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Abstract—The problem of the simple smooth curvilinear crack in an infinite anisotropic elastic medium under
conditions of generalized plane stress or plane strain and under the supposition that the plane of the problem
is a plane of elastic symmetry of the anisotropic medium is reduced to a complex Cauchy-type singular
integral equation along the crack together with a condition of single-valuedness of displacements around the
crack by using the complex potentials technique. Application to the case of a straight crack is also given.

1. INTRODUCTION
The problem of the simple smooth crack in an infinite anisotropic elastic medium under
conditions of generalized plane stress or plane strain and under the normally made supposition
that the plane of the problem is a plane of elastic symmetry of the anisotropic medium seems not
to have been solved in its general form although the corresponding problem for an isotropic
medium has been completely solved[1-4]. Only the case of a straight crack in an infinite
anisotropic elastic medium has been studied, due to its simplicity. v

Thus, Savin[5], Milne-Thomson[6] and Galidakis[7] have considered special cases of the first
fundamental problem for a simple straight crack in an infinite anisotropic medium by using the
method of conformal mapping of the crack on the unit circle or, in another way, by considering
the crack as an extreme case of an ellipse in an infinite anisotropic medium. Particularly, the
stress field near the crack tip has been studied by Sih, Paris and Irwin[8].

One easier way of treating the problem of a straight crack in an infinite anisotropic medium is
by reducing it to a Riemann-Hilbert problem along the crack through the use of the method of
complex potentials in a way analogous to that used by Muskhelishvili[9] for the case of an
isotropic medium. This method has the advantages over the above-mentioned method of
conformal mapping that it is relatively simpler and can be applied to the case of multiple collinear
cracks. By this approach, the first fundamental problem for collinear cracks in an infinite
anisotropic medium was treated by Green and Zerna[10] in one special case. More general cases
of the same problem have been considered by Sih and Liebowitz{11] and Ioakimidis[12], while
the most general case has been recently studied by Krenk[13].

A third way of studying the problem of a simple straight crack in an infinite anistoropic
medium is by considering the crack as composed of a series of elementary and infinitely close to
each other dislocations. This approach was used by Barnett and Asaro[14] and Tupholme[15],
while Stroh[16] has found the stress fields caused by dislocations and cracks in plane anisotropic
media. The main advantage of this method consists in the fact that it is applicable not only to the
case when the plane of the problem is a plane of elastic symmetry, but also to the case when this
plane has an arbitrary orientation, when the method of complex potentials does not work.

For the solution of the first fundamental problem of a simple smooth curvilinear crack in an
infinite anisotropic elastic medium, both the method of conformal mapping and the method of
reducing this problem to a Riemann-Hilbert boundary value problem cannot be easily used. Only
the method of dislocations may be used in the case when the applied external stresses on the two
edges of the crack have the same distribution. In the opposite case, this method should be
complemented by considering not only dislocations but also concentrated forces along the crack.
This method will not be used here, but it is easy to prove that it is equivalent to the method used
here.

In this paper, the method of complex potentials for the anisotropic plane elasticity, developed
by Lekhnitskii[17] and others, will be used, together with the Plemelj formulae, for the reduction
of the problem under consideration to a complex Cauchy-type singular integral equation along
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the crack in conjuction with the condition of single-valuedness of displacements. This integral
equation can be easily reduced to a pair of Cauchy-type real singular integral equations, which
can be further solved by conversion to a system of linear equations and application of either the
Gauss—Chebyshev method, developed by Erdogan and Gupta[l18], or the Lobatto-Chebyshev
method, developed by Theocaris and loakimidis[19].

2. GENERAL FORMULAE
Consider a simple smooth crack L in an infinite anisotropic medium. The crack is loaded on
both its edges (+) and (~) by normal and shear loading, 0..*(t) and &,*(¢) respectively. Also the
stresses at infinity oy w, 0, » and 7., - are considered to be known. We will try to find the complex
potentials ®y(z,) and Wo(z,) of the theory of plane elasticity for anisotropic media[17], where
variables z, and z, are related to the Cartesian coordinates x and y through relations

=X+ iy,  Za=X+ oy, m

where u, and p. are complex constants characterizing the material of the anisotropic medium
under consideration.

