +sin 2¢)
Jcosp+i,sing 2(cose+ A sing)”
o ctiu
et — :
+./(cos ¢+ 4, sin @) a| nearB,A =ae*”
4cos
2
and the quantities with (~) represent their angular distributions.
Using stress transformations.
T,.= +15.co8(@p+a—0) Fr.sin(pta—10) .
! ~ ’ ‘ ¢ (@ near B, 4 = ae*" 31
‘r(p: = + T(?:Sln (qoia‘e) i T,- COS ((pia—@)
we have
3
o = sl _ . —_ *ix
T =F ZI Apto(9) y=p.¢ nearB,A=ae 32)
where

SIn @ — 4, COS .
il = Re [H} 74 = Re[,/cos ¢ + 4 sin ¢]

/COS @+ A Sin g

T2 = Re[sing—/2,cos @], i) = Re[cos @+ /,sin¢] (33)

. \ _ T T .
fﬁf: = Re [(sm @ — s, cos )03, F 2\/cos @+ 44 SIn @ COS @ SIn Ejl

near B, 4 = ae*™.

L. sin ¢ — 4, cOs o
f}fz’k = Re [(cos @+ 44 81N @)D, izﬁ—(ﬁﬂ—k—icomp sin <
\/ COS @+ 4, Sin @ E

When a — oc, with the length 2ax being kept constant, the curved crack approaches a
planar crack and the cylindrical anisotropy approaches the rectilinear anisotropy. The
asymptotic solution of the near crack-tip stress fields up to the third-term expansion is

3
W= F L Bethe) 7=p.0 nearBd=act (34)

where
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. ao . . 1
Bi= Jim 4 :f B= Jim Ai=-t Bi= Jim A=t f5.

ax = const ax = ¢const ax = const

~

and ) , 7 ./ = 1.2 remain the same as those of curved crack given by eqn (33), while

N 5 ] e
02 = Re[}(sin @ — 4, 08 ¢),/COS @ + /i sin ]

) = Re [i(cos @+, sinp) 7]

Note that the length of the planar crack is 2a« in eqn (35).

Comparing the stress field for the curved crack [eqn (32)] with the case for the planar
crack [eqn (34)], it is clear that both the stress fields have identical angular distributions
for the first two-terms, but the angular distributions for the third term are different in the
two cases. A relevant problem of rectilinearly anisotropic solids with interfacial cracks
under surface tractions shown in Fig. 2 is derived and compared in the Appendix.

The singular term for both circular and planar cracks can be written in the form

= ﬁéRe !:——,,—Lg :| Tf;k;' = K Re[ ik ] (36)
v 2mp /oS o+ Ay sin V2 JCosp+ A, sing

where K|, is the stress intensity factor, and

r I

: ] % T amsina
Kin =1y [2antans = ————~ = /214, foracurvedcrack
N 2 %
cOs 5
2
Kin = lim Kj, =1,/max = /278, foraplanarcrack. (37)
ax = const

The superscripts ¢ and s stand for the quantities associated with a circular and a planar
crack respectively. If both the inner and outer materials are isotropic, the leading term of
eqn (30) coincides with that given by Smith (1969).

Crack under uniform shear stresses at infinity

At infinity, the body is subjected to uniform shear stresses t,. =17, 7,, =1},

Iz] = J2], > o
which make an angle § with the x-axis, and the surface is free of tractions. It readily follows
from eqn (14) that

.

— []3 . a
¢, (z) = - (_) 0,(z) = — D, </) onlzl =a, |6 <o (38)

Thus if we define the two new functions as
O, (z)=¥(:) zeST

—®, (i) =W¥(z) zeS~

O,(z)=0O(z) zeS~

@, (") =0Q(z) zeS* 39)
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then the condition of traction-free on the crack surfaces is satisfied. In eqn (39) W(z) and
©(z) are analytic functions in the whole plane cut along the arc r = a, {8] < «, with the
possible exclusion of the origin and infinity. Based on the definition in eqn (39), we have

W(ll-) = =) @(a') = —-0() zeS'andS". (40)

Using eqn (39), condition (13) can alternatively be written as

T el v e e,
fh e Hi Ha

(41)

|z| = a,|0] >«
Y )+07 ) —[¥Y 9)+6 ()] =0. (42)

The unknown functions W(-) and @(z) are governed by eqns (41) and (42) which are a pair
of Hilbert problems. The solution to eqns (41) and (42) can be expressed as

Yz O@)
Y(z)+0O(z) = P(2) —(—) - )

