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A State Space Approach for the Analysis of Doubly Curved Functionally
Graded Elastic and Piezoelectric Shells

Chih-Ping Wu'> and Kuo-Yen Liu®

Abstract: Based on the three-dimensional (3D)
piezoelectricity, we present the exact solutions
of simply-supported, doubly curved functionally
graded (FG) elastic and piezoelectric shells using
a state space approach. A set of the dimension-
less coordinates and field variables is introduced
in the present formulation to prevent from the ill-
conditioned problem in the relevant computation.
By means of direct elimination, we reduce the
twenty-two basic differential equations to a set of
eight state variable equations (or state equations)
with variable coefficients of the thickness coor-
dinate. By means of the successive approxima-
tion method, we artificially divide the shell into a
NL-layered shell and the thickness of each layer
is small. That leads to a reasonable manipula-
tion to reduce the state equations of a thickness-
varying system for each individual layer to those
of a thickness-invariant system. Imposition of the
boundary conditions on the lateral surfaces of the
shell, the state variables through the thickness co-
ordinate can then be determined using the method
of propagator matrix. The direct and converse ef-
fects on the static behavior of doubly curved, mul-
tilayered and FG piezoelectric shells are studied.
The accuracy and the rate of convergence of the
present state space approach are evaluated.

Keyword: Piezoelectric material, Shells, 3D
solutions, FG material; Static , Electro-elastic
analysis; A state space approach

1 Introduction

In view of the rapid development on the ad-
vanced materials, the multilayered and function-
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ally graded (FG) piezoelectric materials have
widely been used as intelligent (or smart) struc-
tures for sensing and actuation purposes in recent
years. Three-dimensional (3D) analysis for these
types of structures is of much important for pro-
viding as a reference to develop an approximate
two-dimensional (2D) theory and for assessing a
variety of the relevant approximate theories and
numerical methodologies. Determination of those
3D solutions of FG piezoelectric plates and shells
therefore becomes an attractive research subject.

The state space approach is a conventional and
efficient method for the 3D analysis of an elas-
tic body. It has been successfully applied for the
static, dynamic and buckling analyses of homo-
geneous elastic and laminated composite struc-
tures in the literature (Vlasov, 1957; Bufler, 1971;
Fan and Ye, 1990; Soldatos and Hadjigeorgiou,
1990; Fan and Zhang, 1992). Introduction of the
state space method and comprehensive literature
review on its application to 3D problems of lami-
nated composite plates and shells have been made
by Ye (2003). Other analytical approaches for the
previous 3D analyses of homogeneous elastic and
laminated composite structures have also been
proposed in the literature, such as the method of
power series (Srinivas, 1970; Ren, 1989) and the
method of perturbation (Rogers et al, 1992, 1995;
Wu et al, 1996a, b; Wu and Chiu, 2002; Wu and
Chi, 2005).

With the increase in usage of the intelligent (or
smart) materials and structures, the 3D analysis
of multilayered and FG piezoelectric plates and
shells becomes as a new focus of researchers’
attention. Based on the linear theory of piezo-
electricity, several 3D static, dynamic and buck-
ling analyses of piezoelectric laminates have been
presented using the state space approach (Lee
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and Jiang, 1996; Chen et al, 2001; Kapuria and
Achary, 2004; Han et al, 2006). The aforemen-
tioned 3D electro-elastic problems of piezoelec-
tric laminates have also been studied by means
of the Frobenius method (Heyliger and Brooks,
1996; Heyliger, 1997; Dumir et al, 1997) and the
perturbation method (Wu et al, 2005; Wu and Lo,
2006; Wu and Syu, 2006; Wu et al, 2007). Sev-
eral numerical methodologies, such as the repro-
ducing kernel particle method, the meshless ra-
dial point interpolation method, the local Petrov-
Galerkin method and the element-free Galerkin
method, have been developed for the static and
dynamic analyses of homogeneous piezoelectric
and functionally graded piezoelectric structures
(Wang et al, 2002; Dai et al, 2004, 2005; Sladek
et al, 2006; Ferreira et al, 2005, 2006). Com-
prehensive reviews of theoretical analysis and nu-
merical modeling for piezoelectric laminates have
been presented by Saravanos and Heyliger (1999)
and Gopinathan et al (2000).

The previous literature has reported some draw-
backs of piezoelectric laminates such as huge
inter-laminar stresses induced at interfaces be-
tween adjacent layers constituting the laminates,
etc. This is mainly due to the material proper-
ties of the piezoelectric laminates having a sud-
den change at interfaces between adjacent layers.
A new class of intelligent structures, namely FG
piezoelectric plates and shells, has emerged un-
til quite recently of which material properties are
gradually varied through the thickness coordinate
so that the aforementioned drawback of piezo-
electric laminates can be eliminated. Hence, the
3D analysis of FG piezoelectric plates and shells
becomes important for providing a better design
of this type of intelligent structures.

Several 3D and accurate analyses of FG elas-
tic and piezoelectric plates have been presented.
A state space approach has been used for the
3D static analysis of FG piezoelectric plates by
Zhong and Shang (2003). In their analysis, the
material properties are assumed to obey the same
exponent-law dependence on the thickness coor-
dinate. It has been concluded that the proposed
approach may be valid for arbitrary mechanical
and electric lateral loads. Based on the pseudo-
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Stroh formalism, Pan (2003) extended Pagano’s
solution process of laminated composite plates to
the coupled analysis of FG elastic plates. In con-
junction with the pseudo-Stroh formalism and the
method of propagator matrix, Pan and Han (2005)
have studied the exact analysis of FG and lay-
ered magneto-electro-elastic plates. Ramirez et
al (2006) have presented the accurate solutions of
FG elastic anisotropic plates using a discrete layer
theory in combination with the Ritz method. It
has been illustrated that any continuous functions
representing the variation of material properties
along the thickness coordinate may be incorpo-
rated in the discrete layer model.

