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Abstract

Two-dimensional crack problems of homogeneous, anisotropic, linear elasticity are solved using the Riemann—
Hilbert method. To this end, the Riemann—Hilbert problem of line-discontinuity is formulated for anisotropic plane
problems and the necessary parameters and functions are identified. For illustration, the method is applied to obtain
the complete stress field and the stress intensity factors for a crack in an infinite anisotropic plate which is loaded on
a part of one of its faces. Then, the well-established method of continuously distributed edge-dislocations is
considered and illustrated via some example problems; e.g., an infinite anisotropic plate under uniform farfield loads
containing: 1. a closed frictional crack and a pair of arbitrarily-located single edge-dislocations, and 2. an infinite
row of equally-spaced parallel open cracks.

The illustrative examples reveal that the first method offers an effective solution technique for problems where
unbalanced tractions are applied on crack surfaces, whereas for problems with self-equilibrating loads applied on the
crack faces, the second method is generally well suited. In addition, the method of resultant forces along the crack is
discussed and its formulation in terms of the dislocation density functions and also the crack-opening displacements
(which is new) is presented. The solutions to some of the example problems are provided in some detail, and for
others, just the key formulae (e.g., stress functions and stress intensity factors) are calculated and analyzed. In brief,
this paper presents the generalization of the Riemann—Hilbert method from isotropic to anisotropic in-plane
elasticity problems, and also provides a collection of certain basic two-dimensional anisotropic crack problems;
some of the results here are also new. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

To simplify the analysis, isotropic elasticity is usually assumed in many fracture mechanics problems.
Electronic packaging and devices usually include strongly anisotropic materials; this is especially the case
of single crystals. While anisotropy introduces additional material parameters (see, e.g. Simmons, 1971
for elastic constants of different single crystals), it does render the basic field equations better structured
and hence, simpler to solve. A large class of analytical solutions is based on the fundamental work of
Muskhelishvili (1953), followed by Savin (1961), and Lekhnitskii (1963); see Sneddon (1961) for a survey
of the earlier work. For isotropic materials, crack problems have been extensively studied theoretically,
numerically, and experimentally; see, e.g., Erdogan and Sih (1963), Liebowitz (1968), Bilby and Eshelby
(1968), Rice (1968, 1972), and Sih (1973). In contrast, less work has been done for cracks in anisotropic
solids, some of which are: Eshelby et al. (1953), Sih et al. (1965), Willis (1966), Tsai and Wu (1971),
Barnett and Asaro (1972), Wu (1974), Delale and Erdogan (1977), Hoenig (1982), Nemat-Nasser and
Hori (1987), Sham and Zhou (1989), Miller and Stock (1989), Obata et al. (1989), Suo (1990), Ni and
Nemat-Nasser (1991), Gao and Chiu (1992), Azhdari (1995), and Azhdari and Nemat-Nasser (1996a,
1996b, 1998). Section 21 of the book by Nemat-Nasser and Hori (1993), and a comprehensive book by
Ting (1996) are among the more recent general accounts of anisotropic elasticity, emphasizing linear
fracture mechanics. Finally, analytical/numerical and numerical solution methods such as the weight
function, finite-element, and boundary-element methods are studied by many researchers; for a review
and references, see, e.g., Aliabadi and Rooke (1991).

In this paper, we examine two solution methods for cracks in anisotropic planes. The first solution
method is based on the Hilbert problem, as generalized by Obata et al. (1989), providing analytical
solutions for cracks subjected to unbalanced prescribed tractions on their faces. The second solution
method is the well-known continuously distributed dislocations (CDD) technique; see a comprehensive
book by Weertman (1996). Moreover, in the context of the second method, the resultant-force (in
contrast to the traction) method on the crack line is also discussed. In addition, a collection of solutions
of cracks in two-dimensional anisotropic planes is provided (see the last paragraph of this section).

View a crack as a line in a plane, across which some physical quantities may admit jump
discontinuities. This line has upper and lower faces, and the boundary conditions for the crack can be
prescribed on these faces independently. Thus, a crack can be formulated as a Hilbert problem. This
problem and its application are well established for isotropic plane problems; see Muskhelishvili (1953)
and Savin (1961). However, its application to the anisotropic cases has received less attention. Sih and
Liebowitz (1968) applied the Hilbert problem to anisotropic planes containing line discontinuities. A
general formulation (for loading as well as material symmetry) is considered in the present work. In
Section 3, the complete formulation and the corresponding parameters are presented for both traction-
and displacement-boundary conditions. Note that this solution method (i.e., formulating a crack as a
Hilbert problem) applies even when the crack surfaces are subjected to different boundary conditions.
Problems of this nature have been solved using different methods such as conformal mapping; see, e.g.,
Savin (1961) and Bowie (1973).

Next, consider modeling a crack by a continuously distributed dislocations along its line (CDD
method); see the original works by Stroh (1958, 1962), Willis (1970), and a recent book by Hills et al.
(1996). Note that the CDD method is used for other applications, such as, modeling the crack-tip
plasticity; see, e.g., Atkinson and Kanninen (1977) and Horii and Nemat-Nasser (1986). For modeling a
crack, the CDD method involves the following steps: 1) modeling the discontinuity across the crack
surface by using a continuous distribution of edge dislocations, b(s)=b.(s)+ib,(s), where s measures
length along the crack line; 2) formulating the corresponding stress field; 3) calculating the tractions
leading to equilibrium integral equations; and 4) solving the resulting system of integral equations for
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the unknown b(s), often, numerically by a collocation method. Note that the above steps are based on
the superposition principle; see, e.g. Bueckner (1958).

The crack-surface boundary conditions, can alternatively be formulated by considering the resultant
forces on the crack surfaces (in contrast to crack-surface tractions). The primary unknown in these
methods can be the dislocation density or the crack opening displacement (COD); each may be
formulated using either the crack-surface tractions or the crack-surface resultant-forces. Thus, the CDD
method may fall into four categories; for references to these four methods, see, e.g. Lo (1978), Cheung
and Chen (1987), Kaya and Erdogan (1987), and Azhdari (1995), respectively. Note that the CDD
method is also referred to as integral transforms/continuous dislocations method.

This paper is organized as follows. First, in Section 2, a summary of the basic equations of
anisotropic linear elasticity, required for the solution of fracture problems is provided. In Section 3, the
Hilbert method is generalized for application to anisotropic elasticity problems. As an illustration, the
problem of a crack partially loaded on its upper surface (unbalanced boundary conditions) is solved in
Section 3.1. This solution is then extended to the case of a fully loaded upper face, and to the case of a
pair of concentrated forces applied at an arbitrary point on the upper face (Sections 3.2 and 3.3). Then,
the results of Sections 3.1, 3.2 and 3.3 are modified to obtain the corresponding solution for a half-
plane. Section 4 deals with the CDD method which is illustrated by 5 crack problems with balanced
loads on their faces; those are as follows. Section 4.1 considers the Green functions for an open crack
with one (or a pair of centrally symmetric) arbitrarily-located edge-dislocation. The same problems, but
for a closed crack with frictional and cohesive interface, are considered in Section 4.2. Section 4.3
addresses the problem of a crack dislocated at one end, with and without farfield loads, including a
partially closed frictionless case. In Section 4.4, the problem of an open crack partially loaded by self-
equilibrating tractions on its faces is solved, including the case of fully loaded faces, as well as when
concentrated forces are applied to an arbitrary point on both faces. Section 4.5 focuses on an infinite
row of periodic parallel open cracks, under uniform farfield loads (tension and shear). Then, the
resulting coupled singular integral equations are numerically solved. An approximate formula is also
given for estimating the stress intensity factors (SIFs). Section 5 considers the method of the resultant
force, in terms of both the dislocation density function and the crack-opening displacement, as the
primary unknowns. Finally, to render the paper self-contained, necessary topics are included in
Appendices A—D. Most of the formulation and results of Sections 3, 4.2, 4.3, 4.5 and 5 are new.

2. Introductory formulation of anisotropic elasticity

Consider plane problems in anisotropic, homogeneous, linearly elastic solids. For the conditions
where the in-plane and out-of-plane deformations decouple, the strain—stress relations in the x, y, z-
coordinate system (Fig. 1) are

Exx = Cllaxx + ClZO-yy + C136:z + Cl(vo-xya (218.)
Eyy = C12Jxx + CZZO—yy + C23(72: + C26O—xy, (21b)
&z = C130,x + C23C7yy + Cs30:; (2.1¢)

and

Yy = Ci60xx + C260'yy + CGGGXya (ny = 28){}’)7 (21d)
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where C;=Cj; i, j = 1, 2,..., 6, are the relevant elements of the compliance matrix of the material in the
x, y-coordinate system; see Appendix A for the relationship between the C;’s and the engineering
material constants. Note that for plane-stress conditions (¢.,=0.,=0..=0), Egs. (2.1a), (2.1b), (2.1¢)
and (2.1d) is applicable, whereas for plane-strain conditions (e..=é.,=¢..=0), the C;’s of Egs. (2.1a),
(2.1b), (2.1¢) and (2.1d) should be replaced by C;—C;Cj3/Cis.

Savin (1961) and Lekhnitskii (1963) have shown that the problems of two-dimensional anisotropic
elasticity can be conveniently formulated in terms of two independent analytic functions, ¢(z;) and

Y¥(z5). The complex variables, z; and z,, are

Zi =X+, (2.2a)
with

sj=o;+if;, where f; >0, j=1,2. (2.2b)

The parameters s; and s, are the roots of the characteristic equation (derived from the compatibility
equation),

C11S4 — 2C16S3 + (2C12 + C66)S2 —2C%s5+ Cyp = 0. (23)

Due to the positive-definiteness of the elastic energy, the characteristic equation has either complex or
purely imaginary roots which are pairwise each other’s complex conjugate, i.c.,

S3 =081, S4 =38 = 23=11, Z4=12; (2.4)

without loss of generality, we choose s; and s, such that their imaginary parts are positive; see Eq.

(2.2b). In Appendix A, the relations among C,,, s, o; and f; are given. For the isotropic case,

s1 =s» =i=+/—1, and the above formulation ceases to hold; the solution is valid only for s; # s.

Nevertheless, by selecting s;=(1+¢)i and s,=(1—¢)i (e<1), the anisotropic formulation can be applied

to the isotropic case as well; this is accomplished by setting, e.g. E11/E>»=1.000001 (see Appendix A).
The stress, displacement, and the resultant force fields then are

Ox = 2 Real [s{®(z2)) + 53 ¥(22)], (2.5a)
a,y = 2 Real [(z1) + P(z2)], (2.5b)
0. = —2 Real [5;D(z1) + 5, ¥(22)), (2.5¢)
uy = 2 Real [p1¢(z1) + p2¥(z2)].  uy = 2 Real [q1¢(z1) + g290(22)], (2.5d)

Fig. 1. Body and material coordinate systems.
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Jx =2Real [s1¢(z1) + 20(22)] + ¢ and [, = —2 Real [¢(z1) + Y(22)] + ¢}, (2.5¢)
where

Cy

pi=Cus?t+Cip— Cigsi, qi = Crasi + — Cas, (2.6)

1

P(z)=¢'(z), Y(z)=¢'(z) and ¢, and ¢, are the resultant-force constants to be determined.
If the coordinate system x—y is rotated (counter-clockwise) by an angle o to a new coordinate system
{—n, then the transformed potential functions will be

&5(21) = (cos w + s) sin w)*®(z;) and EAP(zz) = (cos w + s3 sin w)>¥(z,). (2.7a)

Moreover, the stresses in the new coordinate system are (see Azhdari, 1995)

o =2 Real[&féﬁ(zl) +5; @(zz)] = 2 Real[®(z1)L; + ¥(2)Ls], (2.8a)

oy = 2 Real[@(z1) + P(22)] = 2 Real[@(z1) M, + P(22)M> ] (2.8b)
and

oty = —2 Real[§18(z1) + 5 ¥(22)] = 2 Real[@(z))N, + P(z2)N ], (2.8¢)
where

L; = (s;cos w — sin w)z, M; = (cos w + s; sin cu)z, (2.92)

. . . §; COS W — sin W
N; = (cos w + 5; sin w)(sinw — s;cos ) and §=L———

= —. (2.9b)
T CosSw+S;sinw

Note that Eq. (2.9b) is the transformation formula for the roots s; of Eq. (2.3).

Within most parts of this work, cracks are modeled as a continuous distribution of edge dislocations
along their lines. For that, the solution of a single edge-dislocation »° = (4, bjf) located at an arbitrary
point z°=(x° »° in an infinitely extended plate is given below. Such a dislocation generates a stress
field at a general point (x, y) with the following potential functions; see Obata et al. (1989):

1 s =00 1

dP(x, y; = 2 2.10
(X, ¥3 X0, Yo) PO TR e— (2.102)
and
1 b -0
PP(x, y; = AN 2.10b
(%, 35 %0, y0) = 52— — (2.10b)
where
S1=(s1 —s2)(s1 —s3)(s1 —54) and 53 = (52 —s1)(s2 — 53)(52 — 54). (2.10¢c)

Note that z? =x"+5)" and 5, 5, 2 and z§ are complex conjugates of 5|, 5, z¥ and z), respectively.
See Appendix C for comments on single edge dislocation and dislocation density functions.
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3. Riemann—Hilbert problems of line-discontinuity and cracks in anisotropic plates

In two dimensional elasticity, a crack is viewed as an arc across which the displacement field is
suitably discontinuous. On each of the crack faces, concentrated or distributed forces may act. The aim
then is to determine the corresponding elastic field and the crack tip SIFs. For this, various methods can
be used, ranging from the classical mapping-function and Hilbert techniques (Muskhelishvili, 1953 and
Savin, 1961) to the analytical/numerical weight-function method (Bueckner, 1970 and Rice, 1972). For a
plane containing straight cuts, Muskhelishvili (1953) has formulated the corresponding boundary-value
problem in terms of the Hilbert problem. For anisotropic elasticity problems, Sih and Liebowitz (1968)
were the first to mention the Riemann—Hilbert method (denoted as ‘Hilbert’, hereafter), though their
formulation is applicable to only restricted cases. In what follows, we give a general formulation to
solve a problem of line discontinuity by the Hilbert method, within the framework given by Obata et al.
(1989). In order to clearly present the problem and the solution, first, the definition of a Hilbert problem
is stated and its corresponding solution for a single discontinuity in a plane is given. Then, for a plane
problem of an anisotropic medium, we perform the required generalization such that this solution is cast
into a Hilbert problem framework.

