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This paper is a sequel of the author’s previous work [Chen (2004)]. It deals with some
basic linear electro-elastic fracture problems for an arbitrary-shaped planar crack in a
three-dimensional infinite transversely isotropic piezoelectric material subjected to shear
loading that is antisymmetric with respect to the crack. The finite-part integral concept
is used to derive hypersingular integral equations for the crack from available solutions of
the point force and charge for an infinite transversely isotropic piezoelectric solid. Closed-
type solutions for the full electro-elastic fields, for the stress and electric displacement
K-fields and the energy release rate G are obtained. In particular, under uniform shear
loading, exact expressions for an elliptical crack are derived with introducing the ellip-
soidal coordinates. Finally, numerical examples for some typical crack problems are also
demonstrated in table and graphic forms.

Keywords: Transverse isotropy; piezoelectric material; arbitrary-shaped planar crack;
hypersingular integral equation; shear loading.

1. Introduction

With the increasing applications of piezoelectric materials as actuating and sensing
devices in active control systems, much attention has been paid to electroelastic
interaction by more and more researchers. Piezoelectric ceramic are ones kinds of
transversely isotropic materials that have perfect piezoelectricity and its application
is more extensive. Because of their intrinsic natural brittle property, when subjected
to severe loading, these materials can fail prematurely as a result of the propagation
of flaws or defects induced during the manufacturing process and by the in-service
electromechanical loading. Hence, it is important to understand and be able to
analyze the fracture characteristics of piezoelectric materials so that reliable service
life predictions of the pertinent devices can be conducted.

In the last decade, considerable works on cracks in piezoelectric materials
are devoted to two-dimensional (2D) problems [Zhang et al. (2002); Qin (2001)].
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Suo et al. [1992] used the extended Stroh’s formulism to investigate the interface
crack problems of piezoelectric ceramics. Pak [1992] used the method of distributed
locations and electric dipoles to calculate the electroelastic fields for anti-plane and
plane strain in infinite piezoelectric materials subjected to far-field electromechan-
ical loadings. Park and Sun [1995] invoked the impermeable crack assumption and
presented the full field closed-form solutions for all the three modes of fracture
for an infinite piezoelectric medium. Zhang and Meguid [1997] analyzed a circular
arc-crack in piezoelectric materials.

As for three-dimensional (3D) aspect of crack problems in piezoelectric mate-
rials, there are comparatively few works except those of specially shaped cracks
[Wang (1992, 1994); Wang and Huang (1995); Kokan et al. (1996); Zhao et al.
(1997); Chen and Shioya (1999, 2000); Chen et al. (2000)]. Shang et al. [2003] and
the author [Chen (2003a,b;2004)] have addressed the non-elliptical crack problems
in three-dimensional piezoelectric structures. However, to the author’s best knowl-
edge, there is no any research work discussing arbitrary-shaped piezoelectric crack
problems subjected to shear loading except those of penny-shaped cracks [Chen and
Shioya (2000); Karapetian et al. (2000)].

It is noted that, one powerful method for 3D crack problems is to utilize
Somigliana identity to reduce these problems to finite-part integral equations
[Ioakimididis (1982)], as hypersingular integral equations. Thereafter, this method
has been generalized into solving general crack problems in isotropic materials [Chen
et al. (2002a,b)], bimaterials [Chen et al. (1999)], transversely isotropic materials
[Chen (2004a)] as well as piezoelectric materials [Chen (2003a,b; 2004b)].