The stress components o, ¢,, and 7,, may be found at any point of the anisotropic plane
through the complex potentials ®4(z,) and V(z,) by using the following formulae{5]

0= 2Re {#12¢o(21) + !-&22‘1'0(22)},
ayy = 2Re {®o(z,) + ¥o(22)}, )
Txy = _2Re {#‘IQO(ZI) + M2‘I,0(22)}‘

As regards the normal and shear components of stresses, o, and o, respectively, on the two
edges of the crack, they can be determined by using the following relation[9)

—2i8

o + i, = %(a,x +0,) = S (G = 030 + 20, 3)

where & is the angle subtended by the tangent of the crack at a point ¢ of the crack and the Ox
axis. This relation is valid for both isotropic and anisotropic media, while relations (2) are valid
only for anisotropic media. ‘

Introducing expressions (2) of stress components o,, o,, and 7., in relatior’is\(3), we obtain

o, +io, = Re {(14+ w)®(t) + (1 + w)Wo(t,)}

+SE(Re {(1- w®lt) + (1~ pA¥olt)

+2iRe {p., Do(t:) + p Vo)1, 4
after taking into account that
g_f = eZz‘ﬂ, (5)
dt

where ¢ are the points of the crack L of Fig. 1, while ¢, and ¢, are the points resulting from points
t according to relations (1).

If the point ¢ moves along the crack L, the points ¢, and ¢, move on two representations L,
and L, of this crack determined by relations (1) (Fig. 1). If « and B are the tips of the crack L,
then a,, B; and a,, B, are the tips of the arcs L, and L, respectively.

One can note that eqn (4) can result in another way as follows: We take into account that the
components X, and Y, of the loading of the crack along the axes Ox and Oy respectively are
related to the complex potentials @o(z,) and ¢(z>) along the arcs L, and L, respectively through
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Fig. 1. A simple smooth crack in an infinite anisotropic medium.

relations

@o(21) + @ol2)) + Po(22) + ol(22) = - L Y, ds +C,,
o) + frgeZ) + ol 2) + ibekzs) = f X, ds+Cy  (6)

where s is the crack length along the crack L and the complex potentials ¢o(z:) and o(z>) are
related to the above-mentioned complex potentials ®o(z,) and ¥(z,) by

Bo(z1) = @o(z1), Wolz2) = Po(z2). ()]
From eqns (6) it can be further deduced that
fo (on +ioy)dr = i J' (X, +iY,)ds = (1+ i )polt)
]

+(1+igdedt) + (1 +ipw)o(tz) + (1 +id)do(t) + C, + iC,. 8)

Because of relations (1), we can find that the points ¢, and ¢, of curves L, and L, are related to
the corresponding points ¢ of crack L by

L= (i)t + (4 i), b= {0 i)t + 1+ ina) ) )

Equation (9) differentiated with respect to ¢ yields

dtl 1 , 1

a 2{(1 "“”(”"“)gtt} %tt—=—{(1 "‘2)+(”'“’)dt}

an_1f, db N[t

% 2{(1 ml)_+(1+1p.,)} 5 2{(1 lp.z)d_t+(l+lp,2)}. (10)

Now, eqn (8) differentiated with respect to ¢ and because of relations (10) yields relation (4).
As regards the loading at infinity, which is asumed to be constant, we consider that functions
®o(z1) and ¥o(z) tend to definite values T and I for |z,,| >, having thus the forms

Go(2)) =T +B(z)),
Vo(z2) =T" +¥(z2), an

where the functions ®(z,) and ¥(z,) tend to zero for z,,->, that is

®(z) =0 (zil) W(z:)=0 (zlz) for |z.4 >, (12)



272 N. L. loakmMipis and P. S. THEOCARIS

The constants I'and [ can be easily determined from values .., 0y« and 1., of the stresses at
infinity through the system of linear equations

r-r=o,
T+ @ T+ T+ 5T = e,
Fr+T+I+T" =o0,,., (13)

M1F+}ZII—‘+#2F’ +,1121__v = T Txyoos

the first of which is arbitrary and was used instead of the condition of rotation at infinity [5], while
the next three equations result from eqns (2) together with expressions (11) of complex potentials
®(z,) and Vo(z,).

By considering now the constants I" and I as known, we have to determine the complex
functions ®(z,) and ¥(z,), instead of ®y(z,) and Vo(z.) respectively.

