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Abstract

In this paper, the conventional boundary integral equation (BIE) formulation for piezoelectric solids is revisited and the related issues are
examined. The key relations employed in deriving the piezoelectric BIE, such as the generalized Green’s identity (reciprocal work theorem)
and integral identities for the piezoelectric fundamental solution, are established rigorously. A weakly singular form of the piezoelectric BIE
is derived for the first time using the identities for the fundamental solution, which eliminates the calculation of any singular integrals in the
piezoelectric boundary element method (BEM). The crucial question of whether or not the piezoelectric BIE will degenerate when applied to
crack and thin shell-like problems is addressed. It is shown analytically that the conventional BIE for piezoelectricity does degenerate for
crack problems, but does not degenerate for thin piezoelectric shells. The latter has significant implications in applications of the piezo-
electric BIE to the analysis of thin piezoelectric films used widely as sensors and actuators. Numerical tests to show the degeneracy of the
piezoelectric BIE for crack problems are presented and one remedy to this degeneracy by using the multi-domain BEM is also demonstrated.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Piezoelectric materials have been used widely as sensors
and actuators in smart materials or structures because they
have many desirable properties [1-3]. Simulations of piezo-
electric solids, on the other hand, are very challenging
because of the anisotropy in piezoelectric materials,
coupling of elastic and electric fields and thinness of the
piezoelectric devices (for example, the thickness of
sensors/actuators is in the range of a few pm to a few
hundred pwm). To add to the level of difficulty, the simula-
tion of piezoelectric sensors and actuators demands high
accuracy, because they are very delicate electromechanical
devices. To ensure the highest possible accuracy in the
analysis, accurate 3D modeling and analysis have to be
employed, especially as stress analysis for durability assess-
ment has become an important issue with the increasing
applications of piezoelectric materials.

In the realm of 3D analysis, the boundary integral equa-
tion/boundary element method (BIE/BEM), pioneered in the
early work [4] for elasticity problems, has been demonstrated
to be a viable alternative to the finite element method (FEM)
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for many problems, due to its features of surface-only discre-
tization and high accuracy in stress and fracture analyses [5—
8]. Another advantage of the BIE/BEM, which was recog-
nized only in recent years, is its high accuracy and efficiency
in handling thin-body problems, such as thin shell-like struc-
tures, layered structures (multi-coatings or thin films), thin
voids or open cracks [9—-16]. It has been demonstrated that
the BIE/BEM can handle the various thin-body problems
very effectively, regardless of the thinness of the structures
or voids, or non-uniform thickness, as long as the nearly
singular integrals are computed accurately [11,12,17].
Much fewer boundary elements can be used to solve these
problems for which the number of required finite elements is
at least two-orders larger to achieve the same accuracy in
stress analysis [11-14]. Considering the fact that the piezo-
electric sensors and actuators are often made in thin shapes
(films or patches), the BIE/BEM with thin body capabilities
has the potential to provide a very efficient and accurate tool
in the analysis of such piezoelectric materials.

There have been increasing research efforts in the analysis
of piezoelectric materials by the BEM in recent years, as the
advantages of the BEM for such analysis is being recognized.
For piezoelectric solids without defects, Barnett and Lothe
[18] derived a 2D fundamental solution for anisotropic piezo-
electric solids. Meric and Saigal [19] derived integral
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formulations for shape sensitivity analysis of 3D piezoelectric
solids. The formulations were tested on a 1D problem. Lee
and Jiang [20-22] developed the first BIE formulation for the
piezoelectric solids. The 2D BEM was implemented and
tested for an infinite piezoelectric medium with a cylindrical
hole under mechanical and electric loads [22]. Lu and
Mahrenholtz [23] derived a variational BEM formulation
for piezoelectric solids, which yields symmetric matrices.
However, no numerical implementation and examples were
given in Ref. [23]. A 3D BEM for piezoelectric solids was first
developed by Chen and Lin [24]. The BEM formulation was
based on the fundamental solutions derived earlier by Chen
[25,26] for 3D piezoelectric solids. The numerical examples
using linear elements on a piezoelectric cube and a spherical
cavity were presented in Ref. [24]. Wang [27] derived the
explicit expressions of the 2D fundamental solutions for
piezoelectric materials. Dunn and Wienecke [28] also derived
the closed-form expressions for the fundamental solution for
transversely isotropic piezoelectric solids. Hill and Farris [29]
applied the quadratic (eight-node) boundary elements for 3D
piezoelectric bodies and tested their approach on the cube and
spherical void problems. Ding et al. [30,31] derived the funda-
mental solutions in terms of harmonic functions and devel-
oped the BEM with several test cases for 2D [30] and 3D
problems [31]. Recently, Jiang [32] derived the fundamental
solutions and the BIE for 3D time-dependent thermo-piezo-
electricity. No numerical examples were given in Ref. [32] for
this very complicated case.

For piezoelectric solids with defects (various voids and
cracks), Xu and Rajapakse [33] studied the influence and
interactions of various holes in 2D piezoelectric media using
a coupled BEM. Zhao et al. [34,35] derived the 3D funda-
mental solutions and the BIE for a penny-shaped crack in a
piezoelectric solid. Pan [36] recently presented a detailed
study on cracks in 2D piezoelectric media using the BEM.
Both the conventional BIE and a hypersingular BIE (trac-
tion BIE) were employed in Ref. [36] to handle the possible
degeneracy of the BIEs for crack problems. Numerical
results in Ref. [36] show excellent agreement between the
BEM and the analytical solutions. Recently, Qin [37]
studied the interactions of cracks in a piezoelectric half-
plane and under thermal loading using the BEM.

All the above results have clearly demonstrated the accu-
racy and efficiency of the BEM, especially in stress and frac-
ture analyses, for single and bulky piezoelectric materials.
However, there are many confusions and unanswered ques-
tions regarding the BIE formulation for piezoelectric solids.
For examples, how to evaluate the jump terms and thus the
free term in the BIE (this is not trivial as in the elasticity case,
since the fundamental solutions in the piezoelectricity case
are in general not available in explicit forms)? How to
compute the singular integrals in the BIE? Or, is there a
weakly singular form of the BIE as in the case of elasticity?
Are there any integral identities satisfied by the piezoelectric
fundamental solutions? Will the piezoelectric BIE degenerate
or not when it is applied to crack or thin shell-like problems?