After a close literature survey, we found that the
literature dealing with the 3D analysis of FG
piezoelectric shells is scarce in comparison with
that of FG piezoelectric plates. The present paper
therefore aims to extendedly apply the state apace
approach to the 3D analysis of doubly curved FG
piezoelectric shells. The material properties are
assumed to obey the identical exponent-law ex-
ponentially varied with the thickness coordinate.
A set of dimensionless field variables is defined
and introduced in the present formulation to pre-
vent from the ill-conditioned problem in the rel-
evant computation. The present formulation in-
cludes the formulation of FG piezoelectric plates
as a special case by letting the curvature radius
an infinitely large value. For the comparison pur-
pose, the present formulation is further reduced
and applied to the 3D analysis of laminated elas-
tic and piezoelectric plates. The accuracy and
convergence rate of present solutions are vali-
dated by making the comparison with the 3D solu-
tions available in the literature. The through-the-
thickness distributions of inter-laminar stresses
are mainly concerned. It is illustrated that the phe-
nomenon of inter-laminar stress concentration is
eliminated in the FG piezoelectric shells. The in-
fluences of the radius-to-thickness ratio, the span-
to-thickness ratio and the material property gra-
dient index on the static behavior of FG piezo-
electric shells under electro-mechanical loads are
studied.
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2 Basic equations of 3D piezoelectricity

Consider a doubly curved functionally graded
piezoelectric shell as shown in Fig. 1 where the
thickness of the shell is 24. A set of the orthogo-
nal curvilinear coordinates o, 8, { is adopted and
located on the middle surface of the shell. R, and
Rp denote the curvature radii to the middle sur-
face; aq and ag are the curvilinear dimensions in
o and B directions, respectively.

7~

I| R, J/’ N«

Figure 1: The geometry and coordinates of a dou-
bly curved shell.

The linear constitutive equations valid for the na-
ture of symmetry class of the piezoelectric mate-
rial considered are given by
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where (04, Op, O¢s Tags Tges Tap) and (&q, &g, &,
Yaos V¢» Yap) denote the stress and strain compo-
nents, respectively. (Dq, Dpg, D¢) and (Eq, Eg,
E¢) denote the components of electric displace-
ment and electric field, respectively. c;;, e;; and
n;; are the elastic coefficients, piezoelectric co-
efficients and dielectric coefficients, respectively,
relative to the geometrical axes of the shell. The
material is regarded to be heterogeneous through
the thickness coordinate (i.e., ¢;;j({), €;;({) and

ni;())-
The kinematic equations in terms of the curvilin-
ear coordinates o, 3 and { are

eo = (1/Ya) (a0 +uz/Ra),

e = (1/75) (up.p +uc/Rp),

& =uge, 3)
Yoo = (1/¥p)ug p+up ¢ — (up/¥sRp),

Yot = (l/ya)ué,a tlg — (o /YoRa),
Yop = (1/Ya)up .o+ (1/78)tep;
in which 5 = 1 + ({/Ra): 1 = 1+ ({/Rp): e,
ug and u¢ are the displacement components.

The stress equilibrium equations without body
forces are given by

VBOu.o + Yo Tap,p+ Yo VBT

+ [(2/Ro) + (1/Rp) + (3L /RaRg)] Tog =0,
“4)

Yo OB.g + VB Top,o T Yo VBTBLL
+ [(1/Ra) 4+ (2/Rp) + (38 /RaRp)] T5¢ =0,
5)
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VBTal,o T YaTpsp+ YaVBOs g
+ [(1/Ra) + (1/Rg) + (28 /RaRp)] o¢
- (Vﬁ/Ra)Ga - (Va/Rﬁ)Gﬁ =0. (6)

The charge equation of the piezoelectric material
in curvilinear coordinates o, 8 and { is

Y8Da,o + Yo Dp g+ Ya YD ¢
+[(v3/Ra) + (Ya/Rp)| Dc = 0. (7)

The relations between the electric field and elec-
tric potential in curvilinear coordinates ¢, 3 and
¢ are

EO! = —(1/’}/&)(1),0‘,
By = —(1/75) D, ®)

where @ denotes the electric potential.

The boundary conditions of the problem are spec-
ified as follows:

On the lateral surfaces the transverse loads and ei-
ther electric potential or normal electric displace-
ment are prescribed,

on { = +h, (9a)
on § = =+h, (9b)

[Taz Tp¢] =10 0]
O¢ :q§(avﬁ)

either

® = (a,B) or Dy =Dy (e, B) on § = £h.
(10)

The edge boundary conditions of fully simple
supports require the following quantities be sat-
isfied:

Ga:uﬁ:Ltg:O, ata=0and ¢x =ay; (11a)
Gﬁ:ua:ugzo, atﬁ:Oandﬁ:aﬁ. (11b)

In addition, the edges are suitably grounded so
that the electric potential @ at the edges are zero
and given by

@ =0. (12)
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3 Nondimensionalization and the state equa-
tions

To scale the numerical values of all the field vari-
ables in an appropriate range, we define a set of
dimensionless coordinates and variables as fol-
lows.

x=0o/VRh, y=B/VRh, z={/h;
u=1uy/VRh v:uﬁ/\/R_h, w=ug/R;
R.=Rq/R, R,=Rg/R;
Oy =0q/Q, ©y=0p/0, o, = oy R/0Oh;
Tyz = TaC/Q\/Wv Tyz = TﬁC/Q\/Wa

Tx),:Taﬁ/Q; Dy =Dg/e\/h/R,
Dy=Dg/e\/h/R, D.=D¢]e;
¢ = De/Qh;

13)

where R, Q and e denote a characteristic length
of the shell, the reference elastic and piezoelectric
moduli, respectively.