1 2

= %o (2)R(2) (43)

where
I 2
Py = Z D,z R(2) = Z C,c*
A= -1 k= 1

Yol2) = (z—ae™) 'z —ae )72,

Solving eqns (43) for ®(z) and W¥(z) yields

s | P2) :
(o = Mk [PE) R
(2) p|+ug|: +X0(2) ():,

Ho
L M- | P(2) )
NS [ ,, _XU(Z)R(Z)]. (44)
e SR A I

Replacing the argument z of functions ¥(z), ®(z) by z; and using eqns (9), (39) and (44),
the stresses can be expressed in the form

P :x‘
2 |: :l 2 +X0(—'1)R(:3)j,} (45)

2 -
o T e F(—"’») —x.)(:x)R(:,;)}
2 1%
f
)

. P(z)
€972 ;l, —%o(Z3)R(z2) |1 (46)

2 k) P :“s
= - Rl Re [,u o) +X<1(33)R(:3)]
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Further assume the external matrix material is isotropic, thatis, A, = iand z; = zforze §™.
On examining the stress at origin and infinity, we find

D, C_‘ -0
K a
D C, cosa
— =+ C_, =0
U a a®
D ‘
71_C2 =#1+#2 Toe_,/g (47)
Hi 201,
where 7o = \/(t7) + (1), 10c08 f = 17 . TpsIn ff = 17
From eqns (40) and the condition of single-valued displacement, we get
D_ C_ D ~
1 + 1 - Alaz _ C202
Ha a Ho
D, C D =
=2 —0+COS,aC,, == —C,—Cyacosu
H2 a a- U
D, C. D, , .,
I-——l‘:— 1(«1“"‘sz(1~
H2 a Ho
D, C, cos D -
=22 JC_.I = -4 C +Cacosu
H a a’ I
Im (D,) = 0. (48)
Solving eqns (47) and (48) for C, and D,, we find
T 1 .
Dy=5e" D= —yate’ Dy=0
3
C_, = UL C, = _ 0 g ebeosa C, = Y 4e®cosa C, = _ Y0 e, (49)
24, 2u, 2, 2p,

This leads to the stress solution

.

e <3e ~ip _ ie:ﬁ>
a z

* _ Tod 3

= _————Re<
(11 + p2)r a . 23 Z3\
— i aye(z3)| [— —cosa e"’—i—; coso— — |e %

R Zy ., a
(oo 209

Z3

@ =109 pe

T (u +po)r
1 2 a V4 z .
—ikulax0(23)|:<— —cosa)e"‘ﬁ—;}(cosoc—i)e"ﬁ]

23

where (z;), is abbreviated as z;. Expanding the stress field for small values of p from the
crack tips, the first three-term asymptotic expansions of the crack-tip stress field can be
expressed as
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3
=Y Apitii(e) y=r0, k=12 (50)

i=1

1
where s, = —3,5, = 0.5: =

ta ] -

~(1) ReI: / J ¥j| f&: _ RC[ /Ik ]
€os@+4,sing /COS @+ A, sin ¢

27 =0 76 =~ Re[—iA]
\/ﬂlﬂz
fﬁ? = Re[®y] f;lzz = Re [4,D3]
+ sin ¢ sin x i(i—7,)sina o, , )
D, = ——:—g——+—¥(-—")——~‘ (4, sin” @ +icos® @ +sin2¢)

o ; ;
VCos o+, sing  HCOS @+ A sin ®)’
2cos (B F %a)iisinae”‘”’*” etit

/€08 @+ A, sin @

x 2 near B, A = ae*”
3 cos(BI*)
2
Ty 4
A, =" /2asinacos /3?’)
! ﬂ]_"#:\/ ( 2
2T()\ lulu1
A, = “=sin (f F ) ¢ =ae*”.
o near B,4 = ae

[y
Ty -
A, = /
SR \/asmoz (ﬁ+ )
Using stress transformation in eqns (31), we obtain

3
W=7F ‘Z] Ap (@) 7=p.¢, nearB, 4 =ae*" (51)

where
sin ¢ — 4, cos [
~(l) - Re |:__¢_’*__&] fip]:i = Re [\/cos(p—-l-}.k sin ¢)
\COS Q@+ 7, sin ¢
T = — —,Li:cosw Re[—ii] 2 =t —singRe[—i%]
Hils VB
fm = Re[(sin @ — 4, cos @)Dy, F \/ MCoswsma]

sin @ — A4, cos ¢ near B, A = ge*™

) = Re [(cos @+ 4 sin @)Dy, + —— oS ¢ sin a]

VCOSQ+ 2, sing

By the use of expressions of the stress field for the curved crack in cylindrically anisotropic
materials, the near crack-tip stress fields for the following special cases can be obtained :
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(1) Planar crack in rectilinearly anisotropic materials
Letting ¢ — oc, and keeping aa = constant, it follows that

+ix

3
=T ) Bp'tl (@) y=p.¢. nearB,4A=ae”

where £, . T .i = 1,2 are the same as those for the curved crack.