The purpose of this paper is to make more systematic theoretical and numer-
ical studies of a three-dimensional arbitrary-shaped planar crack embedded in
an infinite transversely isotropic piezoelectric solid under shear loading by the
use of the aforementioned method. To this end, the recently derived by Ding
et al. [(2004)] point-force and point-charge fundamental solutions for a transversely
isotropic piezoelectric solid and the sense of the finite-part integral introduced
by Hadamard [1923] are employed. 2D hypersingular equations with unknown
displacements satisfying the boundary conditions are obtained for the arbitrary-
shaped planar crack. It will be shown that the equations have the same struc-
tures as the ones for elasticity. The only difference is the definition of the involved
material constants, which has no effect on the form of the solutions. Thus, the
theoretical results and the numerical method presented by the author [Chen
et al. (2002b)] can be utilized to analyze the problem. In particular, for uni-
form shear loading, exact solutions are firstly perfectly obtained in terms of
the singular behavior near the crack front edge and with introducing the ellip-
soidal coordinates. In the special case of the penny-shaped crack, the exact solu-
tions are reduced to those existing in the literatures [Kokan et al. (1996); Chen
and Shioya (2000); Karapetian et al. (2000)]. Some numerical examples for typ-
ical crack problems are given to demonstrate the versatilities of the present
method.
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2. Electroelastic Fields due to Crack Disturbances

A fixed rectangular cartesian coordinate system (z,y, z) is used. We consider an
infinite transversely isotropic piezoelectric solid containing an arbitrary-shaped pla-
nar crack. Suppose, that the whole space is occupied with an electro-elastic media
with elastic constants c¢;j;, piezoelectric constants e;;, and dielectric permittivi-
ties €;5. The planar crack is assumed to lie in the plane of symmetry, i.e. in z-y
and the polling direction be along with z (see Fig. 1) Note that the displacement
and potential jumps on the crack surfaces u;(&,1) = u; (£,n) —u; (&,n) (i = z,y, 2
similarly hereinafter without declaration) and ¢(&,7n) = ¢*(£,1) — ¢~ (€,1), thus in
terms of the point-force and point-charge fundamental solutions for a transversely
isotropic piezoelectric solid [Ding et al. (2004)] and the sense of the finite-part integral
[Hadamard (1923)], the stress and electric displacement fields at a point P(z,y, 2)
in the space region due to the impermeable crack disturbances can be written as
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Fig. 1. (a) Configuration of a planar crack in an infinite piezoelectrics and (b) a local intrinsic
coordinate system.
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where i = 1,2,3; xo0, Xi, Wo1, Wi1, %51, Y2, 1;, and u; are constants related to the
elastic constants, piezoelectric constants and dielectric permittivities and they are
respectively given by the author [Chen (2003)]; 1o = \/(z — €)2 + (y — 1)2 + 5222,
ri = /(1 — )2+ (y — 1)2 + 5722; 82 = co6/cas and s? are the roots of the following
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characteristic equation:

as® —bst + ¢ —d =0, (5)
in which
CL:C44(€§3 + ¢33 €33), b= csams+ 633[04214 — (c13 + 044)2] + es3(2my — cr1€33),

¢ = cuams+ €11fcriess — (ciz + C44)2] + e15(2my — casers), (6)

d = ci1(e?s + caa €11),

my = €11 (c13 + caa) + e15(e1s5 +e31), mo =€Esz(ci3 + caa) + ess(e1s + es1),

ms = c11 €33 +caa €11 + (€15 + 631)2, (7)
My = cr1€33 + caae1s — (13 + caq)(€15 + €31).

3. Hypersingular Integral Equations and Natures of Their
Solutions

In terms of the concept of finite-part integrals [Hadamard (1923)] and the boundary
conditions on the upper crack surfaces, the problems for an arbitrary-shaped 3D
planar crack in piezoelectricity under shear loading can be reduced to the solution
of the following 2D hypersingular integral equations:
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where z,y € ST; fs* means finite-part integral of Hadamard [1923] and r =
V(@ =82+ (y—n)2. It can be seen from Egs. (8) and (9) that the displacement
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jumps u;(€,n) are decoupled with the electric potential jumps ¢(£,n) under shear
loading. The natures of the unknown displacement jumps wu;(£,7) near the front
smooth periphery 9S™ of the planar crack, in terms of the author’s work [Chen
(2003); Chen et al. (1999)], can be expressed as

ui(&,m) = C(Q)EM,

Here, the repeated indices are not summed; C;(Q) are real constants concerning
with the position of the point @, and )\; are unknown singularities that take the
values within range 0 < \; < 1.