In the present formulation the elastic displace-
ments (ug, ug, ug), the transverse shear and nor-
mal stresses (Ty¢, Tge, O¢), the electric potential
(@) and normal electric displacement (D¢ ) are se-
lected as the primary field variables. The other
field variables such as the in-surface stresses (o,
op and 7,p), electric displacements (D¢, Dg), the
components of strain (&q, €g, €, Yo Vges Yap)
and electric field (E, Eg, E¢) are the secondary
field variables and can be determined from the pri-
mary field variables. In order to make the compli-
cated system of basic 3D equations suitable for
mathematical treatment, we directly eliminate the
secondary field variables from Egs. (1)-(12) and
then substitute the dimensionless field variables
(Eq. (13)) in the resulting equations. That leads
to a system of state equations with variable coef-
ficients as follows:
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ds)
de1
ds3
| ds4

0
dy
d3;

0
dss
dea
de3
des

0
0
ds4
day
dsq
des
d4
dsq

dae
da7

© =

(14)

where d;; are the relevant differential operators
containing the derivatives with respect to the x and
y coordinates only, not z coordinate, and given in
Appendix A.

It is noted that the previous system of state equa-
tions for piezoelectric shells (Eq. (14)) can be fur-
ther reduced as those for piezoelectric plates by
letting 1 /R, =0 and 1/R, = 0. They are given as

u

1%

O;
d )p.|
aZ Txz B

Tyz

w

(¢
[0 0 0 0 l]5 0 l]7 l]g- u )
0 0 0 0 0 lz(, 127 lzg 1%
0 0 0 0 l]7 127 0 0 O;
0 0 0 0 hs bg 0 Lg| )D;
Isy Iss Is3 Is4 0 0 O Of )1
ler leo le3 lea O 0O O O |7y
l53 163 l73 l74 0 0 0 0 w
UUs4 loa g Isgg O 0 O O] Lo

15)

where the relevant differential operators /;; are
given in Appendix B.
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According to Eq. (15), we include the state space
analysis of FG piezoelectric plates as a special
case of the present formulation.

The in-surface stresses and electric displacements
are dependent field variables that can be expressed
in terms of the primary variables in the following
form

(o =Biju+Biw+Bio, +B4D, (16)
d=Bs0,+Bs0, 17
where
Oy
6,=10 ¢,
Tx)7
7}11 1}12 7}13_
By = by bxn|, Ba= |by|,
131 b3 | b33 ]
7}14 7}15_
By = |byu |, By= |bs |,
| D34 | b3s
B _ 1}41 1}42] _ [1:?43]
> |bsy bsa)’ bs3|’

and b; ; are given in Appendix C.
The dimensionless form of boundary conditions
of the problem are specified as follows:

On the lateral surface the transverse load and elec-
tric potential are prescribed,

[T: Ty)=1[0 O] onz= =1, (18a)
o, =g (xy) onz=+I, (18b)
either

=9 (x,y) or D =D (x,y) onz==:l, (19)
where & = q?R/Qh; azi = Ezte/hQ; Bzi =
th/e.

At the edges the following quantities is satisfied:
or=v=w=0atx=0and x=ay/VRh, (20a)
oy,=u=w=0aty=0andy=ag/VvRh. (20b)

In addition,

¢ =0. 1)
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4 Applications to the benchmark problems
4.1 Double Fourier series expansion

The edge boundary conditions of the shells are
considered as fully simple supports in the analy-
sis. By means of the method of separation of vari-
ables, the primary field variables are expanded as
the following forms of double Fourier series so
that the boundary conditions of simply supported
edges are exactly satisfied.

U= y(z)cosxsindy, (22)
m=1n=1

V=" vu(z)sinsixcosiy, (23)
m=1n=1

w= 3" wu(z)sinmxsiny, (24)
m=1n=1

Ty = 3. Y, Teomn(2) cOSTXSINTY, (25)
m=1n=1

Tyz= 3, Y Tyzma(2)sinsixcosy, (26)
m=1n=1

0.= Y Y Oun(z)sinsxsiniy, 27
m=1n=1

D, =Y. Du(z)sinsixsindy, (28)
m=1n=1

=3 Gu(z)sinmxsindy, (29)

3
Il
—_
3
Il
—_

where 7it = mm\/Rh/aq and i = nwv/Rh/ag.
Substituting Egs. (22)-(29) in Eq. (14) yields

I B = D) (30)
Z

where F(z) is called the state vec-
tor of the shell and given as F7(z) =
[”mn Vimn Ozmn Dzmn Txzmn Tyzmn Wmn ¢mn]7 the
components of F(z) are state variables; D(z)
is called the coefficient matrix (or the system
matrix) and given as

D(z) =
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di 0 0 0 ds 0 diy dis)
d31 dyn dszds —di7 —dy; dy; O
0 0 0 dyg —dig —dyzs 0 dag
dsi dsy dszydsa dss 0 ds; 0 |’
de1 der desdes 0 des de7 O
—ds3 —de3 d73d7a 0 0 dy7 O
| —dss —des d7adsa 0 0 —dzs O |

and d;; are functions of z.