3. REDUCTION OF THE PROBLEM TO A
SINGULAR INTEGRAL EQUATION

For the reduction of the problem under consideration to a complex Cauchy-type singular
integral equation, we must use the boundary condition (4), which must be fulfilled on both edges
of the crack L. By inserting into this condition expressions (11) for the complex potentials ®y(z,)
and ¥(z,) we obtain

(14w 2)®(t) +(1+ 2 D) + A+ pAW(E) + (1 + @Z)W(E)

d _ —
+d—: {(1+ i YO )+ (1 + i@ )*D(t) + (1 + i)’V (t)+ (1 + iﬁz)z‘I’(tz)} =2f(t), (14)
where the function f(t) is defined as

ﬂ0=Uﬂn+wﬂ0—?ﬂ+uﬁF+U+ﬂﬂf+ﬂ+uﬁF+ﬂ+ﬁﬁﬁ}

—%%«meT+u+myfuuwm¢wu—myﬁ} (15)

Equation (14) can be easily written under the form

(=m0 {0 - i)+ 510+ w0} 00 +(1 - i)
o @ g
{0-imvgaviz} 3@+ 0= {0 -+ 3 0+ ina)

_ TR T
x*lf(t»+(1—zﬁz){(l—uzma(l+uzz)}~1f(t2)=25f(t). (16)

Equations (14) and (16) have the disadvantage that four unknown complex functions, ®(z,),
®(z,), ¥(z,) and W(z,), appear in them. But, as it will be shown in the sequel, it would be
advantageous if one of these functions could be deleted. To achieve this deletion, we take into
account that the above functions are complex conjugate by pairs, when from eqn (16) as well as
its complex conjugate we find that

_ oo dt - e, .
(o= {1 =i+ 37 1+ i} 000+ o= ) 1= 0 + S 1+ i)

- dt
X O(1) + (2~ f12) {(1 —ip) g (14 iﬂz)} Y(t) = g(t), )]
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with the function ¥(z,) deleted and the function g(t) defined as

dt —_—
g(t) = —i(1—ig)f () + i (1 + ifza) f(1). (18)

In another way, we can use relation (8) and its complex conjugate and delete the complex
potential yo(z) when we have

(/-LI - ﬂz)(Po(tl) + (,174 - ﬂz)‘Po(tl) + (Mz - ﬁz)'/fo(tz)

=%i‘{(l —~if2) L‘ (0. +io)dr —(1+ i) J: (o= — io-,)a—*r}. (19)

Differentiating eqn (19) with respect to ¢ and because of relations (7), (11) and (15), eqn (17) is
obtained. This equation must be valid on both edges of the crack L, denoted by the symbols (+)
and (-).

Since functions ®(z,) and ¥(z,) are sectionally holomorphic functions in the whole plane
except the arcs L, and L, respectively, without poles either in the finite part of the complex plane
or at infinity, they can be expressed, because of relations (12), through Cauchy-type integrals with
densities ¢(#,) and y(t,) as follows

@(21)”_—1"‘ ([:(71) d Ths ‘P(Zz) 2 i %%d‘l'z. (20)

It must be noted that subscripts (;) and (;) below the complex variables 7 and z have no real
meaning and could be omitted, but they are used to remind us that functions ®(z) and ¥(z)
appear in the problem under consideration with the variable z replaced by variables z, and z,
respectively. In this way, no confusion may arise.

Further, because of Plemelj’s formulae, we obtain for the boundary values of the function
®(z) on the arc L,

O7(t) - D7(t) = (1),
O (t)+ D (1) = Wi ) ff’t)l T Q1)

and in a similar way for the boundary values of the function ¥(z) on the arc L,

V() - V() = y(ta),

)+ vy = [ 2y )

i Ly T—tz

Now, relation (17), written for both edges of the crack L, takes the form
(- {1~ mo+ L1+ i)} @70 + (= )
. a—t . Ty N —
xf-im)+ 5 (4 i) | T + (ua i
. dt . oy = 23)
X {1 = i) + g7 (14 i) [ ¥t = 27(0).

By addition and subtraction of eqns (23), we obtain
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cooode ] ,
(#x—ﬁz){(l—m,)+a-t-(1+m1)};r7[ ol 4

L, i~k

dt 1 —
~G- i fa-imr g 0rim) [ 20

Ly T]‘I;

= f-imd + S i} L [ 20 gy, @4

~*{1~' e =g 1'—+:1+“ﬁ77+(—-)
(1= fi2) ( 1M1)+_( +lu1)}¢(h)+(u1—m){( —if1) dt( i)t (b)) + (p2— fia
{(1—-m2)+ L+ |y () = 8" )-8,

where relations (21) and (22) were also taken into account. Equations (24) can be written in a
simpler way, because of eqns (10), as follows

— 1o dt, (7)) Iil_ﬁdd—t; o(T1) ——
—-[ dry——— dr,
’ﬂ'i df Ly T t1 m dt Ly T: - ti
M2l dtZI Y(Tz)
S mi dt dT p(t),

dt, dty —— dt,
(pr 7y elt)+{m— ) g ety +{p2— ﬁz)gt‘ y(t2) = q(2), 25)
where the functions p(t) and g(¢) are defined on the crack L as
PO =112 O +8 O], 4O =3"1)-g () 9)

