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Abstract: An efficient method for studying the forced vibration of functionally graded conical shell is
demonstrated. Hamilton’s principle with the Rayleigh-Ritz method is utilized to obtain the equation of motion of the
FG conical shell. A group of simpler principal vibration modes of the conical shell with two simply supported
boundaries are demonstrated. The natural frequencies of FG conical shell can be obtained by solving eigenvalue
problem of the equation of motion and the steady responses of forced vibration can also be obtained by solving the
equation of motion. The exponential variation of material properties in the thickness direction of the plate is
considered. Numerical comparisons with the outcomes in the open literature are done to confirm the present
methodology. In addition, the forced vibration responses of a functionally graded conical shell are also computed.
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Introduction

The thought of the construction of
functionally graded materials (FGMs) was first initiated
in 1984 by a team of Japanese materials researchers
Koizumi M. (1993). From 20 years ago, FGMs have
tried a remarkable raise in terms of investigation and
development programs. Worldwide dispersion and
division of the outcomes through publications,
international symposiums and exchange programs
attests to this increasing development. They have many
acquired requests in rocket engine pieces, space plan
body, nuclear reactor components, first wall of fusion
reactor, engine components, turbine blades, hip implant
and other engineering and technological applications. A
detailed discussion on their design, processing and
applications can be found in Refs. (Obata Y et al., 1993;
Wetherhold RC et al., 1996; Suresh S et al., 1998;
Miyamoto Y et al., 1999; Kieback B et al., 2003)
Commonly, FGMs are constructed from a mixture of
metals and ceramics and are more characterized by a
continuous and smooth change of the mechanical
properties from one surface to another. In addition, a
mixture of ceramic and metal with a continuously
changing volume fraction can be easily fabricated. (see,
for instance, (Miyamoto Y et al.,1999; Reddy JN et
al.,1998; Liew KM et al.,2002)) FGMs now have been
considered as one of the most encouraging candidates
for coming smart composites in numerous engineering
fields such as fast computers, aerospace, biomedical
industry, and environmental sensors. Regarding the
obvious significance in practical applications, the
vibration behaviors of FGM shell structures have
attracted increasing research effort. Conical shells are
greatly utilized in many engineering applications. It is
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essential to do the analysis of vibration of conical shells
for the purpose of vibration control, dynamical design
and others. To the present time, there are many papers
that have been published on the vibration problems of
conical shells (Khatri and Asnani, 1995; Goldberg et al.,
1960; Chang, 1978; Serpico, 1963). Lam and Li (1999)
and Li (2000) studied the frequency characteristics of
free vibration of rotating conical shell using the
Galerkin method. Fares et al. (2004) inquire into the
design and active vibration control of composite
laminated conical shells. They utilized the Liapunov—
Bellman theory to acquire the controlled deflections of
the shells. Liew et al. (2005) analyzed the free vibration
of thin conical shells utilizing the element-free kp-Ritz
method and discussed the frequency properties under
different parameters. Chai et al. (2006) investigated the
spatially distributed microscopic control characteristics
of distributed actuator patches on a rocket conical shell.
Sofiyev et al. (2008) studied the vibration and stability
of orthotropic conical shells with non-homogeneous
material properties under a hydrostatic pressure. It
should be noted that Liew and Lim (Liew et al.,1995;
Lim and Liew, 1996, 1995) methodically investigated
the free vibration of shallow conical shells using the pb-
2 Ritz method. Despite the fact that many studies on the
dynamic problems of the conical shells have been
published, the forced vibration problems of the
functionally graded conical shells have to be
comprehensively studied. Through the forced vibration
analysis, an efficient way for computing the forced
vibration responses can be acquired and further utilized
in the vibration control and dynamic designs of the
conical shells.
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Commonly, the equation of motion of the
conical shell is extremely complex and some of the
coefficients of the equation of motion are variables
(Soedel, 1981). Therefore, it is difficult to analytically
solve the equation of motion of the conical shell. In this
study, an efficient method for the forced vibration
analysis of functionally graded conical shells is
presented. The steady responses of the forced vibration
of functionally graded conical shells can also be
acquired by solving the equation of motion. In addition,
the effect of changing (g) gradient index on the force
vibration responses is studied.

2. Functionally gradient materials

A thin, isotropic and functionally graded conical
shell with constant thickness is assumed. Fig. 1 shows the
schematic diagram of the conical shell. The two
boundaries of the conical shell are simply supported (S-S).
In which for functionally graded materials with two
constituent materials Poisson ratio v is assumed to be
constant through the thickness, whereas the variations
through the thickness of Young’s modulus E(n) and the
mass density per unit volume p(n). According some
investigators (Nie et al., (2007); Zhong et al., (2003); Gu
et al, (1997)) assumed the exponential variation of
material properties in the thickness direction of the plates,
can be written as

E() = EypefG? (M

p() = p,, eEH*? e

in which 1 is the thickness coordinate (_?h <n< g),
and g >0 is the gradient index, and E, denote the

Young’s module of the bottom materials, p denote the
mass density per unit volume of the bottom materials.
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Figure 1. The schematic diagram of a FGM conical shell
(a) The geometry and the curvilinear surface and Cartesian
Coordinate Systems; (b) the infinitesimal shell element
and the corresponding stresses.