The same results as in the case of elasticity BIE, such as the
values of the jump terms in the limit as the source point
approaches the boundary and the free terms in the BIE,
have been assumed in the derivations of the piezoelectric
BIE in all the reported work [21,22,24,29,30,36]. Although
they turn out to be correct, as will be proved in this paper, the
piezoelectric BIE needs special attention since the elasticity
BIE is only a special case (subset) of the piezoelectric BIE
which can have different properties due to the presence of the
electric field. Results in the elasticity BIE (a special case)
should not be generalized directly to the piezoelectric BIE
(a more general case).

In this paper, we will address the questions and issues
raised in the above paragraph. The BIE formulation for piezo-
electric solids is revisited first. The key relations employed in
the development of the piezoelectric BIE, such as the general-
ized Green’s identity (reciprocal work theorem) and integral
identities for the fundamental solution, are derived carefully.
A new weakly singular form of the BIE is developed using
the identities derived, which can eliminate the calculation of
any singular integrals in the discretizations of the BIE using
the BEM. Then the crucial question of whether or not the
piezoelectric BIE will degenerate when applied to crack and
thin shell-like structures is investigated. It is shown that the
conventional BIE for piezoelectricity does degenerate for
crack problems, but does not degenerate for shell-like struc-
tures, in the limit as the two opposing surfaces approaching
each other. The latter has significant implications in the appli-
cations of the piezoelectric BIE to piezoelectric films used
widely as sensors and actuators in smart materials. All the
above results for the piezoelectric BIE are consistent with
those for the conventional BIE in elasticity. The detailed
derivations of the piezoelectric BIE and the proof regarding
the degeneracy presented in this paper will clear the confu-
sions in the literature on the piezoelectric BIE and thus estab-
lish the BIE/BEM approach on a solid theoretical ground.
Numerical tests to show the degeneracy of the piezoelectric
BIE for crack problems are presented and one remedy to this
degeneracy by using the multi-domain BEM is also demon-
strated.

2. The boundary integral equation (BIE) formulation for
piezoelectricity

2.1. Governing equations in piezoelectricity

Consider a piezoelectric solid occupying a 3D domain V
with the boundary S, Fig. 1. The basic equations governing
the elastic and electric fields in a linear piezoelectric material
can be summarized in the following (see, e.g. Refs. [1,21,24])
(index notation is used in this paper).

Equilibrium equations:

oy Hfi=0, (1)

Di,i - q= 0, (2)
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Fig. 1. Domain V in R? with boundary S (exterior domain E = R — (VU
9)).

where o is the stress tensor, f; the body force vector per unit
volume, D; the electric displacement vector and ¢ the intrinsic
electric charge per unit volume.

Constitutive equations:

0 = Cyjusiy — exiiEy, (converse effect) 3)

D; = ejysy + €k, (direct effect) “4)

where s, is the strain tensor, E, the electric field, Cyy the
elastic modulus tensor measured in a constant electric field,
e the piezoelectric tensor and ¢; the dielectric tensor
measured at constant strains.

Strain and electric fields:

s = 5w + upp), )

E,=—¢, (6)

where ; is the elastic displacement vector and ¢ the electric
potential.
Boundary conditions (BCs):

ty=oyn; =1, onS, u;=i; onS,; (mechanical BCs)
@)
w=—-Dn;=0,0nS,, ¢= q_ﬁ, on Sy; (electric BCs)
(®)

where ¢; is the traction, w the surface charge, »; the unit outward
normal vector (Fig. 1) and the barred quantities indicate given
values. Note that the boundary S = §, U S, = S, U S,.

Egs. (1)—(6) under boundary conditions (7) and (8) form
the complete mathematical description of the coupled elas-
tic and electric fields in a general anisotropic piezoelectric
solid. For an isotropic elastic material, there is no coupling
of the elastic and electric fields, that is, the piezoelectric
tensor ¢;3 = 0. In this case, Egs. (1)—(6) will be decoupled

between the two fields, yielding the usual elasticity equa-
tions and a Poisson’s equation for the electric potential ¢.

2.2. Generalized Green’s identity

We first establish the following generalized Green’s iden-
tity, or reciprocal work theorem, for the piezoelectric solids:

J tmde-i—J f,-ude-l—J' w*q’)dSﬁ-J’ g pdv
s 14 s 14

= J tiu; dS + J fiu; dv + J wd" dS + J qd” dv,
s 14 s v
€))

in which u;, t, ¢, @, ...,and i}, 1, ¢", ", ... are two sets of
admissible solutions satisfying Eqs. (1)—(8).

To prove identity (9), we first prove the following relation
of the internal energy densities for piezoelectric solids:

Applying Eq. (3), and noting the symmetries in the material
constant tensors:

Cijkl = Cklij =Cj = Cijlk’

j Eik = Eki»

(1)

Ckij = Ckji>

we can derive,
* * # #
(o + eiE)s; = (Cius)siy = (Cips)si = (Cijpasip)Su
= (Cyjusi)siy = (0 + ewiEr)sy,

which proves relation (10). Note that the term (o7 + ey;E))
represents the mechanical stresses, as shown from Eq. (3).
Thus, Eq. (10) is a statement of the equivalence of the
(virtual) mechanical strain energy densities.

Now, integrating the left hand side of Eq. (10) over the
domain V, and applying Egs. (1)—(8) and the Gauss theo-
rem, we have,

J (o + ek,-jEk)s;;- dv = J G,ju;ij dv + J (ejusi)E; AV
1% v v
v v o v
=J ot dS+J fuil dV—J Dig; dv
s 1% v
- J’ gikEiEz dV
1%
= J tu; dS + J fu; dV — J (D?qﬁ),,v dv + J Dii(b dv
s 1% v 1%

- J’ gikEiEZ dV,
\%4
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that is,

J (o + ek,»jEk)s?} dv
v
= J tu; dS + J fou; dV + J w'¢pdS
s 1% s

+ J g Pdv — J exEE; dV. (12)
v v

Similarly, integrating the right hand side of Eq. (10), we
have,

1%
S 1% S

+ J g dV — J exEJE, V. (13)
|4 \%4

Note that g, E;E; = eE E; due to the symmetry of &
(Eq. (11)).