To illustrate the Hilbert method, a crack in an infinitely extended anisotropic plate, loaded on a part
of its upper face, is solved; for this simple example, the method of this section provides a complete stress
field as well as the SIFs. This solution, along with the examples of the method of continuously
distributed dislocations given in Section 4, shows that when the applied loads on the crack faces are not
balanced, then formulation of the problem by the Hilbert method seems to be more effective among
other possible analytical techniques. However, when traction-boundary conditions are symmetric or
anti-symmetric (balanced tractions), the method of continuously distributed dislocations may be used to
solve the corresponding boundary-value problem. At the end of this section, it is shown that the
solution of the example problem can be reduced to the problem of an anisotropic half plane; by letting
the crack length go to infinity, the upper half of the medium reduces to a half plane loaded on the plane
y=0.

Consider the following case of the Hilbert problem. For a given function, g(s), defined on an arc L
with end points ¢ and b, find a complex-valued potential, G(z), such that:

Gt(s)—1G ~(s) =g(s) forselL, 3.1

where G 1(s) = hm G(z), G ~(s) = lim G(z) and 7 is a given constant. The general solution of Eq. (3.1),
which is holomorﬁhm on the plane ‘excépt for the line L, singular at the end points of L, and decaying
to zero at infinity, is then given by Muskhelishvili (1953) as

50 =50, wto=5 4+ 7o G2
where
. v |
XO)=GC—a)“@z=b"", ¢= 5 log(2), (3.2b)
Xt = 1+imt X(z) and Py = constant. (3.2¢)

Next, considering Eqgs. (3.2a—c), we formulate the Hilbert problem for line discontinuities in an
anisotropic medium.
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Referring to Egs. (2.5a—¢), the stresses and displacements are expressed in terms of two stress
functions, ¢ and ¥, and their derivatives, ¢ and ¥, as

oy = D(z1) + V(z2) + D(21) + ¥(22), (3.3a)

Ty = —510(21) — 2 ¥(22) — 53P(21) — 54V (22), (3.3b)

uy = p1p(z1) + p2(22) + p3d(z1) + pah(22) (3.3¢)
and

uy = q1p(z1) + @Y (22) + ¢3p(21) + gap(22). (3.3d)

The stresses and displacements can be combined to form alternative expressions (these are more suited
to the formulation of the Hilbert problem) as follows:

Gy — 00y = (1 4+ 05)0(z1) + (1 + 053)R(z3) + (1 + 452){P(22) — P ()} + (1 + as4) { P(z2)

—¥(@)}, (3.4a)

e + oaty = (1 + 0q)0(z1) + (p3 + 0g3)o(z3) + (P2 + 0@)(W(z2) — Y(z1)} + (ps + aga){¥h(z2)

— ¥}, (3.4b)
with
0@ =0'(). A =0'(). B =¢'(). ¥() =y (3.5)
0() = B() + ; +“S4 L. 6()=0() + +°“2 2y(c), (3.60)
o(z) = ¢(z)+”“+°‘q“w(z>, 0) = bz )+”2+°‘"2w() (3.6b)
3+ og3 1+ ag

and the parameter o is the root of the quadratic function
A30% + 2400 — A4, =0 (3.7)
(the A;s are defined in Appendix A).

Note that the newly defined auxiliary functions @ and Q naturally inherit the holomorphic properties
of @ and V. From Appendix A and Eq. (3.7), a more explicit form for « is as follows:
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_ —Ar+i/ Ay _ — (5152 — 5384) = \/(sl — 53)(81 — 54)(s2 — 53)(52 — 54)
A3 5152(83 + 54) — 5354(s1 + 52)

=+ of)Fiy BB — 1) + (B + o)) 58

Bi(o2 +B2) + Ba(2 + B7)

note that o — i for isotropic materials. Moreover, combination of Egs. (3.8), (2.6) results in the
following identities:
l+oas; pr+oqp __1+5csz _p2+5cq2

_ _ %52 _ 242 (3.9)
I +as;  p1r+oaq 1+ as p1+aq;

Since s; and s, are distinctive characteristic roots with positive imaginary parts (see Section 2), one
deduces that:

1. the term under the square-root bracket is always positive,
2. o cannot be a real number (for orthotropic materials for which 4,=0, o is purely imaginary; see also
Appendix A).

Thus, we can determine a unique set of @ and O in terms of @ and ¥ and vice versa; the relations
among different stress functions can be obtained by consideration of Egs. (3.4a), (3.4b), (3.5), along with
identities of Eq. (3.9). Thus, Eqgs. (3.6a,b), yield the following expressions:

1 - 11 _
2() = 5(00) +0(), V() =57 iZi;(@(z) — Q). (3.10a)
$E) = 300 + () and Y(z) = %i 00— o), (3.10b)

Note that because of Eq. (3.9), the constant coefficients in Eqgs. (3.6a,b) and (3.10a,b) can be written in
alternative forms. For example, any of the four expressions in Eq. (3.9) could be used as the constant
coefficient in Eq. (3.10a) or Eq. (3.10b).

Now, consider the complex variable z, =x+ (o, +if5; )y and its conjugate zy = x + (ox — if5;)y. On the
x-axis, where y may approach zero from the upper side (+) or the lower side (—), Eq. (3.4a) takes on
the form

gy, — oot = (14 as)0"(x) + (1 + as3)Q (%), (3.11a)

and
., — oo, =(1+us)0 (x)+ (1 + 053)Q1 (x). (3.11b)

¥

Note that the rest of the terms in Egs. (3.4a) and (3.4b) vanish as y goes to zero from either side of the
x-axis. Adding and subtracting both sides of Egs. (3.11a) and (3.11b), we obtain

[(1 + os)O(x) + (1 + 53)Q0)] + [(1 + as1)O(x) + (1 + 253)Q(x)] -
= [oyy — 0o ]" + [0y — 00y~ (3.12a)

and
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[(1 4 as)O(x) — (1 + 0s3)Q0)]T — [(1 + as1)O(x) — (1 + a53)Q(x)] ~
= [oyy — 00" — [0,y — 00y . (3.12b)

Since the right-hand-sides of Egs. (3.12a) and (3.12b) are known, these equations are two non-
homogeneous Hilbert problems for the two unknown functions (1+as;)@(x)—(1+as3)Q(x) and
(1+as))@(x)+ (1 +as3)Q2(x). The solution to this problem is obtained from Egs. (3.2a); see also, e.g.
Muskhelishvili (1953).

3.1. A crack in an anisotropic plate loaded on a part of its upper face

Consider a straight crack in an infinitely extended plane. Some part of the upper surface of this crack
is subjected to normal and shear tractions as shown in Fig. 2; note that the loads on the crack surfaces
are not self-equilibrating. We seek to obtain the stress functions for this problem based on the Hilbert
problem described above. The boundary conditions are as follows:

ay—yza;},:o for —a < x<a, (3.1.1a)
gy, =-p and o) =-—q for b<x<c, (3.1.1b)
gy, =05,=0 for —a<x<b and c<x<a (3.1.1¢)

Use these boundary conditions in Egs. (3.12a) and (3.12b) to arrive at

[(1+ as1)O(x) + (1 + a53) Q)] " + [(1 4+ as)O(x) + (1 + 253)Q(x)]” = —p +ag (3.1.2a)
and

[(1 4+ as)O(x) — (1 4 0u53) Q)] — [(1 + os1)O(x) — (1 4 253)Q(x)]~ = —p + aq, (3.1.2b)
for b < x < ¢ (otherwise zero). Considering Egs. (3.1), (3.2a), the solution of the above boundary-value

problem is

(14 as)O(2) + (1 + s3)Q(z) = —

_ 1 N )
p—2q “ roa dt+R(z)} (3.1.3a)
27i z2 a? b t—z

X=-a X=.b q X=C X
7 5> > > > > il L
Upper Crack Surface’ 444441 Xx=a
Lower Crack Surface p X
L
X=—a X=a

Fig. 2. An unbalanced loading condition; the upper crack face is subjected to the normal and tangential tractions, p and ¢, and the
lower crack face is traction-free.
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and

(1 +25)0() — (1 + as3)Q(z) =~ 2_7;“1 L llz dr, (3.1.3b)

where, according to Egs. (3.2c), R(z)= Py (constant); this assures that the stresses decay to zero at
infinity. Eq. (3.1.3b) comes directly from the Plemelj formula. Note that we must choose a proper
branch of +/z2 — a? according to the physical consideration of a line discontinuity problem. The two
definite integrals in Eqgs. (3.1.3a) and (3.1.3b) are obtained as follows:

JC Loy, J L ai+ J L g2 az)r ! dt
_— = E—— Z —_— z5 — _—
b 1=z b V12 —a? b N1 —a? b (t— 2Vt —a?

. . . ¢ . b
=z\/az—cz—lx/az—b2—zz<s1n 'Z _gin 1—)
a a

2

— bz — a?
—I—l\/zz—az{tan <—d tan ! . } (3.1.4a)

1 J—
Va?r —c2/z2 — g2 Va2 = b2/ —a?

and

C 1 _
J dr=log =% (3.1.4b)
pt—z b—z

Now, use Eqgs. (3.1.4a) and (3.1.4b) to solve Eqgs. (3.1.3a) and (3.1.3b) for the two unknown stress
functions @(z) and Q(z),

_—(p—og) 1 -z iPy
O(z) = p [T o) H(a, b, ¢, z) —ilog A = (3.1.5a)
and
—(p—agq) 1 . c—z iPy
Q(z) = H(a, b 1 - , 3.1.5b
(@)= P s b ) ilog § = - (3.1.5b)
where
Va2 =2 — a2 - b2 z < ¢ b)
H(a, b, ¢, z) = - sin~'= —sin 1=
( ) /22 _ 2 /22 _ 42 a
(3.1.5¢)
i cz—a® i bz — a?
+ tan tan

(a2 — 22— a2 Jal b/ a2

It still remains to determine the unknown constant P,. First, consider the behavior of the functions Q2
and O of Egs. (3.1.5a) and (3.1.5b) at infinity. For this, recall that, for |z| — oo,

1 1 z 1 c—z c—b 1
- =0l - —— =140 — 1 = — o\ — 3.1.6
z2 —q? (Z)’ Vz? —q? + (22>’ Ogb—Z z * <22> ( )

and
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tan ! cz—a? —tan—1——C @@= (! 3.1.6b
an /a2 — 222 — a2 an [i2 —c2 Z Ol =) (3.1.6b)
Now, using Egs. (3.1.6a,b), in Eq. (3.1.5¢), we obtain H(a, b, ¢, z)=0(1/z?). Hence,
A 1 — 1
@(z)=—+0<—), with 4=2"% (c—b— Py) (3.1.7a)
z z2 dmi 1+ asy
and
B 1 — 1
Qz) = —+0(—>, with B=-L""1 (c — b+ P). (3.1.7b)
z z2 4ri 1+ os3
Integration of the above yields
1 1
9(2):A10gz+0<—> and w(z):Blogz+0<—>. (3.1.8)
zZ z
Based on Egs. (3.1.8) and (3.10b), we rewrite Eq. (3.4b) as
1 _
ux + oy = (p1 +aq1)A log(z1) + (p3 + ag3)B log(z3) + E(Pl + aq1)(A — B)(log z; — log z1)
1 - 1
- 5(173 + aq3)(4 — B)(log z4 — log z3) + O ) (3.1.9)

This displacement field has to be single-valued; see Egs. (1.86) and (1.87) of Savin (1961) for a general
discussion of this issue based on the classical expressions of the stress functions @ and ¥. This condition
leads to

(p1+aq)A — (p3 +aq3)B = 0. (3.1.10)
Finally, substitute for 4 and B from Eqgs. (3.1.7a) and (3.1.7b) in Eq. (3.1.10) to obtain P,

(p1 +og)(1 + as3) + (p3 + aq3)(1 + as1)

Py = ’—bC, C - '
0 (C ) 0 0 (pl+(qu)(1_’_as3)_(p3+<xq3)(1+asl)

(3.1.11)

Appendix A provides an explicit expression for Cy in terms of the material constants.
The original stress functions are now calculated via Egs. (3.10a) and (3.10b) as

1 psrtyq
adn 51 — 5

P(z) = {H(a, b, c,

(3.1.12a)

z}_c—b{(p—omco_(p—acq)éo} I
22

C—
—il
)i Ogb—z 8mi 1+ ousg 1 + asy

and
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1
¥ = ps‘“’{H(a, b,
TS — 85
] (3.1.12b)
L=z c—=b](p—ag)Co (p—aq)Co 1
z) —ilog - - - - :
b—z 8ni 1+ as, 1+ as> z2 —q?