Practically, the system of Eq. (30) can be com-
pared to a linear time-varying system in structural
dynamics problems where the prescribed condi-
tions of electric and elastic field variables at the
bottom surface of the shell are regarded as the ini-
tial state of the system. It is well known that a
linear time-varying system is much more difficult
to be solved than a time-invarient system of the
same order. A successive approximation method
(Ye, 2003) is used to solve Eq. (30) by solving
a series of state equations of a time-invarient sys-
tem.

4.2 The method of propagator matrix

Based on the successive approximation method,
we artificially divide the thickness of the shell
into NL layers with a uniform and small thick-
ness. The dimensionless thickness coordinates of
the top and bottom surfaces of a typical k""-layer
are defined as z; and z;_1, and the thickness of the
k'"-layer is hy = (zx — zx—1)h = 2h/NL. For the
typical k”*-layer, Eq. (30) can be approximately
represented as

0 _
8_ZF(Z) =DiF(z) z—1 <z<x, (31)
where Dy, is a 8 x8 constant coefficient matrix and
ﬁk — D(Zk+zk_| )

455,
With a known state vector at the bottom surface of
the k'"-layer (F;_1), the solution of equation (31)
is

F(Z) — eDk(Z_Zk—I )Fk—l

32
— MkeAk(Z_Zk_')Mk_le_l, ( )

where M; is the modal matrix of Dy consisting of
eight independent eigenvectors; Fy_; = F(zx_1);
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eM is a 8 x 8 diagonal matrix and given by

M0 -0
e 0 P ... 0
0 o .. o
in which A, Az, -+, Ag are the set of eigen values
of Dy.

According to Eq. (32), the state vector within the
k'*-layer can be determined. By using z = z, the
state vector of the top surface of the k*-layer is
then determined as follows.

Fi = RF;_, (33)

where Fy = F(z); R = Mye MM, .
By analogy, the state vectors between the top and
bottom surfaces of the shell are linked by

Fye =RniF(yi-1)

(34)
=Ry Rr-1) - RiFo.

By defining a symbol of consectutive multiplica-
tion, we rewrite Eq. (34) in the form of

NL
Fy, = <HRk> Fo, (35)
k=1

NL
where kH] Rk = RNLR(NL—]) e 'R2R1 .

Equation (35) represents a set of simultaneous al-
gebraic equations. After imposing the boundary
conditions prescribed on the lateral surfaces, Eqs.
(18) and (19), the other unknowns in state vectors
of lateral surfaces of the shell can then be deter-
mined. After then, the state vector through the
thickness coordinate of the shell can be obtained
by

F(z) = MMM R,
k-1 )
= MyeMEap ! (H Rl-) Fo

i=1

Equations (35)-(36) provide approximate solu-
tions of a system of the state equations with vari-
able coefficients. The accurate solutions of the
system can be approached by increasing the total
number of artificailly divided layers.

(36)
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5 TIllustrative examples

The 3D static analysis of simply supported,
doubly curved functionally graded piezoelectric
shells under electro-mechanical loads is studied
using the aforementioned formulation. In illustra-
tive examples, we consider five cases of electro-
mechanical loads as follows:

Case 1.

¢ = qosin(ra/aq)sin (np /ag) N/m?,

(37)

g, =0 N/m?.
Case 2.

q‘g = qosin (nf/ag) Nim?,

qg =0 N/mz;

Y ) (38)
&, =0C/m",

&, =0C/m”.
Case 3.

qg = 0 N/m?,

qg =0 N/mz;

- , . (39)
@, = Dysin (1 /ag) C/m?,

@, =0C/m”.
Case 4.

62 = qosin (7B /ag) N/m?,

qg =0 N/mz;

_: ) (40)
Dy =0C/m”,

Dy =0C/m’.
Case 5.

qg =0 N/m?,

qg =0 N/mz;

(41)

BZ = Dysin (8 /ag) C/m?,
D; =0C/m’.

The structural behavior of three types of piezo-
electric shells are evaluated and the through-the-

thickness distributions of material properties are
described as follows:
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Type 1 single-layer piezoelectric shells

For a Type 1 shell, the material properties are
assumed as homogeneous, independent upon the
thickness coordinate, and are given by

m;j(C) = myj, 42)

where m;; represent the coefficients of ¢;;, e;; and
n;; and are constants.

Type 2 multilayered piezoelectric shells

For a Type 2 shell, the material properties are as-
sumed as the layerwise step functions through the
thickness and are given by

NL
mi(§) = Y m H(C —G) —H (G~ &),
k=1
43)

where H({) is the Heaviside function; {;_; and
{x are the thickness coordinates measured from
the middle surface of the shell to the bottom and
top surfaces of the k-layer, respectively.