Inserting Eq. (10) into Egs. (8) and (9) and using 2D dominant analysis of
hypersingular integrals, one has

(10)

Ae =Xy = A, =1/2. (11)

4. Singular Stress Fields Under Shear Loading

According to Eqs. (10) and (11) as well as calculating the dominant-parts of inte-
grals in Eqgs. (1)—(4) at a point P(—pcosf,y, psind) ahead of the periphery of the
planar crack [see Fig. 1(b)], we can get the singular stress displacement fields under
shear loading. When the point P approaches the point @), with the two-dimensional
dominant analysis, the following relationships are obtained:
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From Egs. (1), (2), and (12)-(20), the singular stress fields under shear loading
can be expressed as

3 3
Xiwi1Cz(Q) 0; XV C2(Q) + xi0:2C4(Q) . O

oz2(p,0) = E " cos — — —— sin —, (23)
=1 4 Ri 2 ; 4 Rl 2

oyz(p,0) = Xow01Cy(Q) cos %. (24)
4V Ro 2
Equations (23) and (24) are strictly obtained from 3D linear theory of piezoelec-
tricity. It can be seen that the angular distribution functions for the stress fields
ahead of the planar crack front edge are very simple and compact. From Eq. (23),
we also see that the electric field has an effect on the stress o,.(p, ) ahead of the
crack front edge.

5. Fracture Parameters for Shearing Crack Problems
5.1. Stress intensity factors

Analogous to the definitions of stress intensity factors for three-dimensional elastic-
ity, we define the stress intensity factors near the point @) on the smooth periphery
0S™ of the three-dimensional planar crack [see Fig. 1(b)] as follows:

Kn(Q) = lm Vro,.(p.0)| . Km(Q) = limvV3ro,.(0.0) . (25)
p—0 6=0 p—0 0=0

Therefore the stress intensity factors can be given as

[Z?_l Xiwit s (€, 0)]

KH(Q) = lim 2\/5 \/E

§—0

Km(Q) = glg[l)

[Xowm uy(€,0)

W2 } (26)

Equation (26) is almost identical to that of linear elastic fracture mechanics [Chen
et al. (2002)] but material constants.
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5.2. The local energy release rate

As shown in Fig. 1(b), supposed that the planar crack S has extended an infinites-
imal crack area S (it along with its neighboring region S. is mutually complemen-
tary to be a small circle with a radius €) along the crack plane through the point @,
by way of virtual work, the total local energy release rate G(Q) due to the crack
increment is readily computed from the work done by the released stresses

6@ = Jim gz [ lonsEnui & + o E & mlacan (D)

where 0,.(&,n) and 0,.(£,n) are the stress components ahead of the planar crack
front edge when the increment S* of the crack is zero, and they can be calculated
from Egs. (23) and (24); u;(&, 1) and uy (£, n) are the displacement jumps when the
crack has increased an infinitesimal area of S, and they can be determined from

Eq. (26). Substitution of Egs. (23), (24) and (26) into (27), G(Q) is rewritten as
— lim L/ 2K7(Q) i 2K7;(Q) | Ve +€
Sx—0 25;‘ * iZ?:l XiWil iXOUJOl \/g

Using the definition of Beta function, we have

_ WKIQI(Q) WKIQH(Q)
G(Q) B 223:1 XiWil N 2Xowo1 .

G(Q)

dé dn. (28)

(29)

Equation (29) is rigorously obtained from the three-dimensional theory of
piezoelectrics.

6. Exact Solutions for Elliptical Cracks
6.1. The displacement jumps

In the case of elliptical cracks subjected to uniform shear loading, we can obtain
exact solutions of hypersingular integral Eqgs. (8) and (9). We were not aware of
any published research on the exact solutions of elliptical cracks in piezoelectrics
under uniform shear loading. To this end, the hypersingular integral Egs. (8) and (9)
should be modified in form.