In eqns (25), functions ¢(#;) and y(#,), which are representing the densities of Cauchy
integrals (20), are unknown and must be determined, in order that the functions ®(z,) and ¥(z,)
be determined too. For the solution of the system of eqns (25), we can express the unknown
function y(¢,) through the unknown function ¢(¢,) as

y(t:) = f ‘P( 1), 7

K2~ 2 dt, B2~
because of the second of eqns (25). Introducing now the function y(t.), given by the expression

(27), in the first of eqns (25), we obtain a Cauchy-type singular integral equation for the
determination of the function ¢(¢,), which is expressed as

B fr 1 dn 1 dtz}
i le {Tl—t1 dt 7,—t,dt @(m)dr

L1 — [ 1 dt 1 dt 1 ( )
g [ (LTl e g .
L S P p{r)dr, =p(t) ar i tz (28)

After the determination of the function ¢(¢,), the complex function ®(z,) will be determined
from the first of eqns (20), while the complex function ¥(z;) will be determined from the
following equation

- 1 q(r) My iy @(11)
‘I’(ZZ) 271’!'(11.2—}22) L T2— 22 T 2771'(!12"[12) L T2 22 dT‘
‘zl - ﬁl ("(71) d_q-, (29)

- 2mi(p.— ga) o, 12— 22

resulting from the second of eqns (20) if eqn (27) is also taken into account.
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4. THE CONDITION OF SINGLE-VALUEDNESS OF DISPLACEMENTS
The unknown function ¢(¢,) in the singular integral eqn (28) must also satisfy the condition of
single-valuedness of displacements u(z) and v(z) around crack L. We can obtain this condition
by taking into consideration the following formulae{5]

u(z) =2Re {p1@o(z1) + p2o(22)},
v(2) =2Re {q1¢04(21) + q2tpo(22)}, (30)

where the constants p., p,, q: and ¢, are characteristic quantities of the material of the
anisotropic medium.
The condition of single-valuedness of displacements around the crack L may be written as

J' {d[u+(‘r)‘ u(r)] , dlv*(r)= v‘(f)l} dr=0 (31)

dr dr

where the symbols #™(¢) and v*(¢) denote the values of displacements on the two edges of the
crack. This condition can be also written under the form

(P! + iql) fL [¢+(Tl) - &7 (7))l dr, + (151 + iql) fL [¢+(7'1) - (I)_(T,)] d_’Tl +(p,+ i‘h)
x f (¥ (ry) — ¥ (r)] drs + (52 + i) [ [T () - V()] dry =0, (32)

where the following relation, resulting by a differentiation of relation (30), was also taken into
account

du=(t) _dv=(t) o d IR | fp—
_— ——=(p,+zq,)a-d>*(t,)+(p,+tq,)a—t-d)*(tl)

ar T dr
. dtz + P .= ?hz—
+(P2+“12)E‘I’ (H)*‘(Pz'“‘h)ﬁ?‘l' (12), (33)
as well as eqns (11).
Furthermore, the condition (32), because of eqns (21), (22) and (27), may be written as

{(P1 +iq ) (2 — 22) — (P2t ig2)(py — f2) + (P2 + i@:) (s — l‘«Z)} IL o(r)dm
+H{(B1+ iGN 2 — f2) — (P2 + igo)Er — f2) + (Ba+ iGo) (1 — p2)) j o(r)dr,

= —(p2+ig2) f q(r) dr +(Ba+ id) f . 34)

This equation, equivalent to the condition of single-valuedness of displacements (31), should
be verified by the unknown function ¢(¢,) of the singular integral eqn (28), which, otherwise,
could not be fully determined.

5. APPLICATION TO THE CASE OF A STRAIGHT CRACK
The singular integral eqn (28) has not, in general, a closed-form solution. One of the cases,
when such a solution can be easily found, is the case of a straight crack in an infinite anisotropic
medium. This crack is supposed to be a part L of the real axis, when the variables ¢, ¢, and ¢,
coincide, as can be seen from relations (9).
In this case eqn (28) can be written as

q(r)
T—1t

dr, (35

Api—pd) [ or) — 1
ri J'z_ T—td‘r—p(t)+-7gft_
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and its general solution is[9]

1 X(np(r)  2C
2~ )0 =0+ s [ R dr s 36

where C is a constant to be determined and the function X(z) is defined as[9]
X(z)=(z-a)?(z~B)"?, X(t)=X"(1)=-X(1), (37)

where a and 8 are the end-points of the crack L.