Thus, integrating Eq. (10) over the domain V and apply-
ing results (12) and (13), we obtain the generalized Green’s
identity (9). Through above derivation, one can clearly iden-
tify the physical meanings and the sources of each term in
identity (9). Results (12) and (13) are statements of the
balance of the (virtual) work done by external forces/
charges and the internal strain energy stored in the piezo-
electric solid, while identity (9) is a statement of the equiva-
lence of the work done by the two force/charge systems.

2.3. Fundamental solutions

The fundamental solution for the piezoelectric problems
is the responses due to independently applied sources. One
source is a unit concentrated force in one of the coordinate
directions and the other is a unit concentrated charge, at the
source point in an infinite piezoelectric medium.

First, consider the responses at a field point P due to a unit
concentrated force acting at the source point Py and in the
direction i (i = 1,2, 3). The equilibrium equations are,

Sk (P, Py) + 8;8(P,Py) = 0, Ay (P, Py) =0, (14)

in which ¥ ;; and A are the stress and electric displacement
in the fundamental solution, respectively, 6, the Kronecker
0 symbol, 6(P,P;) the Dirac é-function, and the indices
i,j,k,...=1,2,3. The displacement, traction, -electric
potential and the surface charge in this case are denoted,
respectively, by

U[j(P3P0)’ TU(P’ PO)? (p[(PsPO)’ ‘Q[(P, PO)?
ij=1,23

Next, consider the responses at P due to a unit charge

acting at Py. The equilibrium equations are,

S4jex(P,Py) = 0, Ay i (P, Py) — 8(P, Py) = 0, (15)

in which 3, and Ay (j,k = 1,2,3) are the stress and elec-
tric displacement, respectively. The displacement, traction,
electric potential and the surface charge in this case are
denoted, respectively, by

Uyi(P, Py), Ty(P,Py), @4(P,Py), 24(P,Py),
=123

Here the index “4” is used to indicate that the responses are
due to the unit charge.

In general, the fundamental solution for piezoelectric
solids can not be expressed in explicit forms yet
[24,25,29], except for some special cases, such as transver-
sely isotropic piezoelectric solids or 2D cases
[21,22,27,28,30,31,36]. However, the order of singularity
of the fundamental solution has been found to be the same
as that of the fundamental solution for elasticity problems.
For example, in 3D, the displacement is of order O(1/r)
(weakly singular), and the stress or traction is of order
O(1/r%) (strongly singular), with r being the distance from
the source point to the field point (Fig. 1).

2.4. Identities for the fundamental solution

We now derive some identities satisfied by the piezoelec-
tric fundamental solution, which will be very useful later in
establishing the weakly singular BIE, as demonstrated in the
context of potential and elasticity problems [38—-40].

The following sifting property of the Dirac 6-function
[41,42] will be applied frequently (Fig. 1)

F(Py), VPyEV,
J F(P)S(P, Pg) dS(P) = { LF(Py), VP, € S(smooth),
s
0, VP, € E,

(16)

where F(P) is any continuous function, including F(P) =
constants. The integral for Py € S is a Cauchy principal
value (CPV) integral and can be verified by considering
the physical meaning of the Dirac &-function (e.g. a unit
concentrated force at Py) [42].

Integrating the first equation in Eq. (14) over the domain
V (an arbitrary closed domain; see Fig. 1), and applying the
Gauss theorem and formula (16), we obtain,

_Slj’ VPO (S V,
J Ty(P, Py) dS(P) = 1 — 16, VP, € S(smooth),  (17)
S
0, VP, € E,

where T; = 3;;n; has been applied and the indices i,j =

1,2,3. Integrating the second equation in Eq. (14), we
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obtain another identity,

J 0;(P,Py) dS(P) =0, VP EVUSUE, (18)

s

where (2; = —Ayn, has been applied and i = 1,2, 3.
Similarly, integrating the two equations in Eq. (15), we

obtain another two identities,

J T,(P,P) dS(P)=0, VP, EVUSUE, (19)
N
_1, VP() E V,
J Q4(P,Py) dS(P) = { =L, VP, € S(smooth),  (20)
N
0, VP, EE,

where j = 1,2, 3.

The established integral identities (17)—(20) for the
piezoelectric fundamental solution represent the equili-
brium of the forces or charges over boundary S of body V
in the presence of the unit force or charge (cf. results in
Refs. [38—40] for potential and elasticity problems).

2.5. Weakly singular BIE formulation for piezoelectricity

To derive the BIE, we first choose, in the generalized
Green’s identity (9) (with the dummy index i being replaced
by j), the field

I/ij :Uij? tj :le, (f) :q)i’ w :!21',

fj"* = 6”8(P, Po), and q* = 0,

to be the fundamental solution due to the unit force, while
the field u;, #;, ¢, @ and g to be the solution satisfying
Egs. (1)-(8). We have from identity (9),

| nvsas+ | svgav+ | osas

S 1% ’ S

uri

14
Using Eq. (16) and identifying the variables explicitly, we

obtain the following representation integral for the displa-
cement field,

ui(Po) = L Uy(P. Po)i,(P) dS(P) — L Ty(P. Poyuy(P) dS(P)
—j ®,(P, Py)o(P) dS(P) +J (P, Po)b(P) dS(P)
S S

" JV Uy (P, Po)f,(P) dV(P) — JV ®,(P, Py)q(P) dS(P).
VP, €V, (21

in which i,j =1,2,3.

Similarly, if we choose, in identity (9),

wp =Uy, tj =Ty, ¢ =@y, o =0y, =0,
and ¢" = 8(P, Py),

to be the fundamental solution due to the unit charge, we
obtain the following representation integral for the electric
potential field,

— p(Py) = L Uy (P, Po)iy(P) dS(P) — J (P, Py (P) dS(P)
- J PP Py)(P) dS(P) + L Q4(P. Po)d(P) dS(P)

" J U, PP dV(P) JV D (P, Py)q(P) dS(P),
VP, E V. 22)

in which j = 1,2,3.