As shown in Fig. 2(a), analogous to the method used in Chen [2004], consider
the following limit operation:

9% [ fEm)
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r r
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Fig. 2. (a) Configuration of problem proof and (b) configuration of stress intensity factor determi-
nation.

in which ][ is the Cauchy integral of principal value; S, is a small circle with
a radius o centered at Y (z,y); p is the distance between the point Y (z,y) and
Yo (z0,0), i.e. p= ‘Y — YO‘ < 0. By the use of the concept of finite-part integrals,
Eq. (30) is rewritten as

ffn
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p—0 r3 r
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8 _ _ 2
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In terms of the definitions of finite-part integrals and Cauchy integrals, one has
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2 [ fEm . f 3z-8y—n)
9y Jor T dfd”—fﬁ — — f(&n)dEdn. (35)

Substitution of Egs. (33)—(35) into (8) and (9) leads to

1 ) - (X))
e {XOWOlA[S'+ fdf dn — <XOW01 - ;Xiu}il 922 / " ————=d¢dn

: A ()
- <X0w01 - ;Xiwn> Dxdy /s+ Y " dédn p = _pm(xvy)a (36)
3 82
iﬁ {XonA/S+ Mdg dn — <X0W01 - ;Xiwn> 8—3/2 /s+ Mdf dn
<X0w01 sz 71> &Tay/ ux(f,n) d¢ dn} = —py(z,y). (37)

What follows, we will discuss the solutions of Egs. (36) and (37). From Egs. (10)
and (11), the displacement jumps across the crack surfaces under uniform shear
loading can be expressed as

ua(§,m) = Aa /1= (€/a)2 = (/)2 uy(€,m) = Ay/1 = (§/a)? = (n/b)?, (38)

where A, and A, are constants to be determined. Substituting (38) into (36) and
(37), we have

i{ mXmeA/ V- f/a — (/b d§dn

4
3 2 — 2 _ 2
— Aw <X0u}01 — Z Xiwﬂ) % L+ \/1 (f/ag (ﬂ/b) df dn
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3 2 AV
-4y <X0w01 - ZXiWﬂ) 0 VIZ 22 (n/b)Qdf dn}

P 0x0y Jg+
= Pz (iC, y)v (39)
_ 2 _ 2
%{%mwﬂ VIZ G =/ g
vy S+ T
3 _ 2

_ Ay <X0u}01 — Z Xlw“) ayQ A+ \/1 E/CL (ﬂ/b) df dn

i=1
82 _ b)2
—A <X0W01 ZXiUJz’l) 920y V1= (& (/) d¢d }

= —py(z,y). (40)
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According to Eshelby [1946], one has
1— 2_(n/b 2 2
/ V1 - (&/a)? — (n/b)? dé dy _mb/ {1_ oy } ds g
S+ r 2 Jo a?+s b2 +s Q(s)

in which s is the integral variable, and Q(s) = (a® + s)(b* + s)s. If setting s = 2,
the closed-type solution of Eq. (41) is obtained as [Gradshteyn and Ryzhik (1969)]

/ VI G =/ g
S+ r

GRS PO RIS aT1L]

— b |K(k)— 2 L
" { O ™ 2 (1-k2)k?
where k? = 1— (b/a)?; K(k) and E(k) are the complete elliptic integrals of the first
kind and that of the second kind, respectively.
From Egs. (39), (40), and (42), we have
20k> A 20k>
x = B(k)parm y = C(k)pyOa

here p,o and p,o are respectively uniform shear loadings along the z- and y-axis,

(43)

and
3 3
B(kj) = <XOW01 — K Z Xiw“) E(k‘) + <Z XiWil —XQUJQ1> k‘/QK(k),
, 1=1 =1 ) kl _ b/a S 1.
C(kj) = < Z Xiwit — leXOU-)Ol) E(k‘) + <XOW01 —Z XiWil) k‘/QK(k),
=1 i=1
Substitution of (43) into (38) yields
2bk2
Uy (fa 77) pr \/1 f/a (Tl/b)za
2bk2 ()
uy(&,m) = pyO\/l (€/a)? — (n/b)2.

We have not been aware of any reports similar to Eq. (44) in the literature for a
piezoelectric elliptical crack.