Of primary interest are the stress intensity factors (SIFs). Using the original definitions of SIFs for the
right crack-tip, from Eq. (3.4a), on the real axis, the SIFs are

K — oKy = lim+ V2n(x — a)(oy, — aoy,)
X—a

= lim+\/27r(x —a)[(1 4+ as1)O(x) + (1 + as3)2(x)]. (3.1.13)

Using Egs. (3.1.5a), (3.1.5b), the stress intensity factors are obtained:

K= {M(abc)+l(c D acp - ug)co + —oc)C]} (3.1.14a)

1= 2 ma p p q)Co P q)Co -1

and

k=5t @ .0+ =Dyt (p -0l . (3.1.140)

- 2Jma

where

My =va>—c2—Va? - bzia(sin_lg - sin_lg) (3.1.14¢)

Similarly, the SIFs at the left crack-tip (x=—a) are given by

K = 2J_{pM+(a b, ¢)+ ( )[&(p—aq)Cg—i-oc(p—&q)C_'g]} (3.1.15a)
and
K= {qM (@b, 0+ = 2(p—2g)Cy + (p ~ 30)C ]} (3.1.15b)
2«/_ + — & 0 0J(- L.

As is seen, the derivation of stress functions and the SIFs are quite simple by the present method as
compared with the mapping method (see, e.g., Savin, 1961); in Section 4.4, the case of self-equilibrating
tractions applied on the upper and lower crack faces is presented.

3.2. A crack in an anisotropic plate loaded on its entire upper face

This is a special case of the problem considered in Section 3.1, i.e. when the upper crack surface is
loaded, while the lower one is traction free. Thus, the boundary conditions are:

gy, =-p, 05, =—q for —a<x<a (3.2.1a)

and



Azhdari et al. | International Journal of Solids and Structures 37 (2000) 6433-6478 6445

0,=0,=0 for —a<x<a. (3.2.1b)

In order to obtain the stress functions and the SIFs for this case, all the formulae of Section (3.1) are re-
evaluated for the limiting case of »— —a and ¢ — a. The results are summarized below:

p—oag 1 . z—ua 2aiCy
O(z)=— H(a, z) —il — 322
@ 4n l—|—ocs1{ (a,2)—i 0gz—|—a Zz_az} ( a)
p—oq 1 .. Z—a 2aiCy
Q(z) = — Hi 1 — 3.2.2b
(=L Hm{ (@2) + ilog" Zz_az}, (3.2.20)
1 psr+gq z—a (p—29)Co_ (p—2g)Co 1
D(z) = Hi 1 — 3.2.3
(2) = e — { (a, z) — zogz+a} 4m{ (o 5 ois, = (3.2.3a)
and
I psi+gq a (p—29)Co  (p—ag)Co 1
Y(z) = Hi —1il = R 3.2.3b
(2) = P — { (a, z) —ilog +a} 4m{ [F s, [ o = ( )
where H(a, z) = n(1 — JZQE—TJ) and the SIFs are
K—;{ a— 2[5 p = 5g)Co+ o —&)é]} (3.2.4a)
W pr AL et A p—aq)Col > -2
Ky — { a2 (p = ag)Co+( &)C]} (3.2.4b)
n= 2Jma qr " — 7 p q)Co0 p q)Co 2.
and
K= { a4+ 2[5 p = 0g)Co+ o p— )é]} (3.2.52)
= ——\pn — - 2.
I 2 ra p AL et A p—aq)Lo]
Ku = {q a+—2 [(p—ocq)Co+(p—aq)Co]} (3.2.5b)
2«/

at x=a and x= —a, respectively.

To obtain the SIFs for a crack loaded on its two faces by equal and opposite forces (self-equilibrating
loads), assume that the same uniform loading that acts on the upper face acts only on the lower face.
For this case, the SIFs are the same as Eqs. (3.2.4a), (3.2.4b), (3.2.5a) and (3.2.5b), except for a sign
change for the terms involving Cy; this sign change ensures the single-valuedness of the displacements.
Superposing the SIFs of the lower-loading case with the upper-loading case, yields the familiar
expressions corresponding to the self-equilibrating uniform loading, i.e.,

=pJra and Ky = g«/ma (3.2.6)

for both ends (x=—a, and x=a).
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Thus, as stated by Sih et al. (1965) and Barnett and Asaro (1972), for the case of self-balanced
loading on the crack line, the SIFs are independent of the anisotropy of the medium.

3.3. A crack in an anisotropic plate loaded by a point load at an arbitrary point located on its upper face

Consider now, a case where a normal and a tangential point force, —P and —Q, are applied at an
arbitrary point x=h, —a < h < q, located on the upper surface of the crack; see Fig. 2. This is a special
case of the one considered in Section (3.1) for which »— /~ and ¢ — h . The boundary conditions and
the representation of the concentrated loads are as follows:

0, =0y = 0 for —a<x<a, (3.3.1a)
gy, =-p, 05, =—q forh—e<x<h+e, (3.3.1b)
lirrz)[Zsp] =P, lirr})[28q] =Q. (3.3.1¢)
&E— &E—

In order to obtain the stress functions and the SIFs for this case, all the formulae of Section 3.1 are
modified for the limiting case of b — h~ and ¢ — h ", according to Egs. (3.3.1b) and (3.3.1c). For
O(¢?)=0, this limiting procedure changes functions A and M to

c—z 2¢i [ Aa? —h? JaFh
H ', z)+il 3 Fl M . +2 . 3.2
(a, b, ¢, z)+i ogb_Z:Z_h(lm-i- ), +(a, b, c)=+2¢ pE (3.3.2)
Thus, the stress functions of Section (3.1) become
(P — i 1 /2 _ ]2
Y i ik Yoezh ) S L (3.3.3a)
4r 1+OCS1 z—h Zz_az 22—02
—(P—0a0Q) i 1 [ Va?—h? Co
Q(z) = 1) - — 3.3.3b
) 4n l4+ass|z—h 14/22_612 22| ( )
| P, 1 va? — h? 1 [P— P—aQ - 1
o) = L2 tO YOI ) LIPmele Pl : (3.3.42)
4 51— 50 z—h 22 _ 42 i | 1 + asy 1+ asy 22 _ 42
i Psi+0 1 [ ~Na*>—h? 1 ([P—aQ P—aQ - 1
Y(z)=— 1] - — Cy — C 3.3.4b
S z—h(l i Sui| Tt * 1tam | Vii_a2 (3.3.40)
and the SIFs change to
K= CEN 1 [P 40)Co + a(P — 50)Co] (3.3.52)
W a—h a—ua 0 ol e
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1 h o
Kn=2miQ - i&[(P—OCQ)CoJr(P—OtQ)Co]} (3.3.5b)
at x=a, and
K= {pjazh 1 [2(P — 2Q)Cy + a(P — 20Q)Co | (3.3.5¢)
" oyma| Va+h " a—a 0 o >
Ky= — 0 azh, i [(P - 20)Cy + (P — 20)C, ] (3.3.5d)
"= 2 /ma a+h o—ua 0 0 "

at x=—a.

Next, let us compare Eqs. (3.3.5a—d) with the analogous results in the literature. Considering the form
of the parameters o and Cy, (Egs. (3.8) and (3.1.11)), it can be shown that the SIFs in Egs. (3.3.5a) and
(3.3.5b), which are for a general anisotropic case, are exactly the same as Eq. (38) of Sih et al. (1965)
derived by the mapping method (note that they do not consider the tangential force Q). For the
orthotropic cases reported in Appendix A, Egs. (3.3.5a) and (3.3.5b) reduce to

1 /a—i— +h
K = 2\/__{P +QC1] and Kpj= 2f_[Q +PCH}, (3.3.6a)
where
1 [cn 1 1 [Cu ) 2}
Ci=—|— +1 and Cyp=— + oy + , 3.3.6b
! 2ﬂ0|:Cnocg+[f§ } YN o ho (5.3.60)
or
1 Cpp 1 :| 1 I:Clz i|
C= —_— +1| and C (3.3.6¢)
! By +ﬁ2|:cll BB " ﬁl +B,LCu Thp

for s;=o00+ify and s, =—0n+ifly or sy=if; and s,=1if,, respectively. Note that Eq. (3.3.6a) does not
agree with Eq. (40) of Sih et al. (1965) because their Eq. (39) contains a minor error, i.e. the last term of
Eq. (39) must change from ‘+1° to ‘+2’. It is noteworthy that, according to Eq. (3.3.6a), in an
orthotropic plane, if only a normal (tangential) force acts at any point on the crack face, it creates only
Mode-I SIF (Mode-II SIF) which is independent of the material properties. Moreover, using the explicit
form of o and Cy given in Appendix A, Egs. (3.3.5a—d) reduce to the ones derived by Sih and Liebowitz
(1968) for the isotropic case, which are

1 a+h K—1 1 a+h K—1
K = P d Ky= - P tx =a; 3.3.7
Y= 2 /ra a—h th—i—l an =5 /na 0 a—h K41 ar=a ( 3)
1 a—h K—1 1 a—h K—1
K = P — d Kg= P t X =—a, 3.3.7b
! 2J/na a-+h QK+1 an 1 2Jma Q a+h + K+ 1 ax “ ( )
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where the forces P and Q are assumed to be applied at point x=/ located on the upper crack surface,
and k=3—4v and k=(3-v)/(1 +v) for plane-strain and plane-stress conditions, respectively.

Similar to the discussion given in Section 3.2, if the concentrated forces are applied only on the lower
crack surfaces, then the SIFs of Eqs. (3.3.5a—d) remain the same, except for a sign change for all the
terms containing C,. Considering this fact, the SIFs for the case where both crack surfaces are loaded
by concentrated forces of equal magnitude but opposite signs, (balanced forces) are

P Ja+nh QO Ja+h

Ki=—,|— d Kpy=— tx =a; 3.3.8

YT /maVa—h an "= JraVa—h axr=a ( 3)
P |a—h O Ja—h

K= — d Kpg=— tx = —a. 3.3.8b

V= JmaVarn M MT maVarn BT (3.3.80)

Eqgs. (3.3.5a—d), Egs. (3.3.6a), Egs. (3.3.7a,b), and (3.3.8a,b) are the corresponding Green functions.
They are used to calculate the SIFs at the crack tips due to the unbalanced (Egs. (3.3.5a—d), Egs.
(3.3.6a), (3.3.7a,b)) and/or balanced (Egs. (3.3.8a,b)) forces on the crack line; see also Section 4.4. As an
example, consider distributed normal and tangential tractions, p(x) and g¢(x), applied on the upper
surface (between points u and v) of the crack. The resulting SIFs at the right tip are

1 j -
KI=2—ML () ng—aj&[&(p(o—aq(&))co+a(p(c>—&q(c>>co] d (3.3.92)
and
1 v r _ -
K“:%L 4(0) Zfé—ﬁ[(p(é)—aq(c»co+(p<c>—aq<c»co] dc. (3.3.9b)

3.4. A half-plane loaded on its free surface (the plane y = 0)

As mentioned earlier, one advantage of the Hilbert formulation is that it can be used to solve the
problem of a crack loaded only on one of its faces. The results may also be used to generate solutions
for a half-plane subjected to various surface tractions. For example, taking the limit of Egs. (3.1.12a),
(3.1.12b), (3.2.3a), (3.2.3b), (3.3.4a) and (3.3.4b), as ‘@’ goes to infinity, yields the solution for a half-
plane (y > 0) loaded: on a finite part of its surface (b < x < ¢ and y = 0), on its entire surface (—oo < x
< oo and y = 0), or at a single point on its surface (x=#h and y = 0), respectively. For this, the
following results are helpful:

2 2
. _1 cz—a o bz —a .=z
[111Lné<t)|:tan NN tan N7 N a2:| = llogb — fory <0 (3.4.1a)

and
2 2
cz—a bz —a c—z

limit | tan ! —tan ™! = —ilog fory >0 (3.4.1b)
a—>oo|: VaZ =222 =42 Jaz_bz¢22_azj| b—z
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Using these, the stress functions (Egs. (3.1.12a), (3.1.12b), (3.2.3a), (3.2.3b), (3.3.4a) and (3.3.4b)) are
reduced to

ps2 +4q c—z ps1+4q c—z

oo | Py — i 342
O == = YO="I e (3:4.2)
ps2+4q ps1+4q
- Petd oy P9ta 343
251 = 52) 262 — 51) (:43)
| P 1 | P 1
o(z) = P52t 0 and W()= I T0 (3.4.4)

T 2n s —8 z—h 2n so—s1 z—h

for the upper plane (y > 0, which is loaded). For the lower plane (y < 0, which is load-free), these
stress functions are obtained to be identically zero. Note that the above results can also be obtained
from Eqs. (4.4.16a), (4.4.16Db), (4.4.8a), (4.4.8b), (4.4.12a) and (4.4.12b) of Section 4.4. These results have
been reported in the literature (e.g., for the anisotropic case: Green and Zerna, 1954; Savin, 1961;
Lekhnitskii, 1956; Lekhnitskii, 1963; and for the isotropic case: Muskhelishvili, 1953; Timoshenko and
Goodier, 1970) using different methods.

4. Method of continuously distributed dislocations (CDD)

In this section, a crack is modeled by a continuously distributed dislocations along its line. This
method is well established and many isotropic and some anisotropic crack problems are solved using
this method. Here, using this method, we present the solution of five anisotropic crack problems with
balanced loads on their faces. While some of these results are new (e.g., Section 4.5), some are the
extension of the existing results for isotropic problems to the anisotropic case (e.g., Sections 4.2 and
4.3.1). The analysis in Section 4.4 demonstrates the contrast between the Hilbert and CDD methods,
showing how one method can produce the solution with greater ease than the other.