As regards the functions p(t) and q(1) on the crack L, because of eqns (3), (15), (18) and (26),
they are expressed by

D ==+ 05) = (T + 7o) + 220y o+ Trya),
q(0) = - pa(oyy— 03) — (75, = 7). (38)

Furthermore, from eqns (20) and (27), we find for the functions ®(z) and ¥(z)

(z) = _l_f pAoy— o)+ (15— 1) dr

_ { _
2(#«1—#2) 2mi T2
f X(pAoywt o)+ (11 75)] dr

T—Z

27rtX(z)

_ 2z—(a +B) C

ot 7o [1 - ESES BT

___1_ _1__ “1(U;y_o';y)+(7:y_7;y)

2(;1,.—;1,2) {271'[[ T—2Z d7

f X(T)[I‘l'l(a.)'y+ o';y) + (T:y+ T;y)] dT (39)

T—Z

P(z)=

ZmX(z)

_ _22=(a+B)]_ (1= #)C (i~ ua)C
(P/la'yym+7'xy°°)[l IX(Q) ] (e )X @) C}

where it was taken into account that

fX(T)d —1- 2z - (a+B). 40)

mX(z) 2X(z)

Finally, the constant C will be determined from the condition (34) of single-valuedness of
displacements, which, because of eqns (38) and (39) can be written as

{(pr+ig)(u2— o) — (P2 ig) (1 — 22) + (P2 + @) (1 — o)} 5——— 2(}1« — i)
X {f mdf - 27TlC} +{(131 + iq1)(}l«z - /12) - (p2+ lqz)(ﬁl - ﬁz) +(ﬁ2+ lqz)(ﬁl _ #2)}
g Z(ul ) {[ atnar+2miCh=~psvian [ awor+ i) [ a@e- @)

It can be also remarked that, because of eqn (38), we have

f q(r)dr = —uzf (o},—ay)dr —f (r5,—75)dr = X + u.Y, (42)
L L L

where X and Y are the components of the resultant force acting on the whole crack.
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The results of this paragraph are in accordance with those found in Ref. [12] by using the
method of reduction of the problem of a straight crack to a Riemann-Hilbert boundary value
problem and by a closed-form solution of the latter.

6. DISCUSSION—GENERALIZATIONS

The method of treating the problem of a simple smooth curvilinear crack in an infinite
anisotropic medium presented in this paper can be easily generalized to a series of other
interesting problems for plane anisotropic media which either contain cracks or not. In all cases,
the problems are reduced to one complex Cauchy-type singular integral equation along all the
boundaries of the media under consideration, accompanied with the necessary conditions of
single-valuedness of displacements.

Besides the method presented here the based on the theory of Cauchy-type integrals and the
Plemelj formulae, another method for reducing the problem of a finite or infinite anisotropic
medium with or without cracks or holes to a complex singular integral equation consists in
considering elementary concentrated forces or dislocations acting along its boundaries except
cracks and also both concentrated forces and dislocations acting along the cracks.

Also, in an analogous way to that used here for the case of the first fundamental problem, the
second fundamental and the mixed fundamental problems could be treated as well, although the
resulting singular integral equation for the case of the mixed fundamental problem is a little more
complicated as involving the unknown function ¢(t) not only inside integrals, but also as a free
term.

It can be also noted that, instead of the expressions (20) for the functions ®(z,) and ¥(z.,), we
could have used expressions of the form

Pz = 27ri)}1(zl) L Xl(:llzwz(,ﬂ) dn +x§;,)’
V(z,) = 27”.)}2(22) L X’i;’z_)"z (2“) dry+ ch(;)’ 3)
where the functions X, (z) are given by
Xi2(2) = (2 - :12)"(z - B12)"", (44)

where a,, and B, are the end-points of the arcs L, and L, of Fig. 1 respectively, and the
functions w(r,) and y(r,) are unknown functions to be determined. This approach was used by
Toakimidis [4], but leads to a more complicated form of a singular integral equation, because of
the constants C; and C, and the functions X (2).

Finally, the numerical solution of the singular integral eqn (28) can be easily found by the
Gauss-Chebyshev method proposed by Erdogan and Gupta[18] or by the Lobatto-Chebyshev
method proposed by Theocaris and Ioakimidis[19]. In the usual case, when we are interested in
the values of the stress intensity factors at the tips of the crack, the Lobatto-Chebyshev method
is more accurate and should be preferred.
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