Type 3 exponent-law class of functionally graded
piezoelectric shells

For a Type 3 shell, the material properties are as-
sumed to obey the identical exponent-law varied
exponentially with the thickness coordinate and
are given by

mi; = mg_?)ea[(é—i-h)/Zh]’ (44)

where ml(f) are the material properties of bottom
surface; ¢ is the material property gradient index
which represents the degree of the material gradi-
ent along the thickness coordinate and is taken as
the values of -3.0, -1.5, 0, 1.5, 3, respectively, in

the present analysis.

As we aforementioned, the FG shell is consid-

ered to be divided into NL individual homoge-

neous layers in the present state space formula-

tion. HenceE ;for a typical k"-layer the material
k

properties m;;* are determined in a thickness av-

erage sense and are given as

m;.w = — mi; d
1 hk G ](C) C
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(2050, ®) [em/zh)g _ole/2me

hkOC i
(o #0), (45a)
m(f> - m(j’> (o= 0). (45b)

It is noted that the formulations for static behavior
of single-layer homogeneous piezoelectric shells
and FG elastic shells are also regarded as the spe-
cial cases of the present formulation by letting
o =0 and ¢;; = 0, respectively.

5.1 Multilayered Elastic Shells

For the comparison purpose, the present state
space formulation is applied for the analysis
of a simply-supported, [0°/90°] laminated dou-
bly curved shell under the loading condition of
Case 1 in Table 2 where 0°-layer is the upper
layer and 90°-layer is the lower layer. The or-
thotropic material considered is elastic and or-
thotropic and its properties are: Ej/Ep = 25,
GLT/ET =0.5, GTT/ET =0.2, v =vr7r =0.25,
Er = 6.89 x 10°N/m?. The geometric parameters
are taken as Ry /aq =5, Rg/ag = 10, ag/ag = 1
and S = ay/2h = 10. The dimensionless field
variables are defined as G;; = 0;;/qo and W =
ug(2h)*Er(10°)/qo(aq)*. The accuracy and the
convergence rate of the present solutions are eval-
uated in comparison with the 3D asymptotic solu-
tion available in the literature (Wu et al, 1996a). It
is shown that the convergence rate of the present
solution is rapid and the convergent solution is in
excellent agreement with the 3D asymptotic solu-
tion.

5.2 Single-layer Piezoelectric Shells

The present state space formulation is also used
for the coupled analysis of simply-supported, ho-
mogeneous piezoelectric cylindrical shells under
the cylindrical bending type of applied mechani-
cal load and applied electric potential (Case 2 and
Case 3) in Tables 3-4, respectively. The shells are
considered to be composed of polyvinyledence
fluoride (PVDF) polarized along the radial di-
rection. The elastic, piezoelectric and dielectric
properties of PVDF material are given in Table
1. The dimensionless variables are denoted as the
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Table 1: Elastic, piezoelectric and dielectric properties of composite and piezoelectric materials

Moduli PVDF PZT-4 Orthotropic material
c11(GPa) 3.0 138.499 7.3802
0 3.0 138.499 173.406
€33 3.0 114.745 7.3802
c12 1.5 77.371 2.3121
c13 1.5 73.643 1.8682
23 1.5 73.643 2.3121
Ca4 0.75 25.6 3.445
C55 0.75 25.6 1.378
Co6 0.75 30.6 3.445
e (C/m?) 0.0 12.72 0
€15 0.0 12.72 0
€31 -0.15e-02 5.2 0
e 0.285e-01 -5.2 0
€33 -0.51e-01 15.08 0
N (F/m)  0.1062¢-09  1.306e-08 1.53e-08
N2 0.1062e-09  1.306e-08 1.53e-08
N33 0.1062e-09 1.151e-08 1.53e-08

same forms of those in the Reference (Dumir et
al, 1997) and given as follows:

For the cases of applied mechanical load (Case 2),

100,
(ﬁeaﬁr)zi ug,ug),
2hSilao] 0

(6)(, 69 ; 61’7 ?Gr)

46
— (0w/S% 03 /S2 07, Tpc /Sk) [ laol, 1O
(D¢, D;) = (Dg,D¢) / |di| Sk |qol ,

0 = |d\| Y, /2hSk |q0],

and S; = Rg/2h, Y, = 2.0GPa, dy = =30 x

10-2CN T
For the cases of applied electric potential (Case
3),

100
g, uy) = —— (ug, u
(e, ) = EANIY (1p.1¢)

(61,00,6/,70r)
(Ga,SRGﬁ,Sch, Rrﬁg)Zh/Y |d1||do],
(De.D,) = (SkDg,D¢) 2h/ |di|* Yy | o],
& =9¢/|gol.

Tables 3-4 show the present NL-layers solutions
of elastic and electric field variables at crucial po-
sitions in the cylindrical shells. The geometric

(47)

parameters are taken as Rg/2h= 4, 10, 100 and
ag/Rg = m/3. Tt is shown that the convergence
rate of elastic variables is more rapid than that of
electric variables in the cases of applied mechan-
ical load (Case 2). On the contrary, the conver-
gence rate of elastic variables is slower than that
of electric variables in the cases of applied elec-
tric potential (Case 3). The present 100-layers so-
lutions are illustrated to be in excellent agreement
with the 3D piezoelectricity solutions of both Du-
mir et al (1997) using the power series method
and Wu and Syu (2007) using the method of per-
turbation.