4.1. Green’'s functions for an open crack with an edge dislocation

Consider an infinitely extended anisotropic body containing a straight crack with length 2a. The
farfield stresses, %3, a;; and o-f;‘;,, are such that the crack surfaces are not in contact (the conditions
under which the crack remains open are obtained at the end of this section). In addition to this, a single
edge dislocation b° = (b, 5Y), is located at an arbitrary point z°=(x’, y°) (CASE #1), or a pair of
centrally-symmetric edge-dislocations, (b9, b%) and (=b9, — b)), are located at (x°, y°) and (—x°, —»°)
(CASE #2); see Fig. 3. For the isotropic case, Lo (1978) formulated the Green function for this problem
and used it to model kinks emanating from the tips of an existing crack. Obata et al. (1989) applied
Lo’s method to anisotropic media. Here, we present their formulation in detail and correct a minor

error; see Eq. (4.1.12a). The free-surface conditions are

0yy(x,0)=0, 0(x,0=0, for —a<x<a 4.1.1)
where
O’J’}’(x’ 0) = ajy(xa O) + O-f? + G}I?y(xa 07 XO, yo) + O'g},(x, 05 - xoa - yo) (4123)

and
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O-xy(xa 0) = O-f(y(x’ 0) + O‘i’; + G%>(x’ 09 xoa yo) + a§}>(x’ 09 - xoa - yo) (412’b)

In these expressions, the following notations are used:

1. The two terms with superscript ‘c’ represent the stresses caused by the presence of the distributed
edge dislocations, 5, along the crack. Since, on the crack line, z; =z, =x and z? = zg =1, Egs. (2.5b),
(2.5¢), (2.10a) and (2.10b)) give

. 1 @1 [ sib(0) = DS(0)  s205(0) — bi() }
ay,(x, 0) = 2 Real |:27riC11 J_a - t{ ; + 5 dt (4.1.3a)
and
-1 a 1 s1(s165(1) — bS(¢ 52(5205.(1) — bS(¢
o°,(x, 0) = 2 Real | = J (0 = BO) | 250 = BO)L (4.1.3b)
2niCyy ), x —t S 52

2. The two terms with superscript ‘D’ denote the stresses at point (x, 0) generated by the presence of a
single edge-dislocation b° = (b9, b9) located at a generic point z°=(x°, y°). From Egs. (2.5b), (2.5¢),
(2.10a) and (2.10b),

1 |s60=580 1 5200 — B9 1
O',Il?y(x, 0; xo,yo):2Real|: { ! AR + 2 AR (4.1.4a)

2niCyy 5 ox-2 5  x-1

and

-1 S1 <S1b_0\, - b?) 1 82 (Szbg - b?) 1

- = +
21iCyy S1 X — z?

a%,(x, 0; x°, %) = 2 Real (4.1.4b)

52 x—zg

3. The two terms with superscript ‘d’ denote the stresses at point (x, 0) generated by the presence of a
single edge-dislocation —5° = (=5}, — b9) at point —z°=(—x", —»"),

]
: y :
! ZO o
! N ¢
Gw ! 1,XY o
| |
AL‘-, ,1..%
oV | ). G
ny : X=-a X= :
I |
X |
T ____._ !
ny I
ny

Fig. 3. A body containing an open crack and two centrally-symmetric edge-dislocations at z® and —z° under farfield stresses.
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1 s1h? — B0 b — B0
d 0 0 X y X y
0; — - = —2 Real o o —— 4.1.4
(X, 05 = X7, —)7) ca |:27riC11 { 5 x+2 + 5 x+2) ( ©)

and
G?Cy(x’ 07 _xoa _yO)

s1(s1b2—bg) . 32(st§_ bfﬁ.) | (4.1.4d)

- = + =
21iCyy 3] x+z) 5 x+ 29

= —2 Real

Note that for CASE #2, terms with superscripts ‘D’ and ‘d’ must be retained in Egs. (4.1.2a) and
(4.1.2b), whereas the last term with superscript ‘d” must be excluded for CASE #1.

Now, combine Egs. (4.1.1), (4.1.2a), (4.1.2b), (4.1.3a), (4.1.3b), (4.1.4a—d) to arrive at the following
integral equations:

a be(f) — bE(t be(1) — bS(t
> Real 1 J 1 {Sl N )~ }()+Sz ( )~ }()}dl
2niCyy J_, x —t S 52 (4.1.5a)
o , D .0 .0 d . 0 0y _
+ oyy + O—yy(xa 09 X, y ) + O—yy(xa 07 - X, — y ) - 0
and
_ a s1(s165(7) — bE(¢ $2(5205.(6) — b (¢
> Real |~ J 1 fsi(s X(N) }())+ 2(2,(~) (D) 4
2niCyy ), x—1t S1 82 (4.1.5b)
+al o 0:x7 )0 + oy (x, 0 —xP =) =0.
Using Egs. (Bla) and (B1b), the solution to Egs. (4.1.5a) and (4.1.5b) is
s1bS(1) — bS(t)  spbS(r) — bE(t o
2Real|:l{lx()~ ),()+zx()~ _‘,()”:i x 1
C 51 52 T a2 —x2 72va?—x?
(4.1.6a)
1 (¢ Va2=2[s6%-00( 1 1 502 =80 (1 1
2Real —J - - +—= - dr |,
Cl., x—t 5 =20 142 5 t—23 1429
and
ket [ [0BO - B@) B0 -] _ex  x
C S 5 T Va2 —x2  w2a? —x2

and
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1@ 77 | si(s10% =80
s | 2 [ Y })<1 )

x—1 S1 l—z? l—l—z(l)

(4.1.6b)

+sz<szb;g—bg)( 1 1 ) dr |,

5 1—25 1429

where C = 27iC;;. Now, first we use Eq. (B2e) for the definite integrals in Eqs (4.1.6a,b), and then solve
Eqs (4.1.6a,b) for the two unknowns 5 and bS. The final results are:

. X 1
b(x) = iCyy {(83S4 — slsQ)o*;f, +(s3+ 854 — 81 — sz)ai';} —— + P
(4.1.7a)
@@—w) @@—&) @@—w) @@—w)
X + —X> + — X3 + — X4
S1— 5 S2 — 8 83 — 84 S4 — 83
and
. X 1
bi(x) = lCn{[SlS3(S4 — 52) + $254(s3 — 51) |05 + (5354 — $152)05; } Nz + ol =2
(4.1.7b)
A\ (Slb?c — b?) S (Szb?c — b?,) S4 <S3b?c — b;)) 53 (S4bg_ — b?)
X1+ X5 + X+ —~X4 [,
51— 8 S — 81 §3 — 84 Sq4 — 83
where X; for CASE #1 and CASE #2 is given by
z})z —a?
Xi=1+ R (4.1.7¢)
J
and
X]—Jﬁz_a2+v%p_a2('—12 3, 4) (4.1.7d)
J X—ZO X+ZO 5]_9 5 b e

J J

respectively. If dislocations of densities b$(x) and bj(x), given by Egs. (4.1.7a) and (4.1.7b), are
distributed along the crack line, then the crack surfaces will remain open (and thus, stress free); see the
required restrictions on the applied loads given by Eq. (4.1.15). Note that the first terms in Eqgs. (4.1.7a)
and (4.1.7b) are due to the farfield loading and the second terms are due to the presence of the single
edge dislocation.

Now, find the potential functions (equivalently, find the stresses) due to the presence of bS(x) and
bi(x) along the crack line. Substitution of bi(x) and bj(x) into Egs. (2.10a,b), for b and b;’, gives the
potential functions,

Dy(z1) =

L a0k, (4150

27II'C11§ z1—t
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and

a be(1) — bS(t
1 1J $203(1) },()dt'

¥ = = 4.1.8b
(@) = 5o (4.1.80)

—a Zy —t

After substituting for b$(f) and b;(x) from Egs. (4.1.7a,b) into Egs. (4.1.8a) and (4.1.8b), definite
integrals similar to Egs. (B2a), (B2b) and (B2c) are encountered. Using these formulae and performing
some rather cumbersome algebra, the following expressions for the potential functions @,, and ¥, are
obtained:

@M(zl; ZO) = d%(z)) + @M(zl; ZO) lI/M(ZQ; ZO) = P®(z) + ‘I’M(Zz; ZO), (4.1.9)
where
8§05 + 02° 51055 + o2
o) = 2 Ty AL gy = Ty 2 ) (4.1.10)
2(s1 — 52) 22 _ g2 2(s2 — 1) 22— a2
1 1
oM (2 ) —
(ZI’Z ) 47TiC11S1—S2
(4.1.11a)
Slbo — bo, S3b0 — bo, S4b0 — bo,
— Y+ —- Yyt —— Y
(51— 83)(51 — 54) (51— 53)(53 — 54) (51— 54)(54 — 3)
and
1 1
PM (5. 0) —
(22’ : ) 47TiC11 S — 51
(4.1.11b)
5200 — bg Yo 4 5300 — bg Yot 5400 — b?
(52— 53)s2—s2) - (2—s3)(s3—5a) (2 —sa)sa—s3) |
where
2
1 1 2 —a? . .
Yy 5 —1(, i=1,2andj=1,2, 3,4, (for CASE #1), (4.1.12a)
z2—a? zi—zj z2 —q?
and
Y 1 § e i - Z'?z_a2+1 ( for CASE #2) (4.1.12b)
= - or . 1.
v Zi—ZJ(-) Ziz—az Zi+Zj(-) Zi2 — g2

Note that, in contrast to Eqgs. (2.10a) and (2.10b), functions Y;; are not singular at z; = z?. This can be
clarified by noting that '
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1 ) —a? —(z,——i—z](.))
‘ 1 = . (4.1.13)

0 /2 2
Zi — Z; zZ5r—a 2
P i Vz? —a2<\/zl-2 —a’+,/2) —a2>

The potential functions in Eqs. (4.1.10) are associated with the applied uniform loads; these are
identical to the ones given by Savin (1961) who derived them by the method of collapsing an ellipsoidal
hole to a crack. Moreover, the potential functions in Eqgs. (4.1.11a) and (4.1.11b) correspond to the
effects of a single edge dislocation. These potentials are the corresponding Green’s functions.

The above results (Green’s functions) can be used to solve various crack problems, such as:

—

. a kink emanating from the tip of a pre-existing crack;

2. two centrally symmetric kinks emanating from the tips of a pre-existing crack;

3. two cracks with any size and any relative orientation with respect to each other (one of which can be
considered as the pre-existing crack); and

4. three cracks with the second and third one having any size and orientation, but being centrally

symmetric with respect to the first one (the pre-existing crack).

The main advantage of the above Green functions are that, for any of these four problems, just one line
of discontinuity (kink or the crack) has to be modeled by the continuous distribution of the edge
dislocations along the line, because the presence of the pre-existing crack is already built into the Green
function.

The first problem of the previous paragraph is considered by Obata et al. (1989) and Azhdari and
Nemat-Nasser (1996b). They used an equation similar to Eq. (4.1.12a), but omitting the first term. All
their calculations are for the case of a vanishingly small kink emanated from the tip of a pre-existing
crack. For this particular application, the effect of the first term vanishes as the kink length approaches
zero. Therefore, no error is introduced by omitting the first term in Eq. (4.1.12a) in this particular case.
It is interesting to note that, when two centrally-symmetric kinks (or, equivalently, two centrally-
symmetric edge dislocations) are considered, then the first term in Eq. (4.1.12a) makes no contribution
to the final result (see Eq. (4.1.12b)).

Let us, now, calculate the crack-opening displacement (COD) along the crack line. For this, we only
use the first terms of Egs. (4.1.7a) and (4.1.7b) in Egs. (C4a) and (C4b), respectively, to arrive at

Ux(x) = 2C1i[(o1 B2 4+ o2 f))aly + (By + Br)ody |Va? — x? (4.1.14a)
and
Uy) = 2Cu[ (B (23 + B3) + Ba(2 + B2) ) o + o + o )os [Va? = 32, (4.1.14b)

For an open crack, the y-component of the COD Eq. (4.1.14b) must be non-negative to ensure no
material inter-penetration. Thus, for all the formulations of this section, it must be required that

[(B1(23 +82) + Bo(27 + B2) )35+ Gaf + a)o | > 0. (4.1.15)

This completes the formulation of the problem of an open crack under farfield loads, and in the
presence of a single or a pair of centrally-symmetric edge dislocations. Application of this formulation is
demonstrated by Obata et al. (1989) and Azhdari and Nemat-Nasser (1996a, 1996D).

As a final comment for this section, we calculate the stress intensity factors (SIFs) at the crack tip, for
the case when the open crack is subjected to only the farfield loads. Substitution of Eqgs. (4.1.10) in Egs.
(2.5b) and (2.5¢) gives the stresses, and the SIFs become (see Appendix D.1)
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K= a;;«/na and Ky= a;";«/na. (4.1.16)

Therefore, as stated by Sih et al. (1965) and Barnett and Asaro (1972), for an open crack in a medium
with any degree of anisotropy, the SIFs are not dependent upon the material properties and they are
identical to the SIFs of the isotropic case; compare this comment with the one given in Section 4.2.

4.2. Green’s functions for a closed frictional crack with an edge dislocation

Consider a straight crack with length 2 in an infinitely extended anisotropic body. The farfield axial
and lateral loads (¢ and ¢3%5) are such that the crack surfaces are in contact; see Fig. 4. Therefore, the
y-component of COD is zero (see Eq. (4.1.15)). The crack faces may slide against each other. In such a
case, we assume a Coulomb-type frictional and cohesive contact with friction coefficient ¢ and cohesive
stress 1., resisting the sliding. In addition, the body contains either a single edge dislocation (CASE #1)
or a pair of centrally-symmetric edge dislocations (CASE #2); see Fig. 4. The formulation of this
problem is somewhat similar to Section 4.1, and thus, we present just the key results; for the isotropic
case, see the formulation by Horii and Nemat-Nasser (1985).