P

#1 = TRe[(sin ¢ — 74 cOs @)1/ COS @ + 4y sin @) 12 = TRe[(cos ¢+ 4, sin )
. T
B,= lim A4, = ﬁ'ﬂ()—\/ 2aacos f
u=~§c:(ml l +‘uﬂ
B, = lim A, —“Vu"u' Osinﬁ
“ Myt

ax = const

—

T 2
B, = lm A4, _ T (L\/—cosﬁ.
a= W+ pa N ax

ay = const

(2) Curved crack in two isotropic materials
Letting 4, = i, k = 1, 2, from the results for anisotropic materials, we have

= — Z Apt(@) y=p.@p. nearB,A=ae*"
P=1
where
70 =sin? gl = cos%
T2 = -——-'-M—vcoscp I sin @

I P
Vi NS
3 +2sinxts s XV lsindo Tsi 3
Ton =g 9| cosaE sin x tan [+§ SinZ¢ F Sinxcos;¢

o= +2sinatan B F - lp +sinasin;
Ty =g cosat2sinatan /+2 Cos3@ tsinasin; e

near B, A = ae*”™

]

(32)

(53)

Introducing the stress intensity factor K, the leading term in eqns (50) may be written as

ky

where

2 S o
Ky = ad Jansina| t7 cos ir‘ sm \/2nA1 nearz = ge*”
Mo+l 2

A= C45+’ C44C55 CM A=
: Css (1) N

K 1 K A
Re|: ; } = K Re|: & } (54)
V2mp V €os @+ 4, sing V2np JCos@+4,sing

(35)
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Fig. 2. Geometry and coordinates of interfacial planar crack between rectilinearly anisotropic
materials.

Hy = [\?44Cs)—?i?s]m > = (C44)(2) = (Css)m =G,

and G, is the shear modulus of the external material.
If the inner material is isotropic, then A, = i, the singular terms of eqns (54) are in
accord with the results obtained by Tamate and Yamada (1969) and Smith (1969).

4. RESULTS AND DISCUSSION

For the case of a constant surface traction along a crack surface, the stress intensity
factor is plotted in Fig. 3 with crack angles ranging from 0 to n. The stress intensity factor
increases monotonically as the crack angle increases. When the extent of the interfacial
crack approaches complete debond, the stress intensity factor becomes unbound. The ratio
of the stress intensity factors between the curved crack and the straight crack with the same
crack length is shown in Fig. 3(b). From the figure it can be observed that the stress intensity
factor for the curved crack is always greater than that of a straight crack. The angular
distribution for the singular term is the same for the surface traction and the prescribed
uniform stress at infinity. Figs 4-7 show the stress angular distributions for orthotropic

materials and y = |,'C,,/Css (2 = iy). The angular distributions, #'!' and .., for three
different anisotropy ratios y = 1, 2, and 3 are depicted in Fig. 4. The isotropic case with
y = 1 is plotted for comparison purposes. It is seen that as the anisotropy ratio increases,
the gradient of the angular distribution increases and the maximum value of 7! shifts
further from the interface. The second-term expansions for both cases follow simple trig-
onometric functions and they will not be discussed here. Figures 5-7 describe the angular
distribution for the third-term expansion as functions of crack angles with the anisotropy
ratio being a parameter. In Fig. 8, comparison of the three-term asymptotic solution with
the exact solution and singular solutions at the upper tip B are studied. The singular term
solution matches the exact solution as the distance p asymptotically approaches the crack
tip, while the third-term solution coincides with the exact solution in the much larger region
from the crack tip.
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Fig. 3(b). Ratio of stress intensity factor between curved and planar crack.