6.2. The stress intensity factors

As shown in Fig. 2(b), we introduce a local triple orthogonal intrinsic coordinate
system: (7,n,2) at a point @ along the smooth periphery 9SS of the planar crack,
then the expressions for the stress intensity factors in Eq. (26) are rewritten as

S Xiwit tn (€, 0)
2v/2 Ve |7

Kun(Q) = Jimy, [% %} |

n—0

KH(Q) = lim l
(45)
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Using Egs. (44) and (45) as well as the following relationship of coordinate
transformation:

un(§,n) = ux(§,n) cosd + uy (&, n) sind
ur(§,m) = —ug(§,n)sind + uy (£, 1) cos O

ab(1 — p)
- and &, = — 5
acosg Va2sin? ¢ + b2 cos? ¢

we have

3
_ | bpao apyo . b /=
Kn(Q) = ;Xlwﬂ {—B(kj) cosp + Ck) sin 90] kQ\/;/K(Q), (46)

K (Q) = xowo1 [% cos p — % sin gp] k2 \/g/K(Q), (47)

where K(Q) = (a?sin® ¢ 4 b? cos? ¢)/4. To the author’s best knowledge, exact
derivations of Eqs. (46) and (47) for a piezolectric elliptical crack subjected to
uniform pressures are firstly perfectly obtained by the present author. In the case
of penny-shaped cracks, E(k) = K(k) = 7/2 and Egs. (46) and (47) are reduced to

_ 4/a Yiy Xiwit

Kn(Q) = 3 (P20 €OS 0 + pyo sin ), (48)
T (Zz’:l Xiwi1 + X0w01)
4
Kun(@) = 20X cos o paosing).  (49)
T (Zizl Xiwi1 + Xow(n)

The above results of Eqgs. (48) and (49) can be combined into those obtained by
Chen and Shioya [2000] and Karapetian et al. [2000].

7. Numerical Results and Discussion

In this section, using the previous numerical procedure suggested by the author
(Chen [2003b]), several numerical examples are considered based on the hypersin-
gular integral Egs. (8) and (9). These numerical results for elliptical crack problems
will be compared with the exact solutions (46)—(49).

For convenience, it is assumed that the crack is loaded with a uniform shear
loading p,(z,y) = ¢ and py(z,y) = pyo(= 0) in all examples. The piezoelectric
material PZT-4 is used for all computations. The electroelastic material constants
are

C11 = 139.0, C12 = 743, C13 — 778, C33 — 113.0, Cqq4 = 25.6 GPa
e15 = 13.44, e3 = —6.98, e33 = 13.84 C/m°,
€11=60.0 x 10719 €33="54.7 x 1071°C/Vm.
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Table 1. Comparisons of numerical dimensionaless stress intensity factors Yir and Y111 with exact
solutions for a penny shaped crack.

%) 0 22.5 45 67.5 90
Yo
Numerical results 0.76975 0.71115 0.54429 0.29457 0.0000
Equation (48) 0.76975 0.71115 0.54429 0.29457 0.0000
Y
Numerical results 0.0000 —0.19268 —0.35602 —0.46517 —0.50349
Equation (49) 0.0000 —0.19268 —0.35602 —0.46517 —0.50349

7.1. Penny-shaped crack

Under uniform shear loading, the exact solutions for a penny-shaped crack in an
infinite piezoelectric ceramics material have been derived by the author in the pro-
ceeding section [see Eqgs. (48) and (49)]. They can be rewritten as
3
4\/a 1 XiWil .
Ku(Q) = va 3 iz Xt (Pwo cos ¢ + pyo sin )
g (Zizl Xiwi1 + Xowm)

= Yir(xowor, Xiwit, a, 9)gv/a, (50)

44/a w .
Km(Q) = va Xoror )(pyocow—pxosm@)

T (Z?Zl XiwWil + Xowo1

= Y (xowo1, Xiwi1, @, ¢)gv/a. (51)

Table 1 lists the present numerical results and the exact solutions. It can be seen
that both are identical to the fifth significant digit.