In order to create the frictional conditions on the crack surfaces, the following distribution of
dislocations should exist along the crack line as in Egs. (4.1.7a,b):

o X 1 1
bE(x) = —2% - Wi+ Wy — W3 — W. 4.2.1
NMEY) 20 Jai =3 2n2iC11Qm( 1+ W 3 4), (4.2.1)
5ib? — bY 2 —a?
Wi =(sj + W)——= 211+ 5 , j=1,2,3,4 (for CASE #1) (4.2.2a)
: : Sj X — Zj
and
g =) [ —ar J a2
Wi = (s; + )~ —+ — |, j=1,2,3,4 (for CASE #2) (4.2.2b)
5 X5 Xtz

Fig. 4. A body containing a frictional crack and two centrally-symmetric edge-dislocations at z® and —z° subjected to farfield axial
compressive and lateral tensile or compressive loads.



6456 A. Azhdari et al. | International Journal of Solids and Structures 37 (2000) 6433—6478

where

—1 52 52) ST S —1 (A3 4 ud;
— 2 Real i S e = —_ 423
Q ed |:2niC11 {(51 + S +,u<§1 + 52) nChy ( i ) ( Y

and

o5y =05 + 1 — oy, (4.2.3b)

where parameters 4; are defined in Appendix A; the term o} is the equivalent shear stress on the crack

line, o7} = 053 cos?y + 5% sin?y and o5y, = (7] — 053)siny cos y are the farfield stresses resolved on the
crack line. For the isotropic case, Q = 1/(4nCy;). Note that the first term in Eq. (4.2.1) is associated

with the applied farfield loads, and the second term represents the effects of the edge dislocation.
The potential functions due to 55(x) are as follows:

By(z152°) = (1) + M (zy; 2°) (4.2.42)
and
Prlz2; 2°) = ¥2(20) + WM (2,: 20), (4.2.4b)
where
00 _Gi‘i\l; S1 z]
) =5z [l ——. (4.2.4¢)
27TlC11QS1 le—az
_O’e‘]Y g
o) =2 222\ (4.2.4d)
27UC11QSz 222—a2
1 s
M(. . 0} _ 1
oM (z);2°) = mg[f/n + V2= Viz = Vi4] (4.2.4¢)
and
1 s
M(, . 0} _ 2
P (zy; 2°) = mg[f/zl + Voo — Vaz — Vaal. (4.2.4f)

The functions Vj; are

02 2
Sjbg, — bo, 1 1 Zj —a
Vi=(s+1n—= .

0
j z2—a* zZi—z z? —a?

—1 (4.2.52)

and
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—0 5 —a? Ve
/ - / (4.2.5b)
z, + z

0
s_/ zi — z; 2 —a? Z —a2

(Sj + ,u)

for CASE #1 and CASE #2, respectively. Note that the potential functions in Egs. (4.2.4c) and (4.2.4d)
are associated with the applied farfield loads, and those in Egs. (4.2.4¢) and (4.2.4f) correspond to the
edge dislocations. These Green’s functions facilitate solving problems such as a closed frictional crack
with kinks (wings) emanating from its tips.

Let us, now, find the stress intensity factors at the crack tip for the case when no single or double
edge dislocations are present; see Eqgs. (4.2.4a) and (4.2.4b). Substitution of Egs. (4.2.4c) and (4.2.4d) in
Egs. (2.5b) and (2.5¢) gives the stresses and, consequently (from Appendix D1), the SIFs,

P
KI = —«/na(oi‘} + T — ,UO’JO?) <A3—i—’uA2> (4263)
and
A
KII = «/7‘[0(0'?} + T — ,UG;X:,) <A3+711A2) (426b)

As is evident from Eqgs. (4.2.6a) and (4.2.6b), SIFs are, in general, functions of the material properties;
see Appendix A. However, when the material is orthotropic and the body- and material-coordinate
systems coincide (crack lies on one of the material axis), then 4,=0, and Eqgs. (4.2.6a) and (4.2.6b)
reduces to

Ki=0 and Kpj= «/na(a?} + 1 — uo;’;). 4.2.7)

Therefore, for this special case, the SIFs are not dependent upon the material properties and they are
identical to the SIFs of the isotropic case; for comparison, see SIFs of Section 4.1. Nevertheless, the
SIFs are strongly affected by the conditions of the crack surfaces which are characterized by u and z.. It
is interesting that, according to Eq. (4.2.7), a crack on one material axis does not extend collinearly, but
kinks; it can be shown that the kinking occurs at an angle of about 70 degrees with respect to the pre-
existing crack. Finally, note that the formulation given in this section is simpler, better structured and
more systematic than the ones for isotropic media given by, e.g., Horii and Nemat-Nasser (1985).

4.3. Dislocated crack

Consider plane deformations of a cracked anisotropic body. Under compressive farfield loads, a
Mode-II crack may initiate Mode-I cracks (wing cracks) from the tips of a pre-existing crack. For the
case of isotropic material, Nemat-Nasser and Obata (1988) used a dislocated crack to model a wing
crack initiating from the tips of an existing sliding crack. In Section 4.3.1, for an open crack, we extend
their formulation to the anisotropic case, and then the case of a partially-closed dislocated crack is
formulated in Section 4.3.2.

4.3.1. A fully open crack dislocated at its right tip
Assume that the right tip of the crack is dislocated by d, and d,, as shown in Fig. 5. The boundary
conditions, for an open dislocated crack, are

oy, =0, o0, =0, for —a<x< 4 a (free crack surfaces), (4.3.1a)
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Ux(a) = dx; Uy(a) = dya (431b)

U,=0, U,=0 forx¢[—a, +d] (4.3.1¢)

In order to find the stress functions and the crack opening displacement (COD) for this problem, the
method of distributed edge dislocations is applied. The conditions for the stress-free crack surfaces lead
to the following integral equations:

a

r b - Ayby (D)}t = 0, J LI Asby(D)}dt = 0. (4.32)
—a X1 X —1

—a

With the aid of Egs. (Bla), (B1b) and formulae given in Appendix A, the solution of this system of
integral equations is

d 1 d 1

bx(x) = —;’Y\/ﬁ, by(x) = (433)

a2 — x2
Consequently, from Egs. (C4a,b), (2.10a), (2.10b), the COD and the stress functions are obtained as

_d[ . x om Ay x  om
Uy(x) = 77‘_|:s1n P + 2i|, Uy(x) = - |:sm p + 5 | (4.3.4a)
—1 1 Sldx - dy -1 1 Szdx - d},-

D(z1) =

¥Y(z2) =

; = > - = . 4.3.4b
2niChy §) /le _ 2 2niChy 52 /222 _ a2 ( )

Note that the dislocation density functions and the COD are not function of the material properties.
Finally, the stress intensity factors at the right crack tip are given by

_ —1 [ d+ Ayd, 1 [ Asd, — Aad,
o C114/7ra Ao C114/7L'a A() '

K } Ky = (4.3.5)

4.3.2. A partially closed crack dislocated at its right tip under farfield loads

Consider the problem of Section 4.3.1. In addition to the right-tip dislocations d, and d,, the body is
subjected to the uniform farfield loads ¢7) and ¢7;. Assume that the combination of the farfield loads
and the right-tip dislocation renders the crack partly closed on its left side, from x=—a to some point

dx
1
X=—a X=a

k_&_
é

Fig. 5. An open crack dislocated at its right tip by d=d,+1id,.
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x=>b which must be computed; see Fig. 6. These conditions require,

oy =0y, =0, oy =0y,=0, forb<x<+a, (4.3.6a)
U(a) =dy, Uy(a)=d,, (4.3.6b)
Oyy =0y, + 02}, +a5, =0, oy=05,+0,=0, Uy=0 for —a<x<b, (4.3.6¢)
U,=0 and U, =0 forx¢[—a, +d], (4.3.6d)

where a7, and o5, are the stresses due to the presence of the distributed dislocations along the crack,
0

and ogy is the normal stress transmitted across the crack surfaces over the contact region. The stress Ty
and the length of the contact surfaces (the location of point ») are unknown and must be determined as
part of the solution.

The stress boundary conditions (Egs. (4.3.6¢)) lead to the following integral equations:

1 a
7TC11A() —a X

1_ (42b.(0) = Dby (DH(1 = B))di + 635 + 0}, H(b — x) = 0 (4.3.7a)

and

1 a
7TC11A() —a X

1_ (= 43b,(0) + 426, (DH(i = B)}di + 035 = 0, (4.3.7b)

where H(s) is unity or zero for positive or negative s, respectively. In order to obtain the length of the

contact zone (point b) and the contact stress agy(x), we note the conditions given in Eqgs. (4.3.6b,c) and

(4.3.6d). The normal contact stress a?,},(x) is bounded at x=» and x=—a, and b.(x) is bounded at x=5

but is singular at x=—a. The final results are

2 dy 43075 + 4205 /b — x
nCyy A30’§f§f + Azﬂi‘}y

b=a o), (x) = (4.3.8)

A3 Ja—x'

Fig. 6. A crack is first dislocated at its right tip by d=d, +id,, and then subjected to farfield loads which cause partial crack closure
(from x=—a to x=»).
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For the contact point to lic on the crack line and the normal contact stress be negative (compressive),
the following condition must be satisfied:

(4307, + 4205) > 0 & (ﬂ] <a22 + /322> + [32<oc12 + ﬁf))afj + (1 By + oczﬂl)a;'} < 0. (4.3.9)

Compare this condition with the one given in Eq. (4.1.15).
Now, use Eq. (4.3.8) in Egs. (4.3.7a) and (4.3.7b) and then solve the integral equations (Eqs. (4.3.7a)
and (4.3.7b)) for the dislocation densities, b,(x) and b,(x), to arrive at

AO 1 1 AZ
(x) = S —— ——(43d, — Axd,) | — — (4307
bx(x) C11A3 a2—x2[0’”x+ncnﬁo( 3d, 26{)} C”A3( 30,
Vx—b
A6 ) ——=H(x — 4.3.1
+ 20"\},)\/m (x—b) (4.3.102)
and
o o\ VX —b
by(x) = —Cll(A:;O'yy + A20va)\/a7——xH(x - b) (4310b)
The COD components are
A4 0o 1 Az . X Y
Uix)=—-C1—0X~a? —x2+ —|d, — ==d, |{sinT' = + =
A} * T A3 . a 2
4, 4 4,6 (@ = N)(x = b) b 43.11
— ' (4303 + 420w =0~ BYHCx — b) (43.112)
Azd\:{. _1|:x—b—(a—x):| TE}
—_— s —— J— H —
+A3n sin - +2 (x—0)

Uy(x) = —C”(Agafj, + Azo'i‘;,)\/(a —x)(x —b)H(x — b)

(4.3.11b)
+ %{sinl[—x —h- (a—x)i| + g}H(x— b).

a—>5b

4.4. A crack and self-equilibrating tractions

Consider plane deformations of an anisotropic body containing a crack. A segment of the upper and
lower crack faces (b < x < ¢) are loaded by self-equilibrating (i.e., equal in magnitude but opposite in
sign) normal and shear tractions such that the crack faces are not in contact; see Fig. 7. We investigate
this problem for the cases of:

1. loading on a part of the crack faces,
2. loading on the entire crack faces, and
3. loading just at an arbitrary point on the crack faces by concentrated forces.

On the crack faces, the boundary conditions are
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c 0 _ c 0 _
oy, to,, = 0, Oy 0y, = 0. 4.4.1)

Terms with superscript ‘c’ represent the stresses corresponding to the distributed edge dislocations,
b(x)=by(x)+1ib,(x), along the crack line, and 0'2}, and agy are the self-equilibrating tractions externally
applied on the crack faces. As in Section 4.1, these BCs result in a set of singular integral equations for
by(x) and b,(x). Using the 4;/s of Appendix A and of Eqs. (Bla) and (B1b), the solution of the system
of integral equations is

ﬁmsz(x) ~ D) = — \/ai——xz Jj V“Z__ttzagy(r)dz (4.4.20)

and
1 a4 Va? — 12
- C“{—A3bx(x)+A2by(x)} W J_a e o3, (1)d. (4.4.2b)
For the case of constant tractions, i.e.,

02), =p and o)ocy =¢q for h<x<c (and elsewhere, zero), (4.4.3)
the integral in Eq. (4.4.2a) becomes

JJr: %oﬁy dt=p J; % dt = pl(a, b, ¢, x), 4.4.4)
with

: 2 I _ 2/ _~x2_ _
1:‘/612—bz—\/az—62+x|:sin_1£—sin_lé}+10g (@ +Va valox ex)x =) .
a a (a2 4+ ~a? —b2/a? — x2 —bx)(x — ¢)

Now, the dislocation density functions, from Egs. (4.4.2a) and (4.4.2b), are

_ Cy l(a, b, ¢, x) _ Cu la, b, ¢, x)
b(0) = S H-dap + A} S by = Ho A — A I (445)
Next, we calculate the associated potential functions using Egs. (2.10a), (2.10b), (4.4.4), (4.4.5),
-1 $2p + q Ja I(Cl, ba ¢, t)
D(z1) = — dr 4.4.6a
(1) 212 51 =82 J_u(zy — a2 — 12 ( )

y
X=-a x=b q X=C X
# g — il |
Upper Crack Surface Ara A x=a
Lower Crack Surface\ L t_*i_*i_f J »X
X=—a q X=a

Fig. 7. A balanced loading of the crack faces; normal and tangential tractions, p and ¢, act on the segment b < x < c.