For the case of prescribed uniform shear stresses at infinity, the crack surface is free
of traction and the outer material is isotropic. Fig. 8(a) shows the variation of the stress
intensity factor with respect to the crack angle for three different loading angles. The ratio
of the stress intensity factor between the curved crack and the straight crack for three
different crack angles with identical crack length is shown in Fig. 8(b). Lastly, Figs 9-10
illustrate the stress angular distribution of the third term in the orthotropic material 1.
Since the angular distribution varies with the loading angle, in these figures three different
loading angles f = 0, n/4, and 7/2 are shown. Also, the case of a planar crack is also plotted
for comparison. In the figures, two crack angles o = n/4 and =n/2 for a fixed anisotropic
ratio y = 2 are taken as examples.
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5. CONCLUSIONS

The problem of a dissimilar interfacial circular crack in cylindrically anisotropic
composites under antiplane shear was studied. A complex variable displacement function,
supported by the theory of analytic solutions, was introduced to solve this class of problem
in a closed form for some cases. The asymptotic solutions up to the third-term expansion
were derived in assessing the role of curvature on the angular distribution of the stresses.
The dissimilar interfacial straight crack in rectilinearly anisotropic composites under anti-
plane shear was also formulated and can be obtained from the curved interfacial crack in
cylindrically anisotropic composites as a — oc. Based on the formulation and numerical
results, the following conclusions are drawn :

(1) The inverse square root stress singularity and higher-order stress exponents in the

asymptotic expansion of the near crack-tip stress fields are independent of material ani-
sotropy and material properties across the interface.

SAS 32-24-F
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(2) The stress intensity factor for the curved crack is greater than that of a straight
crack for constant surface traction. In other words, the curvature of the crack enhances the
stress intensification near the crack tip.

(3) The asymptotic solutions for the curved crack reveal that although the amplitudes,
Ay, (k=1,23,...), may be dependent on crack geometry, the stress angular distributions
for the first singular term and the second term are independent of the crack geometry. In
fact, the angular distribution of the first term only depends on parameter %;. The curvature
effect on the angular distribution only enters from the third-term. Therefore, the curved
crack and the straight crack have identical angular distribution for the first two terms.

(4) The third-term angular distribution of stress may vary with the Joading conditions
and the crack geometry.
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(5) The first three-term asymptotic solution provides accurate stress distributions in a
much larger region near the crack tip, while the leading term solution only gives accurate
stress distributions in the limit as r - 0.
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APPENDIX

Straight crack between dissimilar vectilinearly anisotropic materials
Consider a rectilinear anisotropic body to be deformed such that the only nonvanishing displacement component

is along the z-axis. The strain displacement. stress strain. and equilibrium equation in the absence of body force
based on an x-y coordinate system are

Te=ED 0L F (A.l)

(x Q1

Ty Oy s TO= Cas), HCss (A.2)
(1, (1.
=+ =0 (A.3)
Cx v

where w(x, y) 1s the longtudinal displacement, and ;. and 7, are strain and stress components respectively ¢, are
stiffness coefficients. Using eqns (A.1) and (A.2). the equilibrium equation (A.3) yields

Css - ) N ‘+‘2£4;ﬂrj + 4y :;: 0. (A.4)
QRGN S

A general solution for eqn (A.4) can be expressed as
wix.r) = 2Re[H(z)] (A.5)
where z: = x+ 1. the constants s are roots of the following algebraic characteristic equation
Cop8 = 20840 =0 (A.6)

and s is chosen as

s= ety v = st ey

with Imfs] # 0. It is expedient to define
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— —dW{z;)
P(z;) = I\ CagCss —Cas df ?) (A7)
so that the shear stresses may be simply written as
1. =2Re[®(z:)] 1. = —2Re[sP(z:)] (A.8)
and
ow i —
— = ;([d)(:i)fd)(f])] (A.9)

where p = (¢agCss = .

Consider a crack of length 2a lying along the interface of two anisotropic elastic solids as shown in Fig. 2.
Further, let equal and opposite known tractions t(x) be applied to each face of the crack. Then boundary
conditions along v = 0 are

w o ) N
= Tl =10 ony=0, |x[>ua (A.10)
X X

M =gx) P =tx) ony=0, |x]<a (A.11)

Here, and in the sequel, the superscripts and subscripts | and 2 refer to the quantities associated with the materials
occupying the lower and upper half planes respectively. From eqns (A.8b) and (A.9), eqn (A.10) leads to

| _ |
[ ()~ D (2)] =

[ e

[@,(z) ~ B, (2)]

ony =90, |x|>a
@ () +D(5) = D:(2)+ D)
which may be rewritten in the form
1 - 1 1
D (2)~ — D) = —D(2) + — D, (D)
H 25 M H ony=20, |¥]>a
O, ()~ B () = D.(2) - B (D)

Thus, if we detine

1 1 -
— DO+~ D(Z)=VW() eSS
H I

|

1 _

L N R

ﬂ:q’:(-)+m®|(~l—‘{’(-) zeS (A.12)
D (- 0. (H=0O5) zeS

D.H—0,(5H=O(z) -eS”

then the displacements and stress are continuous across the interface. W(z) and @(z) are analytic functions in x—
vyplanecutalong v = 0. |x| < «..S and S™ are the regions of the half planes » > 0 and y < 0, respectively. Solving
eqn (A.12) for @,(-) and ®,(z). we have