7.2. Elliptical crack

The exact solution of an elliptical crack embedded in an infinite piezoelectric media
subjected to uniform shear loading is shown in Eqgs. (46) and (47). The expressions
of stress intensity factors take the form

3
Ku(Q) = ZXWJH {% cos ¢ + % sin @] kQ\/g/I_((Q)
=1

= Yir(xowor, Xiwi1, @, b, ©)qVb (52)
Kmi(Q) = xowo1 L7} cos ¢ — 2P0 sin ¢ kz\/E K(Q)
k) Bk p
= Yirr(xowo1, Xiwit, @, b, ©)qV/b (53)

Table 2 gives comparisons of present numerical stress intensity factors for an
elliptical crack with an aspect ratio a/b = 2 with theoretical solutions. It is shown
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Table 2. Comparisons of numerical dimensionaless stress intensity factors Yi; and Yirr with exact
solutions for an ellipitical crack.

© 0 22.5 45 67.5 90
Y
Numerical results 0.78466 0.66185 0.44125 0.21860 0.0000
Equation (46) 0.78466 0.66184 0.44125 0.21859 0.0000
Y
Numerical results 0.0000 —0.35866 —0.57725 —0.69039 —0.72585
Equation (47) 0.0000 —0.35864 —0.57724 —0.69038 —0.72584

Fig. 3. (a) Displacement jumps u; along z-axis and (b) displacement jumps u, along z-axis.

that the present numerical results yield a good convergence to the fifth significant
figure compared with the exact solutions.

7.3. Rectangular crack

The hypersingular integral Eqgs. (8) and (9) are analyzed for a rectangular crack.
Since no exact solutions are available for this crack configuration, only numerical
analysis is performed with an aspect ratio of a/b = 1 as an example. Figures 3(a) and
3(b) plot the displacement jumps u, on the crack surfaces under uniform loading
along z-axis and the displacement jumps u, along y-axis, respectively.

8. Conclusion

In this paper, starting from the fundamental solution of a point force and electric
charge for three-dimensional transversely isotropic piezoelectric solid, we have per-
formed rigorous theoretical analyses of some basic problems of fracture mechanics by
using the hypersingular integral equation method and obtained a system of hyper-
singular integral Eqs. (8) and (9) for solving arbitrarily shaped planar crack prob-
lems under shear loading. Exact solutions are presented for a piezoelectric elliptical
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crack subjected to uniform shear loading. Modes II and IIT stress intensity factors
also derived in an exact manner. These solutions are undoubtedly helpful for us to
study 3D piezoelectric crack problems and complements of 3D fracture mechanics
of piezoelectrics. In the final discussion of the present paper, as examples of appli-
cations, we have also given numerical results for elliptical cracks and rectangular
cracks under uniform shear loading and compared with theoretical solutions.

Acknowledgments

The author wishes to express his thanks to the Natural Science Foundation of
Jiangxi Province under Grants No. 0112001, P. R. China, and to Prof. N. A. Noda
of Mechanical Engineering Department, Kyushu Institute of Technology, Japan for
his helpful suggestion. This research was supported in part by the Japan Society
for the Promotion of Science Postdoctoral Fellowship.

References

Chen, J. T., Kuo, S. R. & Lin, J. H. [2002] “Analytical study and numerical experiments
for degenerate scale problems in the boundary element method for two-dimensional
elasticity,” Int. J. Numer Methods Engrg. 54, 1669-1681.

Chen, M.-C., Noda, N.-A. & Tang, R.-J. [1999] “Application of finite-part integral to planar
interfacial fracture problems in 3D bimaterails,” ASME J. Appl. Mech. 66, 885-890.

Chen, M.-C., Yu, H.-G. & Tang, R.-J. [2002] “A new numerical method with high accuracy
for 3D crack problems,” Solida Mech. Sinica 23, 207-212 (in Chinese).

Chen, M.-C. [2003a] “Application of finite-part integrals to three-dimensional fracture
problems for piezoelectric media, Part I: Hypersingular integral equation and theoret-
ical analysis,” Int. J. Fract. 121, 133-148.

Chen, M.-C. [2003b] “Application of finite-part integrals to three-dimensional fracture
problems for piezoelectric media, Part II: Numerical analysis,” Int. J. Fract. 121,
149-161.

Chen, M.-C. [2004a] “A method of hypersingular integral equation for three-dimensional
cracks in transversely isotropic materials,” Symposium of the IXth Conf. Chinese Mod-
ern Mathematics and Mechanics, October 4—7, Shanghai.