6462 A. Azhdari et al. | International Journal of Solids and Structures 37 (2000) 6433—6478

and
1 slp—i—qr I(a, b, c, 1)
Y(z,) = — dr, 4.4.6b
(z2) 2251 =52 ) (2 — W2 = 12 ( )
where the definite integral is expressed as
r Ka, b, ¢, 1) v Va2 —¢? ( e _1b> z
—————dt=m —zlsin"T - —sin” - ){ ] - ——
—a (z—t)Wa*—1? Vz? —a? a a ( 22—a2>
a’ + Vaz —c2v/a? — 12 —ch)|t — b|
log (a®
a va* — b2V a? —bi)|t —
+J @+ a[ e cl (4.4.7)
—a z—

The last part of this integral seems to be difficult to be carried out. Thus, for this particular loading
case, we evaluate the potential functions by the method of Section 3, the Hilbert problem. This is given
at the end of this section.

Consider the solution when the entire crack faces are loaded uniformly by p and ¢. For this, set
b=—a and ¢= +a to obtain I(a, b, ¢, x)=mnx. Thus, the dislocation functions and the potentials, using
Eq. (B2c), become

X X
by(x) = Cu{—42p + A14} 702 — 2 by(x) = Cni{—43p — AZCI}ﬂ, (4.4.8)
B(z)) = 21?:2 +S‘1){1 - \/Zl_} ¥(z)) = 21(9;‘1 +:1){1 _ \/ZZ_} (4.4.8b)
S T 92 22—(12 2 — 91 22_a2
1 2

Note that these functions are similar to Egs. (4.1.7a), (4.1.7b), (4.1.10) of Section 4.1.

Finally, consider the case of a point force (concentrated normal and shear forces) applied at the
arbitrary point x={_ on the crack face. Considering b={_—¢ and ¢={+¢, with ¢<l, one can represent
the concentrated forces as

Frx =1[2¢eql,_o, F, =1[2¢pl,_o (Fyand F, are applied at x = (). (4.4.9)

This now leads to
a2 —¢?
S
Now, use Eq. (4.4.10) in Eqgs. (4.4.5), (4.4.6a) and (4.4.6b), as well as Eq. (B2f), to arrive at

Ka, b, c,x)=1Ia, , ¢ x)=2¢ + 0(e?). (4.4.10)

bo(x) = @{ MFy 4 M F)— Y a> (7 (4.4.112)
' T G S ovar =X o

2
by(x) = @{ AsFy — AyF }— a?—{ (4.4.11b)

(x = OVa? —x7
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_ 22
P(z1) = 2—1S2Fy_+ b e . (for z1¢[—a, a)) (4.4.122)
G K N e
and
/.2 2
Vo) = Dt @t (for zx¢[—a, a)). (4.4.12b)

277: S1— 5 (22 _ C) 222 _ az

Note that for this case, there is an additional singularity at point x={ where the point force is applied;
this singularity is stronger than the square-root singularities occurring at the crack tips, x=—a and
x=a.

Having calculated the potential functions, the stresses are readily computed using Egs. (2.5b) and
(2.5¢). Then, the SIFs, K and Kjj, at the right tip of the crack are

_F Ja+( and Ko — F. [a+(
T Jma\la—{ W= J/ra\a—C

These are also the Green functions for calculating the SIFs for an open crack subjected to self-
equilibrating tractions, o) (x) and o) (x) (b < x < ¢),

_LC a+{ 4 _LC ati o
KI_\/EL /a_cay},(é')dé' and KH_WL /a_CO'xy(C)dC. (4.4.14)

Note that the SIFs given in Eq. (4.4.13) are not functions of the material properties, thus, they are
identical to the ones for the isotropic case. This is because the applied concentrated forces are balanced
on the crack faces (Barnett and Asaro, 1972). See Section 3.3 for the case when the concentrated forces
are applied on just one crack face (the corresponding SIFs then do depend on the material properties).

Referring to Egs. (4.4.6a), (4.4.6b) and (4.4.7), consider the calculation of the stress functions using
the Hilbert method of Section 3.1. For the self-equilibrating tractions on the crack faces, Eqs. (3.1.3a)
and (3.1.3b) reduce to

K

(4.4.13)

_ C 2 _ 42
(1 + 251)0(2) + (1 + a53)Q(z) = —2 m_"“] 221_ — Hb tl_ Z" dr + R(z)} (4.4.152)

and
(14 as1)O(z) — (1 + as3)Q2(z) = 0. (4.4.15b)

Here, the single-valuedness of the displacement field requires that R(z)=Cy=0. Using this and a
procedure similar to Section 3, we obtain

— 1 — 1
| Ha. b, c.z2), Qr=-L2*

O(z)=—
) 2 1+ asy 2 1 4 s

H(a, b, c, z), (4.4.16a)

1 p: 1 p:
o) = L2 0 b e e = L b, e ), (4.4.16b)
27 8| — $2 21 55 — 81
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K = \;—%M,(a, b, ¢), Ky= J—%M,(a, b, ¢) atx=a, (4.4.172)
K=-2_M(abec ad Ki=-—2Mabc atx=-—a (4.4.17b)
m b b ﬁa b b b

where the functions H and M are defined in Section 3.1; see Egs. (3.1.5¢) and (3.1.14c).
Comparing Eq. (4.4.16b) with Eqs. (4.4.6a) and (4.4.6b) along with Eq. (4.4.7), we obtain an
expression for the definite integral in Eq. (4.4.7),

lo [(a +Va —sz/az—lz—ct)|t—b|j|

(a® ++a?—b2Va? — 2 —bo)|t — ¢

z—1

cz—a® » bz —a

-1
= —m| tan — tan
|: JaZ — 222 =42 Va2 —b2J/2 = a2

2

: b
—sin 1€ +sin_1—:|. (4.4.18)
a a

4.5. Non-aligned periodic open cracks under farfield loads

Consider an infinite set of straight cracks with a common length 2a¢ in an infinitely extended
anisotropic plate. The cracks are parallel and spaced by /& and d in the x-direction and y-direction,
respectively, as shown in Fig. 8. The farfield load (¢7) and o%)) is such that the cracks remain open.
Some exact and approximation formulae are available for the 1sotroplc case and special geometries, e.g.,
collinear cracks with d = 0 and & > 2a, and parallel cracks with # = 0 and d # 0; see Murakami (1987).
Here, we consider a more general case for which the material is anisotropic, and d and h are, in general,
non-zero, summarizing the key results in what follows.

The stress-free crack-face conditions for a typical crack (zero-th crack of Fig. 8) are

0,,(x, 00+ 07, =0 and o, (x,0)+03 =0, (4.5.1)

where the first terms in Eq. (4.5.1) are the stresses on the line of the zero-th crack corresponding to all
the cracks. Each crack is modeled by edge dislocations b, and b, distributed along its line; because of
periodicity the dislocation functions b, and b, are the same for all cracks. The final form of Eq. (4.5.1)
is
2 Real [Al J [s1bx(t) — b, (#)]cotan[ By (x — t)]dt]
- (4.5.22)
a
+2 Real[Az J [s20x(¢) — by(t)]cotan[ By (x — t)]dt] ” =0

and

-2 Real[Am Ja [s16x(f) — by(D)]cotan[ B (x — t)]dl]
- (4.5.2)
-2 Real[Azsz J [s26.() — by ()]cotan[ By (x — t)]dti| + aij, =0,
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where

R
I 27[[C11 §ij’

3,-:_?"1, Pi=h+sd, for j=1,2. (4.5.2¢)
7

These are two integral equations for the two unknowns, b(x) and b,(x), —a < x < a. A closed form

solution for b,(x) and b,(x) is difficult to obtain. When the material is isotropic and the cracks are

collinear, the following formula (Westergaard, 1939) gives the SIF:

K= % tan(%)aﬁiﬁﬁ for h>2a and d=0. (4.5.3)
Again, for the isotropic case and when the cracks are parallel (with # = 0 and d # 0), Yokobori and
Ichikawa (1967) propose an approximation formula for SIF. The more general case shown in Fig. 8
seems not to have been considered, even for the isotropic case. Next, consider solving this problem.

The system of coupled singular integral equations in Egs. (4.5.2a,b) can be solved numerically, as
outlined in Appendix C. The auxiliary conditions for this problem are of the type in Egs. (C3a) and
(C3Db); these two conditions ensure that each crack is closed at both ends. The numerical solution gives
B.(x) and B,(x) along the crack line and, in particular, B\(x=a) and B,(x=a). Only the last two
parameters are required for the calculation of the SIFs at the crack tip; see Appendix D. The SIFs are

n [ 42B.(a) + 41B,(a) n | —A43B.(a) + 42B,(a)
K=/~ Ky= .|~ 4.5.4
! a{ A()C“ ’ 1 a A(]Cll ’ ( > )

where the 4;/s are defined in Appendix A. For the isotropic case, these formulae reduce to K;=
B(a)/n/a/(4Cyy) and Ky = By(a)y/n/a/(4Cyy). The numerical procedure outlined in Appendix C gives
the values of B,(x) and B,(x) to any desired degree of accuracy, i.e. by a finer partitioning the interval
[-a, +a]. The numerical results may be used to estimate the error involved in the following

N-th Crack

t

l - ENd T
N I l
|

o, —

Zero-th Crack
—a +a

GD:y ‘T
Goo

yy

Fig. 8. A body with an infinite row of equally-spaced, open, parallel cracks, under farfield stresses.



6466 A. Azhdari et al. | International Journal of Solids and Structures 37 (2000) 6433—6478

approximation calculation of B\(x=a) and B(x=a):

—09An + 035 A1 -0 A1 + 0354
B.(a)~ —2 i and B, (a)x — = 4.5.5a
<(4) A1 Az — AppAs »(6) A1 Axn — A Az ( )
with
Y S1 1 1
Aj; = 2 Real A, = 2 Real - 45,
1 ea |:27UC11{ 01+ = Qz”, 12 =2Rea |:2mC { Q|+§2Q2”, (4.5.5b)
5P 53
A>; = 2 Real —Q1 + =0, Axn=A4n (4.5.5¢)
27‘ElC11 52
and
B' a N=+o00
0== J cotan[Bf(a — NVa®> — 2 dr = Y <W_, —JWi- a2>, W;=a— Np,. (4.5.5d)
—a N=—00

In order to examine the range of validity of the above approximate formula, the SIFs are calculated
for different elastic constants (E;;, E»», G2, V1> and f), the horizontal and vertical distances between the
crack centers (h and d), and the farfield loads (¢7) and o3)). Specific values are assigned to the elastic
moduli and the farfield loads, as shown in Table 1. Due to linearity, the results can be adjusted for
other material constants and loads. The calculated SIFs are presented in Table 1. It is rather difficult to
establish a parameter for estimation of the error involved in the approximation formula. This is because
all the above parameters (mentioned in the previous paragraph) may contribute to this error. However,
from Eqs. (4.5.5a—d), it seems that the parameter, p;/2a=h/2a+ s; d/2a, might be a good measure of the
error; this parameter combines the geometry and the elastic constants. Since this parameter is a complex
number, for simplicity, we establish the error range based only on the geometry, i.e., #/2a and d/2a.

The cases considered in Table 1 show that, for d/2a > 2 and h/2a > 1.5, the approximate formula
gives the values of the SIFs with an error of less than 2% when compared with the complete numerical
solution; compare this with the cases presented in Murakami (1987) for isotropic materials where, in
general, for the same range of d/2a and h/2a, the error is higher than 2%. When the cracks are close to
each other, the error can be larger than 2%, depending upon the geometry, material constants, and the
load. Note that for the cases when d and & are both non-zero (even for the special case of isotropy), a
far-field tensile load produces a Mode-II fracture component; see, e.g. CASE #8 of Table 1, which
shows a non-zero Kijj.

As an extension to this section, consider the practical problem of non-aligned periodic closed cracks;
the solution to this problem is obtained using the results presented in Section 4.2 and this section.