From the two representation integrals (21) and (22), we
can clearly identify the similarities as compared with the
elasticity case and the coupling between the displacement
and electric fields. To simplify the notation to make it easier
for the numerical implementation, we adopt the following
matrix notation [30],

r 3

U h h
up 5] i)
u = - , t= -, b= ,
u3 I3 f
[~ ~o) ~q

U= , (23)

Then, the representation integrals (21) and (22) can be
combined to yield,

u(Py) = Js U(P, Py)t(P) dS(P) — Js T(P, Py)u(P) dS(P)
+ JV U(P, Py)b(P) dV(P),

VP, €V, (24)

where u, t and b can be called the generalized (or extended)
displacement, traction and body force vectors, respectively;
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and U and T the generalized displacement and traction
kernels, respectively.

Before we let the source point Py go to the boundary in
Eq. (24) to derive the BIE, we note that the integral with the
strongly singular kernel T can be regularized by using the
identities (17)—(20) which can now be written in the follow-
ing matrix form:

-1, VP,EV,
J T(P,Py) dS(P) = { —11, VP, € S(smooth), (25)
N
0, VP, EE,

where I is a 4 X 4 identity matrix. Note that the first part of
this identity (for Py € V) can also be derived by considering
a simple solution u(P) = I, which satisfies the governing
Egs. (1)—(6) with f; =0 and g = 0, in the representation
integral (24) (cf. the results in Refs. [38—40]).

Therefore, for the integral with the strongly singular
kernel T in Eq. (24), we have

L T(P, Py)u(P) dS(P) = L T(P, Po)[u(P) — u(Py)] dS(P)
+ J T(P, Py) dS(P)u(Py)
S

- L T(P, P)[u(P) — u(Py)] dS(P) — u(Py).
VP, E V, (26)

by using identity (25) (cf. the potential and elasticity cases
[38-40]).

Substituting result (26) into Eq. (24), and letting the
source point Py go to the boundary S, we obtain the follow-
ing weakly singular form of the BIE in piezoelectricity,

L T(P, Po)[u(P) — u(Py)] dS(P)

- L U(P, P t(P) dS(P) +J U, Pob(P) dv(p), 27
1%

VP, € 5,

for a finite domain (interior problem). There are no jump
terms arising from the limit process as the source point P,
goes to the boundary S, since all integrals involved are at
most weakly singular, e.g. of order O(1/r) for 3D problems,
after the regularization shown in Eq. (26).

Similarly, for an infinite domain (exterior problem), we
can establish the following weakly singular form of the BIE

u(Py) + L T(P, Po)[u(P) — u(Py)] dS(P)

- L U(P, Pt(P) dS(P) + JV U(P, Py)b(P) dV(P), 28

VP, € S.

The weakly singular BIE (27) or (28) for piezoelectric
solids has several advantages, compared with the following
singular BIE in the literature:

C(Po)u(Py) + L T(P, Py)u(P) dS(P)

- L U(P, Pyt(P) dS(P) +J U(P, Py)b(P) dV(P), 2P
\%4

VP, € S,

where C is a coefficient matrix depending on the smooth-
ness of S at P, (see next section).

First, there are no singular integrals in the weakly singular
BIE and its discretization leads directly to the conclusion
that the diagonal terms can be determined by summing the
off-diagonal terms for the matrix involving the singular
kernel T [39]. Second, by employing the identity for the
piezoelectric fundamental solution, we do not have to eval-
uate any jump terms explicitly in deriving the weakly singu-
lar BIE (27) or (28). Evaluations of the jump terms are
required in deriving the singular BIE (29) as used in the
literature. For general 3D piezoelectric solids, the funda-
mental solution is not available in explicit form and the
jump terms have been assume to be the same as in the
elasticity BIE, without sufficient justifications, in the litera-
ture. The use of the weakly singular BIE can avoid the
confusions caused by this lack of justifications. Third, regu-
larizing the singular integrals in the BIEs has become a
standard approach to dealing with the singular integrals in
the BEM [43,44]. The weakly singular nature of the piezo-
electric BIE is quite general, as in the cases for potential and
elastostatic problems [38—40]. Not only can the various
strongly singular (conventional) BIEs be recast in weakly
singular forms, but also can the hypersingular BIEs be writ-
ten in weakly singular forms, by employing the various
identities for the fundamental solutions [39,40] or through
other means.

3. Degeneracy issues with the piezoelectric BIE for thin
shapes

In this section, we prove that the piezoelectric BIE does
degenerate when applied to the two opposing surfaces of a
crack, but does not degenerate when applied to the two
surfaces of a thin shell-like structure. Although the same
conclusions have been proved analytically and numerically
in the context of the elasticity BIE for cracks (see, e.g. [6,9])
and thin shell-like structures [11] (see also Ref. [45]), they
can not be generalized automatically to the more general
piezoelectric BIE. For example, the coupling of the elastic
and electric fields in the piezoelectricity theory could have
an effect in these conclusions, unless we can prove rigor-
ously that the same conclusions hold for the piezoelectric
BIE.
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P, |k
S P

Fig. 2. Boundary S of a thin-shape: § = §* U §™.

3.1. The jump terms

We need some results for the jump terms in the limit as
the source point P, approaches the boundary S. We can
establish the results for the jump terms readily by applying
the identity (25) for the fundamental solution, without
exploiting the explicit expressions of the fundamental solu-
tion which are not yet available for 3D piezoelectric solids.
The results for the jump terms are as follows

limS T(P, Py)u(P) dS(P)
s

Py—,

=J T(P, Poyu(P) dS(P) — Lu(Py), (30)
S

VP, € S(smooth),

when P, approaches S in the same direction of the normal n;
and

lim T(P, Py)u(P) dS(P)
Py—=S ) s

— L T(P, Poyu(P) dS(P) + Lu(Py), G

VP, € S(smooth),

when P, approaches S in the opposite direction of the
normal n, where the first integral on the right hand side of
Egs. (30) and (31) is a CPV integral.