5 z — 5 O(z)
@ (2) = ”’“—1—[ B G N LI ‘P:)f~£} s
Hy Lo Wy A H
O - 5 Q-
0, () = [\W >+~—(—)} B, = ke [q}(:)‘ ()] ceS* (A.13)
IR 1 I+ 1
Substituting eqn (A.13) into the remaining condition (A.11), we have
1 + s
\1}'(:)+\1"(:)+N @ (:)76‘(:)]=r(:]%
1‘ " ony=0.0x <« (A.14)
4+ i
Y (O[O (1) -0 ()] = ()L
H Kl

that is
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O (5)-0 (5)=0 ¥ (:J+W‘(:):rn.—#f%ﬁ“1 ony =0, |y <a (A.15)
e

where the superscripts + and — stand for the boundary values of the functions as = approaches the boundary
from §° and S~ respectively. The two unknown functions W(z) and @(z) are governed by eqns (A.15), which are
a pair of Hilbert problems. The solutions of eqns (A.1S) which have been given by Muskhelishvili (1953) can be
expressed as

Ofz) = Piz) (A.16)

1 g+ pis ( t(nde \
— @) | e 41, (DR (A17)

V() = ; AalZ i
2ni s Jide (D(-2)

where P(z) and R(z) are holomorphic in the whole plane except at the origin and infimty : L is the line |x| < a.
v=20;and

YolD)=(c—a) ' Ttc4w) T (A.18)

If the body is taken to infinity in extent and the stresses are assumed to vanish at infinity. Then for the special

case of (2} = — 1, = constant, the solutions to eqns (A.16) and (A.17) are
s -
Wiy = - fil,,, e I,,[I — f—f;_fﬂj} Qz) = 0. (A.19)
RITIIR S d

Using eqns (A.13) and (A.19). and replacing the argument = by =.. we have

bz

NN 7[1 = 1
- oy -d”

Note that because all boundary conditions are satisfied by ®.(z;), ®,(z;) are the solutions for this problem.
Expanding ®,(z;) and ®.(z.) for small values of p from the crack tip. using eqn (A.8). the first three-term
asymptotic expansions of the crack-tip stress field can be expressed as

I
|
)
|
|
T
Ll
=
o
[N
m
19}

T
m
o5}
>
[
<
=

v Ku ! p3 e
V' =—"=Re| - — — |-ty L :‘Rc [\ cos @+, sin @]
v 2mp LS Q@+, sing V=i
i K % fp3 L e N
' =—"—-Re| - -——"— —[-7,Re[~s]+1. /5—7:1 Re[— s, cos @+, sin¢) (A.21)
\ 2mp o COs @+, sing Vo<
where
Ky = Tay 7
Using the stress transformation
T,.=F7,.8in¢ F 1,.C08 m?
) near: = > a (A.22)
T, = + 7, COS@+1,.sne i

the expansion of the crack-tip stress field can be rewritten in the form
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Ky Sing - s; Cosp ) 3
Lo = S + 1, Re [sin @ — 5, cos @]
\ 2y W COS @+, sin -
P e ;
L 4Rc [\ €05 @+ 5 sin@{sin @ — x5, cos )]
\/ Za
It > nearz= Fa. (A.23)
—_ 13] . .
t,. = F ——=Rel{ cose+s, sin o]+ 1, Re[cos @+ 5, sin ]
3
\ Jmp
. ip3 . s
o a- - Ref(cos g+, sing) ')
\ 2ud
A/

In order to compare the distribution between the curved and planar crack. the X—Y coordinate system shown in
Fig. 1 is exhibited in Fig. 2. The stress—strain relation based on this X—Y coordinate can be written as

¢ i N w
e TR ey TRy
Qe ow
Ty, =Cosmo = Cio 5. A24
\/ 1 (4 }/v B (‘3/¥ ( )

Since the relation in terms of the original local v i coordinate system is given by eqn (A.2), it follows from the
stress and coordinate transformation that

Copve Cio=ogy Cos = —ys

Therefore

SOy i CCe— Cis :
- (e EEm

7k

TN ETIR
N, = s
Chl

(A.25)

By replacing s, by 2, in eqns (A.23). eqns (A.23) completely coincide with eqns (34) which are obtained from the
case of curved crack as @ — » . Note that 2¢x in eqns (34) is the length of the crack.