5. Method of the resultant-force

Consider, again, modeling a crack by continuously distributed edge dislocations along its line. The
boundary conditions can be taken into consideration either by tractions or by the resultant forces along
the crack line. In either way, the resulting coupled singular integral equations may be solved
numerically, e.g., collocation method (see, e.g. Erdogan et al., 1973; Gerasoulis, 1982). For illustration,
consider a traction-free crack in a plate. For the collocation method, the crack line is divided into N
equal sub-intervals, and the mid-points of the sub-intervals are taken as the collocation points. The



Table 1

Normalized SIFs calculated Numerically from Egs. (4.5.2a,b) and Approximatlelg/ £r
constants, geometrical periodicity and loads; the normalization is as follows: Ki_ " )
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1 and, for isotropic cases, Ej;/E»=1.000001 are used

— K(N- A)

LI

»y

6467

om Egs. (4.5.5a—d) for various indicated elastic
/yJma(@35? + a%32).. For all cases, a =

4 En  En  Gn v B h d T &Y Ky Ky

1 1 1 0.4 0.25 0 2.01 0 1 0 8.9934 7.5054 0 0

2 1 1 0.4 0.25 0 2.1 0 1 2.9865 2.7058 0 0

3 1 1 0.4 0.25 0 2.25 0 1 0 2.0154 1.9076 0 0

4 1 1 0.4 0.25 0 2.5 0 1 0 1.5651 1.5223 0 0

5 1 1 0.4 0.25 0 5 0 1 0 1.0753 1.0742 0 0

6 1 1 0.4 0.25 0 100 0 1 0 1.0002 1.0002 0 0

7 1 1 0.4 0.25 0 0 0.25 1 0 0.1994 0.0790 0 0

8 1 1 0.4 0.25 0 0.1 0.25 1 0 0.5297 0.5607 —1.0280 —1.1573
9 1 1 0.4 0.25 0 2.1 0.25 0 1 0.5025 0.4911 1.4438 1.5413
10 1 1 0.4 0.25 0 2.25 2.5 0 1 —0.1794 —0.1821 0.9342 0.9266
11 1 1 0.4 0.25 0 0 5 1 1 0.5995 0.5973 0.7491 0.7505
12 1 1 0.4 0.25 0 2.5 1 2 1 1.4011 1.4044 0.4121 0.4518
13 1 1 0.4 0.25 0 5 2 1 2 0.5033 0.5033 0.9008 0.9020
14 1 1 0.4 0.25 0 5 2 0 1 0.017 0.0175 0.9987 0.9997
15 1 1 0.4 0.25 0 100 100 1 1 0.7071 0.7071 0.7071 0.7070
16 2 1 0.4 0.25 0 2.25 0 1 0 2.0154 1.9076 0 0

17 3 1 0.4 0.35 0 0 0.5 0 1 0 0 1.7817 1.9493
18 6 1 0.6 0.30 0 2.1 0.5 1 5 0.3604 0.3771 0.8434 0.8978
19 10 1 0.6 0.30 0 2.5 0.1 5 1 1.5922 1.5434 0.5330 0.5085
20 1 2 0.8 0.20 0 100 100 1 1 0.7071 0.7071 0.7070 0.7070
21 1 5 0.8 0.40 0 100 0 10 1 0.9952 0.9952 0.0995 0.995
22 1 10 0.5 0.30 0 2.5 0 1 5 0.3069 0.2986 1.5346 1.4928
23 1 4 0.6 0.30 30 2.1 0.5 1 0 2.3045 2.2377 —0.1474 —0.392
24 1 4 0.6 0.30 30 2.1 1.0 1 0 1.7120 1.7105 —0.2167 —0.1616
25 8 1 1.0 0.25 45 0 0.2 1 4 1.3218 1.7185 3.5875 3.6153
26 1 1 0.8 0.30 60 5 10 1 1 0.6948 0.6949 0.6941 0.6940
27 1 10 0.4 0.35 90 4 2 100 1 1.1001 1.0996 —0.0327 —0.0310
28 4 1 0.4 0.35 90 100 0.1 1 1 0.7072 0.7072 0.7072 0.7072
30 2 1 0.4 0.30 =30 0 1 1 2 0.0565 —0.0298 1.3973 1.4883
31 2 1 0.4 0.30 -30 0 2 1 2 0.1839 0.1576 1.1010 1.1236
32 2 1 0.4 0.30 =30 0 3 1 2 0.2738 0.2655 1.0009 1.0076
33 2 1 0.4 0.30 -30 0 4 1 2 0.3303 0.3271 0.9580 0.9605
34 5 1 0.6 0.25 —45 2.5 5 1 0 1.0057 1.0068 —0.0629 —0.0632
35 1 2 0.8 0.25 —60 3 1 0 1 0.0412 0.0472 0.9856 0.9969
36 1 10 0.8 0.40 -90 2.1 0 1 10 0.2972 0.2692 2.9716 2.6924
37 10 1 0.6 0.30 5 0 100 1 0 0.9998 0.9998 0 0

38 1 4 0.4 0.25 -10 100 100 1 1 0.7072 0.7072 0.7071 0.7071
39 1 1 0.4 0.25 0 0 0.25 1 0 0.1994 0.0792 0 0

40 1 1 0.4 0.25 0 0 0.35 0 1 0 0 2.4533 2.6999
41 1 1 0.4 0.25 0 0 0.5 0 1 0 0 2.0944 2.3075
42 1 1 0.4 0.25 0 2.05 0.2 0 1 0.6434 0.6291 1.5652 1.7001
43 1 1 0.4 0.25 0 0 0.35 1 0 0.2361 0.1102 0 0

44 5 1 0.8 0.25 30 0 0.35 1 0 0.2762 0.1492 0.0313 0.0276
45 5 1 0.8 0.25 30 0.2 0.35 1 0 0.3660 0.2984 —1.1090 —1.3057
46 1 1 0.4 0.25 0 2.15 0.6 0 1 0.0911 0.1105 0.9961 1.0415
47 1 1 0.4 0.25 0 2.15 1.0 0 1 —0.1082 —0.0879 0.8829 0.8901
48 1 8 0.6 0.35 45 2.15 0.6 0 1 0.2232 0.2321 1.0547 1.0965
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system of integral equations is then numerically solved by satisfying the traction-free conditions at the
collocation points taken along the crack line. Now, consider one of these sub-intervals taken on the
crack line (say, from point A to point B, i.e., the segment [A, B]). The method of traction-free boundary
conditions requires that the normal and shear stresses at the collocation point within this sub-interval be
zero. An alternative formulation is to require that the resultant force acting on the entire sub interval
[A, B] remains zero. In this formulation, the tractions are integrated along the sub-interval analytically.
While the traction method satisfies the traction condition at just one point (mid-point), the resultant-
force method involves the effect of the tractions all along the entire sub-interval (Azhdari, 1995). In view
of this, it is expected that the resultant-force condition would require fewer elements and less
computational effort to achieve a certain desired accuracy, when compared with the traction method.

The resultant force at point (x, y) corresponding to a single edge dislocation, »° = (1°, bg) at point
(x°, ), is obtained by combining Egs. (2.5¢), (2.10a) and (2.10b). The result is

fro=2Real[ (4157 Y] + A257Y2)b° — (A151 Y1 + A2y Y2)B° | + ¢y, (5.1a)

£y = —2Real[(4151 Y] + Azs2 Y2)B° — (41 Yy + A2 Y2)B° ] + ¢, (5.1b)

Y-:log(z-—z(.)), A= %, (5.1¢)
/ 7 7 / 27‘CiC118_/

where ¢, and ¢, are constants to be determined.

To present the basic elements of the method, consider the case of an infinitely extended anisotropic
plate containing a crack (straight or curved) subjected to some tractions on its boundaries. The resultant
forces at point (x, y) corresponding to continuously distributed edge dislocations along the crack line, are

a

Fox, )= | fulx, ;s x°, )% ds(x?, »%) + C (5.2a)

and

a

Fx, )= £ x% % dsx% %)+ G, (5.2b)

where s, (x°, »°) € [—a, a]. In order to balance the resultant force on the crack line, Eqs. (5.2a) and
(5.2b) should be set equal to the resultant forces, F%(x, y) and F 2(x, y) corresponding to the externally
applied tractions

2 Real“a {(Alsl2 log(z; —s) + A2s22 log(z, — s))bx(s) — (4151 log(zy — )
h (5.3a)
+ Aas: log(za — 5))by(s) }dsi| = Fg(x, y)+ Cy

-2 Real[r {(Alsllog(zl —8) + Azsy log(zo — 5))by(s) — (A log(z; — )
h (5.3b)
+ Aslog(zy — s))b},(s)}dsi| = Fg(x, »)+ C,.
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These are typical ‘coupled singular integral equations’, to be solved for the unknown functions b,(s) and
b,(s). They can be solved numerically, subject to the auxiliary conditions, Eqs. (C3a) and (C2).

The integral equations (Egs. (5.3a) and (5.3b)) are written with the dislocation functions as the
primary unknowns. We rewrite these equations in terms of the crack-opening displacement (COD), U,
and U,. Performing integration-by-parts and using Egs. (C4a,b), we obtain

2 Real U {(A‘—Slz n AZ—S%> U(s) — (ﬂ 4 A2 )U},(s) }ds:| = F%x, ») + Gy (5.42)

—a 1 — S8 =8 Z1 — S8 Zy — S

and

2 Real“a {(A”I + Am) U(s) — ( 4 A )Uy(s)}ds} — Fx, ) + Gy, (5.4b)

1 — S8 Z) — 8 11— Z — S

where U (s= +a)=0 and Uy(s= +a)=0 are also used.
These new integral equations, written in terms of the two components of COD, present advantages
such as:

1. the ‘log’ functions have disappeared;
2. unlike b,(s) and b,(s), the unknowns of the problem, U.(s) and U (s), are not singular; and
3. the consistency conditions (Eq. (C3a)) are simplified to U(s= +a)=0 and U,(s= +a)=0.

These lead to a more effective numerical routine.

To illustrate the method, consider a simple example of a straight crack in a plate subjected to farfield
uniform tractions which produce F(x, y) = xo%5 —ya3y and Fi(x, y) = xo75 —yo3. Let the crack lie on
the x-axis, so that y = 0, which simplifies Eqs. (5.4a) and (5.4b) to

[ a s2 52 S1 S ds
2 Real L ~—2)U¥ -(=+=)0U, = x0>° 5.5
- 2miChy J_a <s1 + $) ) 5 + 5 () X—s e (5-52)
[ -1 11 d:
2 Real| ~— J Tr2Vo) - (= + = ) U V-2 | = xo™. (5.5b)
2niCyy J_, | \s1 & S1 5 X—3s Red

A numerical routine can be set up for this set of coupled Cauchy-type-singular integral equations.
However, this simple case can be solved analytically (see Eq. (Ble)). The analytical results for U, and
U, are identical to those obtained in Section 4.1 (see Egs. (4.1.14a) and (4.1.14b)). In brief, it is expected
that Eqgs. (5.3a) and (5.3b) leads to more accuracy when compared with the traction method boundary
conditions. Moreover, Eqgs. (5.4a) and (5.4b) are easier than Eqs. (5.3a) and (5.3b) to be implemented
into a numerical routine.
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Appendix A. The characteristic equation and related formulae
For the orthotropic materials, C14= C»4=0. The characteristics equation Eq. (2.3) then reduces to
Ci§' + (261 + Cos)57 + Cn = 0, (A1)

where the superposed caret, *, denotes components with respect to the xi, x,-coordinate system of Fig. 1.
The on-axis orthotropic constants can be written in terms of the engineering material constants, Young’s
moduli, shear modulus and Poissons ratios, as

1 N 1 A 1 1 A —Vio Vo,

Cii=—, Cp=—, == (==
8 2 E¢s G2 "R Ey

A2
Eyy Ey (A2)

note that for isotropic materials, £y = E»=F, E¢=G and v, =v,; =V, where £ = 2G(1 +v). Now, Eq.
(A1) becomes §* + 245> + p* = 0, where p and ¢ are

2_@_E11 _Zélz—f-ése_ En

==, = = — V2. A3
Ci Ex 1 2C1 2E66 . ( )

The four roots of this quadric equation are §; = oy +iff;, $ =0 +if,, $§3 =35 and §; = §,, where

P4 N/ VPta
o = , O = — s = = for p>gq; Ada
1 «/E 2 \/E :81 ﬁZ ﬁ p=q ( )
g =u=0, f;= a+pt vq—p’ = it vq—p’ for p>gq. (A4b)

V2 V2

These equations give §; and §, in terms of the engineering constants explicitly. It is noteworthy that
for this class of materials (orthotropic), and with respect to the x; x,-coordinate system, the roots of the
characteristic equation are either §; = o + iff, and §; = —ay + i}, or §; = iff; and §, = if},. However, it
is interesting that, for either case, the relation 5354 — 5§15, = 0 (or equivalently, a8, +a»f; =0) is always
true; this term appears in a number of formulae, e.g. (Egs. (A5b) and (AS5f)). Once §; and §, are
calculated by Eqgs. (Ada,b), we use the transformation formula (2.9b) to obtain s; and s, in other
coordinate systems (e.g. the x, y-coordinate system of Fig. 1, with w=—0).

The following expressions are used in various equations in this paper:

1 1 1 1 S1+ 8 —853— 84 idq
= — - — = = —, (A5a)
St 82 83 Sa (s1—s3)(s1 —sa)(s2 —s3)(s2 —s4) Ao
LU S N 5234 = 5152 _ (ASb)
51§ 53 84 (51— s3)(s1 —s4)(s2 — s3)(s2 —84) A

and
s~_12 n A~_22 _ _S~_32 B {;42 _ 5153(54 — 52) + 5284(53 — 1) _ l'A_By (A5¢)
51 5 Sy 54 (81— s3)(s1—sa)(s2 —s3)(s2—s4) Ao

where

Ao = (51— 53)(51 — 84)(52 — 53)(52 — 54) = 4B B[ (211 — 22)> + (B, + B2)*] > 0, (A5d)
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Ay = —i(s1 + 52 — 53 —84) =2(8, + ) > 0, (ASe)
Ay = —i(s384 — 5152) = —2(01 B4 + 2f5)), (AS5f)
and

Az = —i[s153(s54 — 52) + $254(s3 — 51)] = —2[/31(0522 +B5) + Ba(af + ﬁf)] < 0; (ASg)

Ay = —(A145 + A345) > 0, A3 = 515541 + (51 + 52)42 < 0, (A6a)

Cy = 518528384C11 = (O{lz + [))12)<O(22 +ﬁ22>C11, (A6b)

2C16 = (51 + 52 + 53 +54)C1p = 2o + 02)Cyy, (A6c)

2Cag = Isisalss +52) + sysalor +501Cn1 = 2o (o3 + 2 ) + a2 + B2) Cur. (AGd)

2C12 + Ces = [s1(52 + 53 + 54) + 52(83 + 54) + 5384]C11 = [0612 + B+ + B3+ 40(1062](711, (Abe)
A VA A

wta=-2-2, o —a = +2i¥"0 R —— (A6f)
A3 A3 A3

Parameters o and C, defined in Section 3 are, in general, some functions of the material constants.
However, for the special case of orthotropy (4,=0), these parameters simplify to
2 1 aClz/Cll — 5182

o= —, Co =

A7
5182 ST+ 852 ( )

where, for both orthotropic cases reported in Eqs. (A4a,b),

e . . /C 2Cp+C
S| =—p=— C—T?, Si+=iy2Ap+q) =i 2( C—ﬁ-{-%) (A8)

Thus, for orthotropic media, Eqgs. (A7), (A8) show that « is purely imaginary and Cj is a real number;
these facts are helpful for simplifying the formulae of Section 3 from the anisotropic case to orthotropic
case. For plane stress, the C;’s are given by Eq. (A2) and thus, o and C, can be easily written in terms
of the on-axis orthotropic material constants. For plane strain, the C;’s of Eq. (A2) should be replaced
by C;—C;3C;3/Cs3. Nevertheless, for the case of isotropy, Eq. (A7) gives «=1i, and results in Cy=(1-v)/2
and Cy=(1-2v)/(1—v)/2 for the plane-stress and plane-strain conditions, respectively.