To prove results (30) and (31), we employ the classical
approach in the BEM literature by considering the limit as
P, approaching S from either inside or outside. However, the
explicit expressions for kernel T is not used at all in eval-
uating these limits. The integral identity (25), which is a
concise notation for identities (17)—(20), can be employed
to avoid the tedious task of evaluating the integral of the
kernel explicitly, which is possible only when explicit
expressions for the kernels are available. The details of
this new approach in deriving the jump terms (30) and
(31), in the context of elastostatics, can be found in Ref.
[42].

To study the degeneracy issue with the piezoelectric BIE,
we follow the integral operator notation used in Ref. [11]

Fig. 3. Boundary and normal for a crack (an exterior problem).

and write the weakly singular BIE in Egs. (27) and (28) as

D[u(P) — u(Py)] = Bt, (for an interior problem) (32)

and

u(Py) + D[u(P) — u(Py)] = Bt,
(33)
(for an exterior problem)

where the body forces and charges have been ignored. The
two operators are defined by

B[] = J U(P, Py)[-] dS(P), and
S
(34)
D = L T(P, Py)l-] dS(P),

with U and T being the two 4 X 4 matrices given in Eq. (23).

Consider a thin shape as shown in Fig. 2 and apply the
piezoelectric BIE (32) or (33) on both S* and S . In the limit
as the thickness & goes to zero (i.e. S~ goes to S*), we arrive
at different conclusions regarding the degeneracy of the BIE
for cracks and for thin shells.

3.2. Degeneracy of the piezoelectric BIE for crack problems

Following the steps in Ref. [11] for the elasticity BIE,
applying BIE (33) on the two surfaces of a crack (an exter-
ior-like problem, Fig. 3) and employing the jump term rela-
tion (31), we can derive the following two equations in the
limit as the distance 7 — 0,

D' —u)+ Lt +u)=B"(t" +t"),
(35)
from Py € §™;

D' —u)+ i@ +u)=B"(t" +t"),
(36)
from Py € S ;

where u®, t*, u” and t~ are the generalized displacement
and traction vectors, as given in Eq. (23), on § and S,
respectively, D" and B are given by Eq. (34) with S being
replaced by S™ (see Ref. [11]). Eqs. (35) and (36) are exactly
the same. Therefore, the piezoelectric BIE does degenerate
when applied to cracks. The same conclusion can be drawn
if we apply the singular BIE (Eq. (29)) instead of the weakly
singular BIE (33).

3.3. Non-degeneracy of the piezoelectric BIE for thin
piezoelectric shells

Applying BIE (32) on the two surfaces of a thin piezo-
electric shell (an inferior-like problem, Fig. 4) and employ-
ing the jump term relation (30), we can obtain the following
two equations in the limit as the thickness & — 0,

D' —u )+t —u)=B"(t" +t),
(37)
from P, € st
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Fig. 4. Boundary and normal for a thin piezoelectric shell (an interior
problem).

D" —u) -t —u)=B"(t" +t),
(38)
fromPy € S ;

which are two distinctive equations no matter how thin the
shell is, as long as the piezoelectric shell is under realistic
boundary conditions (e.g. not constrained on the entire
boundary S; see discussions in Ref. [11]). Therefore, the
piezoelectric BIE does not degenerate when applied to
thin shells. Again, the same conclusion can be drawn if
we apply the singular BIE (Eq. (29)) instead of the weakly
singular BIE (32), as demonstrated for the elasticity BIE in
Ref. [11].

4. Numerical examples

To demonstrate that the piezoelectric BIE does degener-
ate for crack problems, a test problem is considered in this
section. A multi-domain BEM approach to remedy this
degeneracy problem in using the conventional piezoelectric
BIE for crack problems is also presented.

A 2D BEM based on the piezoelectric BIE (27) without
body forces and charges, or Eq. (32), is implemented using
quadratic (three-node) line elements. Fig. 5 shows a square
piezoelectric medium (PZT-4, under plane strain condition)
with an elliptical hole at the center. The square domain is
sufficiently large compared with the hole (b/L = 20) so that
the analytical solution in Ref. [46] for an infinite domain can
be used to validate the BEM solutions. The materials
constants of PZT-4 are as given in Ref. [22] in which only

Xz

Starting -
P circular hole P

2b

2L

Fig. 5. An elliptical hole in a square piezoelectric medium under tension
(plane strain condition).

the circular hole case is considered. The model is under
uniform tension in the x; direction. The elliptical holes are
formed by starting with a circular hole and scaling it in the
x; direction (axis a).

Figs. 68 show the results of the first principal stress,
total mechanical displacement and electric displacement at
the nodes on the holes, respectively, for three values of the
ratio a/b, by the piezoelectric BEM and the analytical solu-
tion [46] (Note that the angle 6 is measured on the original
circular hole in all the cases, Fig. 5). It is shown that the
BEM results using only 44 elements are in excellent agree-
ment with the exact solution for all the three quantities in the
three cases studied (a/b = 1.0, 0.5 and 0.05).

When the ratio a/b is further reduced and the elliptical
hole becomes an open crack, many more elements on the
edge of the hole are needed in order to obtain possible
converged BEM results. Fig. 9 shows the BEM results for
the mechanical displacement at the hole when a/b = 0.01
with increasing numbers of elements. It is observed that
only when the elliptical hole is discretized using 180
elements (a total of 204 elements), do the BEM results
converge to the analytical solution. However, when the
case a/b = 0.001 is studied, even the finest BEM mesh
(204 elements) cannot provide converged results, as
shown in Fig. 10 for the electric displacement result. More-
over, the symmetry in the BEM results with respect to the
crack tip (0 = 90°) is also lost (Fig. 10). This is a clear
indication of the degeneracy of the piezoelectric BIE/
BEM for crack problems, as predicted by the theory in
Section 3.2.