Chen, M.-C. [2004b] “3D fracture mechanics for a mode I crack in piezoelectric media,”
Int. J. Comp. Methods 1, 445-456.

Chen, W. Q. & Shioya, T. [1999] “Fundamental solution for a penny-shaped crack in a
piezoelectric medium,” J. Mech. Phys. Solids 47, 1459-1475.

Chen, W. Q. & Shioya, T. [2000] “Complete and exact solutions of a penny-shaped crack in
piezoelectric solid: Antisymetric shear loadings,” Int. J. Solids Struct. 37, 2603-2619.

Chen, W. Q., Shioya, T. & Ding, H. J. [2000] “A penny-shaped crack in piezoelectrics:
Resolved,” Int. J. Fract. 105, 49-56.

Ding, H. J. et al. [2004] “Green’s functions and boundary element method for transversely
isotropic piezoelectric materials,” Engineering Analysis with Boundary Elements 28(8),
975-987.

Eshelby, J. D. [1946] “The elastic field outside ellipsoidal inclusion,” Proc. Royal Soc.
London A 252, 561-569.

Gradshteyn, I. S. & Ryzhik, I. M. [1969] Table of Integrals, Series and Products (Wiley,
New York).



336 H.-G. Yu & M.-C. Chen

Hadamard, J. [1923] Lectures on Cauchy’s Problem in Linear Partial Differential Equations
(Dover, New York).

Toakimidis, N. I. [1982] “Application of finite-part integrals to the singular integral equa-
tions of crack problems in plane and three-dimensional elasticity,” Acta Mech. 45,
31-47.

Karapetian, E., Sevostianov, I. & Kachanov, M. [2000] “Penny-shaped and half-plane
cracks in a transversely isotropic piezoelectric solid under arbitrary loading,” Arch.
Appl. Mech. 70, 201-229.

Kokan, I., Hui, C. Y. & Molkov, V. [1996] “Stress and induction field of a spherodial
inclusion or a penny-shaped crack in a transversely isotropic piezoelectric material,”
Int. J. Solids Struct. 33, 2719-2737.

Pak, Y. E. [1992] “Linear electro-elastic fracture mechanics of piezoelectric materials,” Int.
J. Fract. 54, 79-100.

Park, S. B. & Sun, C. T. [1995] “Effect of electric field on fracture of piezoelectric ceramics,”
Int. J. Fract. 70, 203-216.

Qin, H. Y. [2001] Fracture Mechanics of Piezoelectric Materials (WIT Press, Southhamp-
ton, Boston).

Suo, Z., Kuo, C. M., Barnett, D. M. & Wills, J. R. [1992] “Fracture mechanics for piezo-
electric ceramics,” J. Mech., Phys. Solids 40, 739-756.

Shang, F. L., Kuna, M. & Abendroth, M. [2003] “Finite element analyses of three-
dimensional crack problems in piezoelectric structures,” FEngrg. Fract. Mech. 70,
143-160.

Wang, B. [1992] “Three-dimensional analysis of a flat elliptical crack in a piezoelectric
material,” Int. J. Engrg. Sci. 30, 781-791.

Wang, Z K. [1994] “Penny-shaped crack in transversely isotropic piezoelectric materials,”
Acta Mech. Sinica 10, 49-60.

Wang, Z. K. & Huang, S. H. [1995] “Stress intensification near an elliptical border,” Theor.
Appl. Fract. Mech. 22, 229-237.

Zhang, T. Y., Zhao, M. H. & Tong, P. [2002] “Fracture of piezoelectric ceramics,” Adv.
Appl. Mech. 38, 147-289.

Zhang, Z & Meguid, S. A. [1997] “Analysis of a circular arc-crack in piezoelectric materi-
als,” Int. J. Fract. 84, 143-158.

Zhao, M. H., Shen, Y. P., Liu, J. Y. & Liu, G. N. [1997] “Isolated crack in three-dimensional
piezoelectric solid, Part II: Stress intensity factors for circular crack,” Theor. Appl.
Fract. Mech. 26, 141-149.