Appendix B. The solution of relevant integrals

The integral equation (Hilbert problem),
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¢ F(t
AJ L)[dt—i-P(x):O, —a<x<a, (Bla)
—a X —

has the following solution (Muskhelishvili, 1953):

(IS B RV 7 gy G
Fx) = —— J U pydi + L (B1b)
AV —x2 ), x—t nva? —x?
where
Cy = J F(t) dx (Blc)

serves as an auxiliary condition to render the solution unique. In particular, when P(x)= Py= constant
and Cy=0, then

Po X
T[A«/az—xz.

For the case when the unknown function F(x) is bounded at both ends (x= + a), the solution of Eq.
(Bla) is:

F(x) = (B1d)

a?—x? J“ P(1)
F(x) = di, Ble
) 24 ) (x—0Val—12 (Ble)
provided that
@« p
J P ez (B1f)
—a a?—x?

The following definite integrals are valid for w ¢ [—a, +a], woé¢[—a, +a], be[—a, +a], and x €[—a,
+al:

“ 1

n
dr = , B2a
—a WE+0vVa?—1? Vw2 — a2 (B22)
a )2 t2
NETE g = (Vw2 —a? - w), (B2b)
e w—t
’ ! di 1 W (B2c)
S S, PA—- | [ ——
—a (W—=10)Va?>—t? { Vw2 —a? }
“ 1 T 1 1
dr = + , B2d
Joa (W= 0)(tEwo)Va? — 2 wEwo ) Vw2 —a2 " \/wg _a? (B2d)
a /42 12
a dr= " {\/Wz —a?—w} —az—(w—wo)}, (B2e)
_g (= w)(t —wp) w— wy
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“ 1 b 1
dt = s B2f

Ja(w—t)(t—b)x/az—tz w—b{m} (B2f)
a 2 __ 42 1 02 _ 2
J var- | d,::n(lilﬂL:_ﬁL) B20)
e X—1t tFw XFw

and
b Ja+ b —1 _
J wdl:—nx-l-b 2n for —a<x<b (B3a)
—a t—x 2

and

t—x 2

b
J varnb =0, _ AT O =D) for x> b, (B3b)

Appendix C. The solution method for a relevant system of singular integral equations

Some of the problems discussed in this paper involve a system of coupled singular integral equations
of the form

Jl M (t, $)by(t) + Mp(t, $)by(1)
-1 t—s

1
m+J[m@@mm+mmemw:Am, 1)
-1

where i = 1, 2 and the coordinate along the line of discontinuity (e.g. [—a, a] for an initial crack and [0,
L] for a kink) is normalized to ¢t=[—1, 1] and s=[—1, 1]. In Eq. (Cl), the functions M and the input
functions P; are known, and the kernels K are also known and bounded in r=[-1, 1]. For the
dislocation density functions, b.(¢) and b,(¢), a general form of

B.(1)
V1=

is assumed, where the unknown functions B,(f) and B,(t) are continuous and smooth. To render the
solution of Eq. (C1) unique, the consistency (or auxiliary) conditions

b(1) = (€2

1 1
J by()dt =0, J by(ndt =0, (C3a)
-1 -1

B(t=-1)=0, B(r=-1)=0, (C3b)

are used, where Eq. (C3a) is for the case of an existing internal crack, and Eq. (C3b) is for a kink with
its knee at t=—1. The first two conditions ensure that crack is closed at both ends and the other two
compensate for the fact that the singularity at the kink knee is less than one half (see Bogy, 1971; Obata
et al., 1989; Azhdari, 1995).

Except for special cases (see Eq. (Bla) and also Sections 4 and 5), the pair of singular integral
equations, Eq. (C1), must be solved numerically. As an example, one numerical method by Gerasoulis
(1982), is briefly explained below; for alternative methods, see the references cited therein. First, B (¢)
and B(t) are interpolated using N piece-wise quadratic polynomials; this creates (2N + 1) nodal
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unknowns for B, and likewise for B,. Then, the singular parts of the integrals are integrated
analytically, and the non-singular parts are obtained numerically. Eq. (Cl) is satisfied at 2(2N)
collocation points, each one of which is chosen to be in the middle of every two consecutive nodal
points; this generates 2(2N) equations. Taking into consideration the auxilliary conditions (Eqgs. (C3a)
and (C3b)), a system of 2(2N + 1) algebraic linear equations is obtained. Once this system is solved,
values of B, and B,, at 2N + 1 distinct points along the crack (or kink) line, are obtained. Finally,
considering the following relations between dislocation density functions and the CODs:

¢ dU.(1)

U0 = UGo) - L b, b =120 (C4a)
¢ dU,

0O =0 - | b b =-2 (Cab)
Co

the COD at any point along the crack or kink line, is calculated.

Appendix D. Near-tip (asymptotic) fields, stress intensity factors (SIFs) and fracture critera
D.1. Conventional SIFs, the asymptotic stresses and displacements near the crack tip

Consider a crack (curved or straight) in a plate and assume that the roots of the characteristic
equation are calculated with respect to the body coordinate systems, x—y. The conventional stress
intensity factors, Kj and Kjj, at the tip of this crack are defined as:

K; = lim [\/27TCO',1,7], Ky = lim [\/271&15,7], (D1)
:JFHO :JFHO

where the {—n coordinate system is attached to the crack-tip and the {-axis is tangent to the crack at its
tip, making an angle w, (‘t’ stands for tip) with the x-axis. Now, consider a point near the crack tip (the
coordinates of this point with respect to the {(—y coordinate system are r and 6; the distance r is assumed
to be very small in comparison with the crack length). The stresses and displacements at this point in
terms of Kj and Ky are

1 1 [ 26K+ K 261K + K,
oy = Real| -+ 51(52 I:i- .11) 55(51 I-i: ¥1) (D2a)
V2 | S1 =82 | Vcos 0+ 5 sin0  +/cos O+ 5, sin 0
1 M1 —5 K1 — K 51K + K;
Gy = Real| —— 201 o Sk An ” (D2b)
N 2nr |51 — 82 | /cosO0+5,sin0  +/cos O+ 3§, sin 0
1 [ 1 $1(5,K; + K, —5(5 K1+ K
oty = Real| - 51(52 1-|: 1}) 52(8 1:1- .II) ”, (D2¢)
’ N 2nr [ S1 — 82 [ /cosO+5;sin0  +/cos 0+ 5, sin O

2 1 A — PPN P
ur =,/ ;r Real|:A { — p1(&2K1 + K1)/ cos 0 + 51 sin 0 + p, (51 K1 + Kyp)v/cos 0 + §, sin 0” (D3a)

)
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and

2r 1 PR e PR o
Uy = [=r Rea1|:§3 { — §,(5:K1 + Kyp)v/cos 0 + 8y sin 0 + ¢,(81 Ky + Kjp)v/cos 0 + §, sin 9}i|, (D3b)
T 1— 5

where r = /(2 + 12, 0 =arctan(y/{) and the parameters 5, p; and g; (j = 1, 2) are obtained from s, p;
and ¢; through a rotation by the angle w,, see Eq. (2.9b). These expressions are valid for the points in a
small vicinity of the crack tip.

A more useful form for the displacement fields is given in terms of the crack-opening displacements
(COD). From Eqgs. (D3a) and (D3b), the CODs are

2 i A " oy ]
[uc] = =2 Real %{KI(Slpz —5p1) + Ku(p, — p1)} (D4a)
T LS1 — 82 |
and
[2r o oA . ANy ]
[uy] = ;2 Real =5 {Kl(slqz — squ) + KH(qz — ql)}_ , (D4b)

where r is very small and denotes a point along the crack line (r is on the negative side of the {-axis). If
the boundary-value problem (BVP) of a kinked crack is solved via a combination of analytical/
numerical/asymptotic methods, then Ky and Kj; are usually known: the use of Egs. (D2a), (D2b), (D2c),
(D3a), (D3b), (D4a) and (D4b) gives the stresses and displacements in the crack-tip vicinity. On the
other hand, if the BVP is solved by, e.g., finite-element method, then usually CODs are known; in this
case, Egs. (D4a) and (D4b) gives the K7 and Kj;. For this, CODs at a sufficiently small r should be used
in (D4a,b).

If a BVP is solved by the method of ‘distribution of edge-dislocations along the crack line’, then
naturally, the edge-dislocation density function along the crack line is calculated and thus known; see
Appendix C. Denote the x- and y-components of the regular part of the edge-dislocation density at the
crack tip by B.(s=L) and B(s= L), where s measures length along the crack line and L is the crack or
the kink length. Assuming that s = 0 is where the left crack-tip or the kink-knee is located, then K and
Kip at the right crack tip can be calculated by (Obata et al., 1989)

2n 2n
K =m,/ T[Hl 1B(s = L)+ HaB,(s = L), Kuy=m, f[Hlex(s = L)+ HpB,(s = L)], (D5a)

where
1 (s 5 -1 (1 1
Hjy=2Redl| ———{=-F1+ =—F , Hjy =2Real ; —FN+=FK| (DSb)
2niChi1 | 51 52 2niCyy | §1 52
1 (s 5 -1 (1 1
Hy; =2Redl| ———1 =G, + =G> , Hy =2Real ; =G+ =Gyt |, (DSC)
27‘ClC11 S1 52 27‘ClC1] S1 52
where

Fj=cos o+ sjsinw;, G; = sin w; — s, €os ;. (D5d)
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D.2. Hoop and shear stress intensity factors around the crack tip

Once K; and Kj; are calculated at a crack or kink tip, the stress field in the vicinity of the tip is
known and, thus, the hoop stress intensity factor (HSIF or Kyy) and the shear stress intensity factor
(SSIF or K,y) can be calculated easily (Azhdari, 1995). The following are the formulae for HSIF and
SSIF at angle 8 measured with respect to the {-axis:

Ko = K11 K1+ Ki2Ky, Ky = K1 Ky + Ky K, (D6a)
where
S A A A A
Kj; = Real| —— {sz(c + S1S)3/2—S1(C + szs)3/2 }], (D6b)
LS2 — 1
S A A
K> = Real| —— {(c + sls)3/2—(c + szs)3/2}:|, (D6¢)
LS2 — 81
- A ) ) ) A A
K>; = Real| —— {sz(c + 51925 — §1¢) — §1(c + §25) (s — szc)}] (D6d)
LS2 — 81
and
S A A A A
K>, = Real ﬁ{(c + 592 (s — §10) — (c+ szs)l/z(s — szc)}i|, (D6e)
L2 — 81

where s = sin 0, ¢ = cos 0 and §; is the transformed form of s; from the x—y to the {—# coordinate
system attached at the tip (see Eq. (2.9b)). Note that, angle 6 is measured with respect to the {-axis (—=n
< 0 < m) and, thus, this angle with respect to the x-axis is o =w;+ 0.

D.3. Fracture criteria: max-hoop stress intensity factor and max-Mode-1 SIF

As can be seen from Egs. (D6a—e), the two equations, dKyy/00 =0 and K,,=0, are identical. Thus, the
critical angle 6= 0., at which Ky is maximum, renders K, zero. This is the basis for the max-HSIF (or
equivalently, zero-SSIF) fracture criterion. Accordingly, crack (or a kink) may propagate in the
direction for which Ky, is maximum (see Azhdari and Nemat-Nasser, 1996a and 1998).

More appropriate is the max-Kj fracture criterion. Consider a crack and the corresponding coordinate
systems x—y and (-, as defined above. Assume, now, a vanishingly small kink of length / at the tip of
this crack, making an angle y, measured with respect to the {-axis. This new configuration (crack plus
the kink) creates a new BVP. After solving this BVP (almost always numerically), the corresponding K;
and Kj; at the tip of the kink can be calculated via, e.g. (D4 or D5); we denote these SIFs by K ?‘) and
K ﬂ‘), where superscript ‘(k)’ stands for kink. The conventional max-K; (or equivalently, zero-Kj;)
fracture criterion states that a pre-existing crack propagates in the critical direction of y=1,, for which
K %k) is a maximum (or K ﬁ() = 0). It is interesting to note that the values of K §k) =0 and K ﬁ() =0 are
independent of the kink length / when it is vanishingly small (see Azhdari and Nemat-Nasser, 1996b).
Note that the determination of the critical kinking-angle by the max — K Ek) is computationally much
more expensive than the one computed via the max-HSIF criterion.

The max-HSIF and max — K %k) fracture criteria do not, in general, predict the same propagation path
for a given problem (see Azhdari and Nemat-Nasser, 1996a). However, for various combinations of
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relevant parameters (for different material properties, material symmetry orientation and loading), and
for small kink angles (within the range of +8 degrees), the magnitude of the SIFs predicted by these two
fracture criteria are less than 1% apart; this holds for much larger kink angles when the material is
isotropic. Moreover, Azhdari and Nemat-Nasser (1996b) showed that the kink-direction predictions
made by the maximum energy-release rate criterion, in general, do not accord with either the ones
predicted by the max-HSIF or by the max — K §"> criteria.
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