As discussed in Refs. [11,12] and by many others, there
are two difficulties when the elasticity BIE/BEM is applied
to a thin void (or open crack) with increasingly smaller
opening. The first difficulty is in dealing with the nearly
singular integrals when the source point is on one surface
and the integration on the opposite surface of the crack. The
other difficulty is the degeneracy of the BIE when applied to
true (zero-opening) cracks. These two difficulties also exist
in the piezoelectric BIE/BEM when applied to a thin void in
a piezoelectric material, as has been proved and demon-
strated in this paper. Increasing the number of elements
on the two faces of the open crack (thus decreasing the
element sizes) can alleviate the difficulty in computing
nearly singular integrals, although it is not the efficient
way to deal with nearly singular integrals in the BEM
[11,12]. This is why good BEM results are obtained with
a large number of elements in the case when a/b = 0.01
(Fig. 9). However, increasing the number of elements will
not help in easing the difficulty of the BIE/BEM degeneracy
for crack problems. This is why the BEM results deteriorate
even with the large number of elements in the a/b = 0.001
case, which is closer to a true crack (Fig. 10). Alternative
BIE formulations or different BEM modeling techniques are
needed in order to tackle the crack problems.

Next, the multi-domain BEM approach to crack problems
is demonstrated in the context of piezoelectric BIE. The



stress (X p)

displacement (X p)

Y. Liu, H. Fan / Engineering Analysis with Boundary Elements 25 (2001) 77-91

180

$0.00
N —a/ = 1.0 (Analytical results)
’1 ® ab=1.0(BEM resulis
40.00 - . ¢ )
L a/b = 0.5 (Analytical results)
I
! : ®  ab=0.5 (BEM results)
30.00 i
i 1 =--= a/b = 0.05 (Analytical resulis)
ol
! l 4  a/b=0.05 (BEM results)
20.00 - P
iy
r
P
10.00 - Foi
-10.00 T T r T T
0 o 60 80 120 - 150
angie 0 (degrees)
Fig. 6. The first principal stress (¢}) on the edge of the holes (number of boundary elements M = 44).
3.00E-11
2.50E-11
| |
2.00E-11 -
E
1.50E-11
1.00E-11
———a/b = 1.0 (Analytical rasults} e ab=1.0 (BEM results)
5006124 0 - a/b = 0.5 (Analytical results) ®  a/b = 0.5 {BEM results)
=--= a/b = 0.05 (Analytical results} a4 a/b = 0.05 (BEM results}
0.00E+00

30

60 20

120 150

angle 8 (degrees)

Fig. 7. The total mechanical displacement (|u]) on the edge of the holes (number of boundary elements M = 44).

180

85



86

electric displacement (X p)

displacement (X p)

Y. Liu, H. Fan / Engineering Analysis with Boundary Elements 25 (2001) 77-91

4.50E-09
——ahb=1.0 ical results
4.00E-08 - I (Analytical )

i * a/b=1.0(BEM resuts)
asog09{ i b = 0.5 (Aralytioa results)
3.00E-C9 A = ahb=0.5 (BEM rasulis)

-------&fb = 0.05 (Analytical resuts)
2.50E-09

2.00E-09

1.50E-09 1

1.00E-09 A

5.00E-10

[
0.00E+00

»

a/b = 0.05 (BEM resuts)

-5.00E-10 T

0 30

90 120 - 150

angle @ {(degrees)

Fig. 8. The magnitude of electric displacement (|D|) on the edge of the holes (number of boundary elements M = 44).

180

3.00E-11
— Analytical results
—_— o BEM resulets (M = 44)
* BEM resulets (M = 84)
o BEM resulets (M = 114}
2.00E-11 | + BEM resulets (M = 204)
1.50E-11
1.00E-11
5.00E-12 JE XX X R g K Ky X R KX AR E XXX XXX XXX x X x X Ky Xy Xy K p X o}
[ ] L] ] L] » . . . .
X e @ ¢ o '3
0.00E+00 : . . .
4] 90 120 150

Fig. 9. The total mechanical displacement on the edge of the hole when a/b = 0.01 (M = number of boundary elements applied).

angle 0 (degrees)

180



Y. Liu, H. Fan / Engineering Analysis with Boundary Elements 25 (2001) 77-91 87

9.00E-10

B.00E-10

7.00E-10 1

6.00E-10

5.00E-10 -

4.00E-10 -

3.00E-10 -

electric displacement (X p)

2.00E-10

1.00E-10 1

x o
0.00E+00 ,l . ' E;‘:: —x ¥ !',E l

x

— Analytical rasults
x BEM resulets (M = 84)
+ BEM resuiets (M = 114)
o BEM resulets (M = 204)

0 30 60

Y —|

90 120 150 180

angle 6 (degrees)

Fig. 10. Degeneracy of the piezoelectric BIE/BEM: results for the magnitude of electric displacement on the edge of the hole when a/b = 0.001 (M = number

of boundary elements applied).

main idea in the multi-domain BEM for crack problems
(see, e.g. Ref. [6]) is to introduce auxiliary interfaces in
the domain, starting from the crack tips to the outer bound-
ary of the domain so that the original single domain is
divided into two (or several, if needed). Then the conven-
tional BIE is applied to each domain and the two systems of
equations are coupled together through the use of interface
conditions (e.g. continuity of displacements and equilibrium
of stresses). In this way, the degeneracy difficulty, and the
nearly singular integrals in some cases, in the BEM for
crack problems are avoided since the two equations on the
two opposing crack faces are now from different domains.
The disadvantage of using this multi-domain approach to
crack problems is that the auxiliary interfaces introduced

Domain 1 Domain 2

Fig. 11. A multi-domain BEM approach to the crack-like problems.

could be large and hence the problem size could be much
larger. Nevertheless, it is a simple, straightforward approach
to crack problems by using only the conventional BIE.
Fig. 11 shows the division of the piezoelectric medium,
considered earlier (see Fig. 5), into two subdomains.
Figs. 12—14 show the stress, displacement and electric
displacement, respectively, on the edge of the hole (in
fact, an open crack) when a/b = 0.001 (Fig. 5), using the
multi-domain BEM as compared with the single-domain
BEM with the same mesh on the hole and the outer bound-
ary. Additional 20 elements are employed on the two inter-
face lines (Fig. 11) for the multi-domain BEM. As shown
and discussed earlier (Fig. 10), the single-domain BEM
results depart dramatically from the analytical solutions
for all the three quantities, due to the degeneracy of the
BIE in this open-crack case. However, the multi-domain
BEM results agree very well with the analytical solutions
with a relatively small number of elements, as expected.
Note that the BEM is able to capture the strong singularity
of the stresses near the crack tip as shown in Fig. 12. Also
note that the hoop stress on the edge of the hole is compres-
sive in most regions in this crack-like case, therefore the first
principal stress is zero, except for the regions near the crack
tips. The multi-domain BEM results for the electric displa-
cement (Fig. 14) is less accurate in the small region of the
crack tip. This is due to the rapid oscillation of the field
when a/b = 0.001 as shown by the analytical solution.
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Fig. 14. The magnitude of electric displacement on the edge of the hole when a/b = 0.001 using the multi-domain BEM.