5.3 FG Elastic Shells

The static behavior of doubly curved functionally
graded elastic shells under the loading condition
of Case 1 is considered in Figs. 2 and 3. The
material properties of the shells are considered as
orthotropic and obey the identical exponent-law
exponentially varied through the thickness coor-
dinate. The material properties of bottom surface
are considered as othotropic and are given in Ta-
ble 1. The dimensionless field variables are de-
fined as (u,w) = (uq,up)(c*/2hqo), (Gi,7ij) =
((71', Tij)/q() and ¢* = 1010 1\1/1112
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‘ Theories T (%,7.2) /00 Tp (%.7.2) /90 O¢(5:7.3) /a0 Tar(0.7.2) /90 Tpe (%.0.2) /g0 (%7 .2)
1.0  Present solution NL = 4 72.2915 8.5832 1.0000 0.0000 0.0000 11.9177
6 72.3661 8.5877 1.0000 0.0000 0.0000 11.9178
8 72.4012 8.5898 1.0000 0.0000 0.0000 11.9178
10 72.4215 8.5910 1.0000 0.0000 0.0000 11.9179
20 72.4603 8.5935 1.0000 0.0000 0.0000 11.9179
3D asymptotic solution 72.5015 8.8503 1.0000 0.0000 0.0000 11.9190
(Wu et al., 1996)
0.0%  Present solution NL = 4 -55.6223 1.9666 0.4296 1.3964 0.9963 11.9569
(-1.5142) (62.6979) (0.4296) (1.3964) (0.9963) (11.9569)
6 -55.6562 1.9676 0.4296 1.3964 0.9963 11.9569
(-1.5152) (62.7315) (0.4296) (1.3964) (0.9963) (11.9569)
8 -55.6749 1.9680 0.4296 1.3964 0.9963 11.9570
(-1.5158) (62.7472) (0.4296) (1.3964) (0.9963) (11.9570)
10 -55.6868 1.9683 0.4296 1.3964 0.9963 11.9570
(-1.5162) (62.7563) (0.4296) (1.3964) (0.9963) (11.9570)
20 -55.7119 1.9687 0.4296 1.3964 0.9963 11.9570
(-1.5171) (62.7736) (0.4296) (1.3964) (0.9963) (11.9570)
3D asymptotic solution -55.7425 2.0775 0.4296 1.3965 0.9964 11.9581
(Wueet al., 1996) (-1.5182) (62.9176) (0.4296) (1.3965) (0.9964) (11.9581)
-1.0  Present solution NL =4 -8.1885 -68.9423 0.0000 0.0000 0.0000 11.8897
6 -8.1944 -68.9639 0.0000 0.0000 0.0000 11.8898
8 -8.1974 -68.9758 0.0000 0.0000 0.0000 11.8898
10 -8.1993 -68.9834 0.0000 0.0000 0.0000 11.8898
20 -8.2031 -68.9994 0.0000 0.0000 0.0000 11.8899
3D asymptotic solution -8.2074 -69.0028 0.0000 0.0000 0.0000 11.8910

(Wu et al., 1996)
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Table 4: Mechanical and electric components at the crucial positions in single-layer piezoelectric cylindrical shells (PVDF) under cylindrical bending

(Case 3)
Rg/(2h) Theories g (0,+h) % (%.,0) G (%, +h) & (%, —h) Go(%.—h) %o (0.-%) 9(%.0) D (% +h)
4 Present solution NL =4  -28.7331 11.3436 -0.1408 -0.1431 -1.8802 0.3187 -0.4978 62.8186
6 -28.7387 11.6501 -0.1370 -0.1413 -1.7962 0.3598 -0.4978 62.7903
8 -28.7408 11.7573 -0.1353 -0.1402 -1.7429 0.3740 -0.4978 62.7805
10 -28.7418 11.8070 -0.1343 -0.1395 -1.7072 0.3807 -0.4978 62.7760
20 -28.7431 11.8732 -0.1324 -0.1378 -1.6273 0.3895 -0.4978 62.7699
100 -28.7436 11.8943 -0.1311 -0.1363 -1.5552 0.3924 -0.4978 62.7680
3D solution
Dumir et al. (1997) -28.74 11.90 -0.1307 -0.1359 -1.536 0.3925 -0.4978 62.77
Wu and Syu (2007)  -28.7436 11.8952 -0.1307 -0.1359 -1.5361 0.3925 -0.4978 62.7679
10 Present solution NL =4  -26.6083 5.7244 -0.1068 -0.1116 -2.3780 0.2296 -0.5070 58.9664
6 -26.5405 6.0662 -0.1052 -0.1108 -2.1450 0.3231 -0.5070 58.9653
8 -26.5168 6.1858 -0.1044 -0.1103 -2.0026 0.3562 -0.5070 58.9649
10 -26.5058 6.2412 -0.1040 -0.1100 -1.9088 0.3714 -0.5070 58.9647
20  -26.4912 6.3150 -0.1032 -0.1093 -1.7023 0.3917 -0.5070 58.9644
100 -26.4865 6.3387 -0.1026 -0.1087 -1.5189 0.3982 -0.5070 58.9644
3D solution
Dumir et al. (1997) -26.49 6.340 -0.1024 -0.1086 -1.410 0.3984 -0.5070 58.96
Wu and Syu (2007) -26.4863 -6.3397 -0.1024 -0.1086 -1.4705 0.3984 -0.5070 58.9643
100 Present solution NL =4  -26.1898 1.8982 -0.1000 -0.1008 -10.0306 -1.2139 -0.5012 59.9192
6 -26.0788 2.2453 -0.0999 -0.1007 -7.7963 -0.3204 -0.5012 59.9193
8 -26.0399 2.3668 -0.0998 -0.1007 -6.4397 -0.0070 -0.5012 59.9193
10 -26.0219 2.4231 -0.0997 -0.1007 -5.5490 0.1378 -0.5012 59.9193
20 -25.9979 2.4981 -0.0997 -0.1006 -3.5951 0.3310 -0.5012 59.9193
100 -25.9902 2.5221 -0.0996 -0.1005 -1.8661 0.3928 -0.5012 59.9193
3D solution
Dumir et al. (1997) -25.99 2.523 -0.0996 -0.1005 -1.411 0.3953 -0.5012 59.92
Wu and Syu (2007)  -25.9899 2.5231 -0.0996 -0.1005 -1.4108 0.3953 -0.5012 59.9193
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Figure 2: Influence of the material property gradient index on the through-the-thickness distributions of
elastic field variables of FG elastic shells under mechanical load (Case 1).
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The influence of the material property gradient in-
dex on the through-the-thickness distributions of
various elastic field variables is presented in Fig.
2. The geometric parameters are considered as
Ro/ao=5, Rg/ag=10, ag/ag=1 and aq/2h=10;
the material property gradient index is taken as
a=3.0, 1.5,0.0, -1.5 and -3.0. It is shown that the
through-the-thickness distributions of in-surface
stresses is linear for the single-layer homoge-
neous elastic shell (a¢=0) and the higher-order
polynomial variations for the FG shells (o # 0).
The distributions of transverse shear stresss are
the higher-order polynomial variations through
the thickness of the shell. The maximum value
of the transverse shear stress occurs at the middle
surface in the case of single-layer homogeneous
elastic shell (a=0). The position of maximum
value of transverse shear stress is moving toward
the upper surface as « is positive (&« > 0) and in-
creases; whereas it is moving toward the lower
surface as « is negative (o« < 0) and decreases.