The multi-domain piezoelectric BEM based on the
conventional BIE, as demonstrated in the above, can
provide reasonably good results for the analysis of crack-
like problems. However, the more efficient and accurate
way to handle crack problems is to apply the piezoelectric
hypersingular BIE [36].

5. Discussions

A weakly singular BIE for the analysis of piezoelectric
solids has been derived in this paper. The derivation is based
on the generalized Green’s identity or reciprocal work theo-
rem and the governing equations satisfied by the piezoelec-
tric fundamental solution. The mathematical properties of
the Dirac 8-function is exploited fully, which facilitates
conciseness and rigorousness in the derivations. Four inte-
gral identities for the elastic and electric components in the
piezoelectric fundamental solution are established, which
are employed in deriving the weakly singular BIE for piezo-
electricity. Degeneracy issues with the piezoelectric BIE
when applied to thin shapes are examined. It is shown analy-
tically that the piezoelectric BIE does degenerate when
applied to cracks, but does not degenerate when applied to
thin shells. In deriving or proving all the above results, the
explicit expressions of the fundamental solution, which are
not yet available for 3D piezoelectric solids, are not needed
at all, due to the use of the developed integral identities for

the fundamental solution. The established procedures and
results for the piezoelectric BIE are general and valid for
both 2D and 3D cases. 2D numerical tests to show the
degeneracy of the piezoelectric BIE for crack problems
are presented and one remedy to this degeneracy by using
the multi-domain BEM is also demonstrated in this paper.

Piezoelectric equations are in a more general framework
than the elasticity equations. Therefore, results regarding
the elasticity BIE, such as values of the jump terms and
whether or not degenerate/non-degenerate when applied to
thin shapes, can not be generalized to the piezoelectric BIE
without explicit proofs. These results have been assumed in
the BEM literature for the piezoelectric BIE, which turn out
to be correct, but have left many confusions regarding the
piezoelectric BIE. This paper serves in part to clarify these
confusions by providing the necessary and rigorous deriva-
tions or proofs. In the meantime, the method developed in
this paper for deriving the BIEs without ever exploiting the
explicit expressions of the fundamental solutions is quite
interesting and general, which can be applied to other
cases when the fundamental solutions are not available in
explicit forms.

The degeneracy of the piezoelectric BIE when applied to
the two surfaces of a crack, as proved in this paper, neces-
sitates the study of the hypersingular BIE for piezoelectric
solids with defects. For elastic solids with cracks, the hyper-
singular (traction) BIE has been found very effective and
efficient. However, the results for the hypersingular BIE in
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elasticity, such as the regularization of the hypersingular
kernel, cannot be generalized automatically to the hypersin-
gular BIE in piezoelectricity. Rigorous derivations and
proofs are necessary and underway. Results regarding the
hypersingular BIE in piezoelectricity, such as additional
integral identities for the fundamental solutions, regulariza-
tion procedures and the weakly singular form, will be
reported in a separate paper.

The non-degeneracy of the piezoelectric BIE when
applied to the two surfaces of a thin piezoelectric shell,
also proved in this paper, has significant implications in
applications of the piezoelectric BIE to smart materials.
The piezoelectric sensors and actuators employed widely
in smart material applications are often made in thin films.
The BIEs based on elasticity and with thin-body capabilities
have been found extremely accurate and efficient in analyz-
ing elastic thin shells, films or coatings [11-15]. Extending
these capabilities of the elastic BIE to the piezoelectric BIE
promises to provide a much needed accurate and efficient
numerical tool for the analysis of piezoelectric sensors and
actuators.

The BEM implementation and applications of the devel-
oped weakly singular piezoelectric BIE to thin piezoelectric
films, including treatment of nearly singular integrals in
such applications, are underway and will be reported in a
subsequent paper.

Acknowledgements

Partial support by the National Science Foundation under
the grant CMS 9734949 is gratefully acknowledged. The
first author (Y.J.L.) would like to thank Professor J.S.
Yang at the University of Nebraska — Lincoln and Dr
L.Z. Jiang at General Electric for their various help and
many discussions on piezoelectricity and its numerical solu-
tion methods. The authors also thank the reviewers for their
constructive comments on revising this paper.

References

[1] Tiersten HF. Linear piezoelectric plate vibrations. New York: Plenum
Press, 1969.

[2] Tzou HS. Piezoelectric shells: distributed sensing and control of
continua. Dordrecht: Kluwer Academic, 1993.

[3] Banks HT, Smith RC, Wang Y. Smart material structures — model-
ing, estimation and control. Research in applied mathematics. Chiche-
ster: Wiley, 1996.

[4] Rizzo FJ. An integral equation approach to boundary value problems
of classical elastostatics. Q Appl Math 1967;25:83-95.

[5] Mukherjee S. Boundary element methods in creep and fracture. New
York: Applied Science, 1982.

[6] Cruse TA. Boundary element analysis in computational fracture
mechanics. Dordrecht: Kluwer Academic, 1988.

[7] Brebbia CA, Dominguez J. Boundary elements — an introductory
course 1989.

[8] Banerjee PK. The boundary element methods in engineering. 2nd ed.
New York: McGraw-Hill, 1994.

[9] Krishnasamy G, Rizzo FJ, Liu YJ. Boundary integral equations for
thin bodies. Int J Numer Methods Engng 1994;37:107-21.

[10] Liu YJ, Rizzo FJ. Scattering of elastic waves from thin shapes in three
dimensions using the composite BIE formulation. J Acoust Soc Am
1997;102(2):926—32 (Part 1, August).

[11] Liu YJ. Analysis of shell-like structures by the boundary element
method based on 3D elasticity: formulation and verification. Int J
Numer Methods Engng 1998;41:541-58.

[12] Luo JF, Liu YJ, Berger EJ. Analysis of two-dimensional thin struc-
tures (from micro- to nano-scales) using the boundary element
method. Comput Mech 1998;22:404—12.

[13] Liu YJ, Xu N, Luo JF. Modeling of interphases in fiber-reinforced
composites under transverse loading using the boundary element
method. J Appl Mech 2000; 67(1 (March)):41-49.

[14] LuoJF, Liu YJ, Berger EJ. Interfacial stress analysis for multi-coating
systems using an advanced boundary element method. Comput Mech
2000;24(6):448-55.

[15] Liu YJ, Xu N. Modeling of interface cracks in fiber-reinforced
composites with the presence of interphases using the boundary
element method. Mech Mater 2000;32(12):769-83.

[16] Chen SH, Liu YJ. A unified boundary element method for the analysis
of sound and shell-like structure interactions. I. Formulation and veri-
fication. J Acoust Soc Am 1999;103(3):1247-54.

[17] Liu YJ, Zhang D, Rizzo FJ. Nearly singular and hypersingular inte-
grals in the boundary element method, Boundary elements XV.
Worcester, MA: Computational Mechanics Publications, 1993.

[18] Barnett DM, Lothe J. Dislocations and line charges in anisotropic
piezoelectric insulators. Phys Status Solidi B 1975;67:105-11.

[19] Meric RA, Saigal S. Shape sensitivity analysis of piezoelectric struc-
tures by the adjoint variable method. AIAA J 1991;29(8):1313-8.

[20] Lee JS, Jiang LZ. Boundary element formulation for electro-elastic
interaction in piezoelectric materials, Boundary elements XV. Worce-
ster, MA: Computational Mechanics Publications, 1993.

[21] Lee JS, Jiang LZ. A boundary integral formulation and 2D funda-
mental solution for piezoelastic media. Mech Res Commun
1994;21(1):47-54.

[22] Lee JS. Boundary element method for electroelastic interaction in
piezoceramics. Engng Anal Bound Elem 1995;15(4):321-8.

[23] Lu P, Mahrenholtz O. A variational boundary element formulation for
piezoelectricity. Mech Res Commun 1994;21:605-11.

[24] Chen T, Lin FZ. Boundary integral formulations for three-dimen-
sional anisotropic piezoelectric solids. Comput Mech 1995;15:
485-96.

[25] Chen T. Green’s functions and the non-uniform transformation
problem in a piezoelectric medium. Mech Res Commun 1993;20:
271-8.

[26] Chen T, Lin FZ. Numerical evaluation of derivatives of the anisotro-
pic piezoelectric Green’s functions. Mech Res Commun 1993;20:
501-6.

[27] Wang C-Y. Green’s functions and general formalism for 2D piezo-
electricity. Appl Math Lett 1996;9(4):1-7.

[28] Dunn ML, Wienecke HA. Green’s functions for transversely isotropic
piezoelectric solids. Int J Solids Struct 1996;33(30):4571-81.

[29] Hill LR, Farris TN. Three-dimensional piezoelectric boundary
element method. AIAA J 1998;36(1):102-8.

[30] Ding H, Wang G, Chen W. A boundary integral formulation and 2D
fundamental solutions for piezoelectric media. Comput Methods Appl
Mech Engng 1998;158:65-80.

[31] Ding H, Liang J. The fundamental solutions for transversely isotropic
piezoelectricity and boundary element method. Comput Struct
1999;71:447-55.

[32] Jiang LZ. Integral representation and Green’s functions for 3-D time
dependent thermo-piezoelectricity. Int J Solids Struct 2000;37(42):
6155-71.

[33] Xu X-L, Rajapakse RKND. Boundary element analysis of piezoelec-
tric solids with defects. Compos Part B — Engng 1998;29:655-69.

[34] Zhao MH, Shen YP, Liu GN, Liu YJ. Fundamental solutions for



Y. Liu, H. Fan / Engineering Analysis with Boundary Elements 25 (2001) 77-91 91

infinite transversely isotropic piezoelectric media. In: Santini P,

Marchetti M, Brebbia CA, editors. Computational methods for

smart structures and materials, Boston: WIT Press/Computational

Mechanics Publications, 1998. p. 45-54.

Zhao MH, Shen YP, Liu GN, Liu YJ. Dugdale model solutions for a

penny-shaped crack in three-dimensional transversely isotropic

piezoelectric media by boundary-integral equation method. Engng

Anal Bound Elem 1999;23:573-6.

Pan E. A BEM analysis of fracture mechanics in 2D anisotropic piezo-

electric solids. Engng Anal Bound Elem 1999;23:67-76.

[37] Qin Q. Thermoelectroelastic analysis of cracks in piezoelectric half-
space by BEM. Comput Mech 1999;23:353-60.

[38] Rudolphi TJ. The use of simple solutions in the regularization of
hypersingular BIEs. Math Comput Modell 1991;15:269-78.

[39] Liu YJ, Rudolphi TJ. Some identities for fundamental solutions and
their applications to weakly-singular boundary element formulations.
Engng Anal Bound Elem 1991;8(6):301—-11.

[40] Liu YJ, Rudolphi TJ. New identities for fundamental solutions and

[35

[36

their applications to non-singular boundary element formulations.
Comput Mech 1999;24(4):286-92.

[41] Zemanian AH. Distribution theory and transform analysis — an intro-
duction to generalized functions, with applications. New York:
Dover, 1987.

[42] Liu YJ. On the simple-solution method and non-singular nature of the
BIE/BEM — a review and some new results. Engng Anal Bound
Elem 2000;24(10):787-93.

[43] Tanaka M, Sladek V, Sladek J. Regularization techniques applied to
boundary element methods. Appl Mech Rev 1994;47(10):457-99.

[44] Sladek V, Sladek J. In: Brebbia CA, Aliabadi MH, editors.
Singular integrals in boundary element methods, Advances in
boundary element seriesBoston: Computational Mechanics Publi-
cations, 1998.

[45] Mukherjee S. On boundary integral equations for cracked and for thin
bodies. Math Mech Solids 2001 (in press).

[46] Sosa HA. Plane problems in piezoelectric media with defects. Int J
Solids Struct 1991;28:491-505.