The influence of the span-to-thickness ratio on
the through-the-thickness distributions of various
field variables are given in Fig. 3. The geo-
metric parameters and material property gradient
index are considered as Ry /aq=10, Rg/ag=10,
ag/ag=1, S = aq/2h=4, 10, 20 and ®=3.0, re-
spectively. It is shown that the in-surface stresses
and transverse shear produced in the thin shells
(8=20) are much larger than those in the thick
shells (S=4).

5.4 FG Piezoelectric Shells

The direct and converse piezoelectric effects
of FG piezoelectric cylindrical shells under the
cylindrical bending type of electro-mechanical
loads (Cases 4 and 5) are studied in Figs. 4-5 and
Figs. 6-7, respectively. The piezoelectric material
of PZT-4 is used as the material of bottom sur-
face and its material properties are given in Table
1. The dimensionless field variables are given as
follows:
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For loading condition of Case 4 (Eq. (40)),

(v,w) = (ug,ug)(c"/2hqo),
(64,7i;) = (01, Tij) / 90,

_ (48)
D = De" /q0(2h),
D; = Djc* /qoe*;
For loading condition of Case 5 (Eq. (41)),
(v,w) = (ug,u¢)(e*/2hDy),
G, 7ij) = (01, Tij) (" /Doc”),
(©1.7) = (0. 7)(¢"/Doc’) )

@ = @ (e*)* /Doc* (2h),
D; = D;/Dy;
where ¢* = 10C/m?.

The geometric parameters and material prop-
erty gradient index are taken as S = ag/2h=10,
ag/Rg = /3, @=3.0, 1.5, 0.0, -1.5, -3.0 in Figs.
4 and 6; S =ag/2h=4,10, 100, ag/Rg = m/3 and
a=3in Figs. 5 and 7.

The influence of material property gradient in-
dex on the through-the-thickness distributions of
various field variables of the moderately thick
FG shells (S5=10) under the applied mechanical
load and applied electric displacement is shown
in Figs. 4 and 6, respectively. It is shown that
the through-the-thickness distributions of electric
field variables change dramatically in the cases
of applied mechanical load as the index o be-
comes a negative value; whereas those of trans-
verse stresses change dramatically in the cases of
applied electric displacement as the index o be-
comes a negative value. It is also shown that the
distributions of various field variables through the
thickness coordinate of the homogeneous shells
(o = 0) reveal different patterns with those of the
FG shells (o # 0) in the cases of applied electric
displacement.

The influence of the span-to-thickness ratio on
the through-the-thickness distributions of various
field variables of the FG shells (a=3) under the
applied mechanical load and applied electric dis-
placement is shown in Figs. 5 and 7, respec-
tively. It is shown that the transverse stresses
produced in the thick shells (§=4) are larger than
those in the thin shells ($=20) as the shells are un-
der the applied electric displacement; on the con-
trary, the transverse stresses produced in the thick
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Figure 4: Influence of the material property gradient index on the through-the-thickness distributions of
elastic and electric field variables of FG piezoelectric shells under mechanical load (Case 4).
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shells are smaller than those in the thin shells in
the cases of applied mechanical load. It is also
shown that the influence of the span-to-thickness
ratio on the electric displacement is minor, but on
other field variables is significant in the cases of
the applied mechanical load and applied electric
displacement.

6 Concluding remarks

A state space formulation is developed for the
static analysis of simply supported, doubly curved
functionally graded piezoelectric shells under var-
ious electro-mechanical loads. Without loss of
generality, the material properties of FG shells are
assumed to obey the exponent-law dependence
through the thickness coordinate. The present for-
mulation includes the previous state space for-
mulations of single-layer homogeneous, multi-
layered and FG piezoelectric plates as well as
FG elastic shells as the special cases by letting
the curvature radius an infinitely large value and
the piezoelectric coefficients zero, respectively.
The present state space solutions are validated by
making the comparisons with the 3D solutions
obtained by both the power series method and
the method of perturbation available in the liter-
ature. A parametric study for the influences of
material property gradient index and the span-to-
thickness ratio on the through-the-thickness dis-
tributions of various field variables is made. It
is noted that the through-the-thickness distribu-
tions of various field variables in FG piezoelec-
tric shells reveal different patterns from those in
homogenous piezoelectric shells in the cases of
applied electric displacement. Based on the pre-
vious illustrations, we suggest that an advanced
2D theory may be necessary to be developed for
the analysis of FG piezoelectric shells.
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Appendix A

The relevant differential operators d;; in Eq. (14)
are given as follows:

diy =h/RRYy, dis=hQ/Rcss,

di7 = —(1/Ya)k,

dig = —(hQ/Re)[(e15/c55Y0)0x]

doy =h/RRyYs, dy=hQ/Rcua,

dy7 = —(1/1p)0,

dag = —(hQ/Re) [(€24/caa¥p)dy] ,

dz1 = [(O11/Re7g) + +(021/RyYa¥p)] 0%,
dzp = — [(le/Rx}’a?’ﬁ) +(Q22/Ry7’[25)} o

dsa =—(h/RYo) |(1/Ro)+(1/R))+(2hz/RR.R,)
— (@i37p/R,) — (ax¥a/R))|.

dss = (e/ QR Yu)b13 + (e/ QRyYp)b23,

d37 = [(Qn/R,%}/é) + (0124 021)/RRy Yo v

CMC, vol.6, no.3, pp.177-199, 2007

+(0n/B).

das = —(h/R) [(1/Re¥a) + (1/Ry3p)] ,

dis = (hQ/Re?) [(1/22) (e}s/ 55 +111) 2
+ (/1) (a/caa+12)d, .

dsi = — [(Qll/ygg)axx‘i'(Qﬁﬁ/}%)ayy} ;

dsy = — [(O12+ Q66) /Yo Y] Ory
ds3 = —(h/RYa)a130x, dss = —(e/QVa)b130k,

dss = ~(h/RYa¥p) | (2/R0) + (1/R))
+ (3hz/RRny)} :

ds7 = —[(011/R:Yz +(012/RyYa V)] 0
dsi = — [(Q21+ Des /}’a}’ﬁ] ey s

der = — [(Qﬁﬁ/?’z )0+ (022/75) >>}
des = —(h/Ryp)ax3d,,

des = —(e/Q¥p)b230),

dos = ~(h/RYap) [(1/R0) + (2/R)
+ (3hz/RRny)} :

de7 = — [(Qﬂ/nyay,g) + (Q~22/Ry7’[23)} o
dr3 = (I /R?) [On33 /(€33 + c33m33)]
drs = (h/R) [ee33/ (€33 +c33m33)]

d77 = —(h/R)(ai3/ReYa +ax/RyYp),
dgs = —(¢*/Q) [(c33)/ (€33 +c33m33)]

dg7 = —d3a4,

4 Ql] o b

Qij = 0 Qij = cij—aszjci3 —bsjes;

(iaj: 17276);

dn — €33e3; + 133Ci3 _ €33Cj3 —€3C33
B=—F —

2 ’ )
€33 +133¢33 €33 +133¢33

(i,j=1,2,6).
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Appendix B

The relevant differential operators /;; in Eq. (15)
are given as follows:

lis =hQ/Rcss, 1y = —0k,
lig = —(hQ/Re) [(e15/c55) 0] ,
¢ = hQ/Rcas, ly7=—0,,

hs = —(hQ/Re)[(exs/ca4)dy],

l48 - (hQ/Rez) |:(€%5/C55 + N1 )axx
+ (6%4/6'44 + n22)ayy s

Is1 = — [ 0110k + Oe60yy] »

Isy = —(Q12+ O66) Oy

Is3 = —(h/R)ai3dy, Isa=—(e/Q)b130;,
lo1 = —(Q21 + Q66) Oy

le = — [ O660kx + 0220yy] ,

lez = —(h/R)axsdy, lea=—(e/Q)br3dy,
I3 = (h*/R*) [ON33/ (€35 +c33733) ]

l14 = (h/R) [ee33 /(€33 +c33M33) ],

I =—(e*/Q) [(c33) /(€334 c3am33)] -

Appendix C

The relevant coefficients b; ;in Egs. (21)-(22) are
given by

bi1=(011/Ya)9: bia=(012/¥8),

byt = (021/Ya)0s b2 = (022/78)9),

b3 = (Q 6/?’/3) Vs by = (Qﬁﬁ/}’a)ax,

b1z = (011/YaR:) + (012/ 18Ry,

by3 = (021/YaRy) + (022/Ry), b33 =0
bis= (h/R)ar3, b= (h/R)az, bs=0,
bis=(e/Q)b13, bys=(e/Q)brs, b3s=0,
bs1 = (ee15/Qcss), bar =0,

byz = —(Q/¢*Vy) [(615/655)+ﬂ11]3x7
bsi =0, bsy= (eexs/Qcus),
bs3 = —(Q/€2Yﬁ) [(€34/ca4) +122] 0y
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