3. Equation of motion of FG conical shell

A thin and FG conical shell with constant
thickness is assumed. Figure 1 shows the schematic
diagram of the conical shell. The two boundaries of the

conical shell are simply supported (S-S). The
corresponding curvilinear surface coordinates O — &n
and Cartesian coordinates O —xyz are also shown in
Figure 1. The curvilinear surface coordinates are limited
to be orthogonal ones which coincide with the lines of
principal curvature of the neutral surface. For conical
shells, the lines of principal curvature of the neutral
surface are the circles ({-axis) and parallel meridians (&-
axis).

For a thin conical shell, plane stress condition is
assumed and the constitutive relation is given by
{0} =[0Q] &}, 3)
Where {0} is the stress vector, {e} is the strain vector
and [Q] is the reduced stiffness matrix. The stress vector
and the strain vector are defined as
{0} = {011 052 012 023}, (4)
{e}" ={e11 &2 €12 €23}, (5)
Where 0;, and g,, are the stresses in & and{ directions,
and g, is the shear stress on the & plane, and g, is the
shear stress on the {n plane. £;; and g,, are the strains
in the £ and{ directions, and €;, is the shear strain on
the & plane, and &,5 is the shear strain on the {n plane.
The reduced stiffness matrix is defined as
Qi1 Q12 0 0
Qiz Q22 0 0
0 0 0 Qg
For FGM materials the reduced stiffness Q;;(i, j =
1, 2 and 6jre defined as

(6)

. EMm
Qi1 = sz(— )(—1 —u2y
_ HE(
Q12 = a—u? (7
Oue = E)
66201 4+p)’

Where E(n) is the Young’s modulus and p is the
Poisson’s ratio. According Soedel (1981) and Love’s
shell theory, the components in the strain vector {e} are
defined as

&1 = ey tnky, § = ey +nk,, & =y +217,

€23 = €23 €©)
where e;, ¢, y and g are the references surface strains,
and k;, kandt are the surface curvatures. These
surface strains and curvatures are defined as
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( }= {Ou 1 6v+u+ w
v @Y= 08’¢sing dl & ¢Etang’
1 ou_ ow_v v 9)
Esing 0 08 &’ &tanay)’ (
{k . 0%w 1 ov
vk 3= 082’ E2singtanagy 0{
1 w1 dw 1 0%w
E2sira, 0(%2 & 0&’ Esingoéad]
1 v 1 v+ 1 a_W (10)

thanq)%_fztana@ &2sinay 0¢
For a thin conical shell the force and moment resultants
are defined as

h/2
{Ng, N, N, IY,,} =f {011, @2, @, g3} dy, (11)
~h/2
h/2 !
{011, @2, @32 d,,

(e, 3, 3= |

(12)
—h/2

Substituting Eq. (3), with substitution from Eq. (8), into
Egs. (11) and (12), the constitutive equation is obtained

as
{N}=[S] €},

(13)

where {N} and {€} are, respectively, defined as
{N}" = {Ng N; Ne¢ Neyy M Mg M}, (14)
{3 ={e; e, v ey3 kq k, 21}, (15)
and [S] is defined as

(A1 Az, 0 0 By By 0]

A12 A22 0 0 BIZ BZZ 0

0 0 Age 0 O 0 By

0 0 0 A4 O 0 0 (16)

Bll BIZ O O Dll D12 0

B12 BZZ 0 0 D12 D22 0

L 0 0 By 0 O 0 Dyl
where Aij Bjand D;; (i, =1, 2 and 6) are the

extensional, coupling and bending stiffnesses defined as

b
{4, B; B} = fthiJ{l. z,%3d,. 17)
2z

Notice that, unlike a homogeneous isotropic conical
shell where the coupling stiffnesses B; ;do not exist, the
B;; are present in the constitutive equation for a
functionally graded conical shell. This arises because of
material properties asymmetry about the mid-plane,
when Q; jare a function of Z for functionally gradient
materials. Notice that, unlike a homogeneous isotropic
conical shell where the coupling stiffnesses B; ;do not
exist, the B; jare present in the constitutive equation for
a functionally graded conical shell. This arises because
of material properties asymmetry about the mid-plane,
when Q; jare a function of Z for functionally gradient
materials. The strain energy and kinetic energy and
virtual work of a conical shell can be written as

i ol GG+ ()]

§ singdgd;d,, (18)

1 (M2 p2m L .
U= Ef_h/zfo T IS16)6 sing dsd;dy (19)

2w L
SW= f (q16u +q,6v +q36w) ¢ singdgd;
0o Jig
(20)

where q,, g and g; are the distributed load components
per unit area along the §,{, and) directions and are
assumed to act on the neutral surface of the shell. The
units of q;, g and gz are [N/m?]. For simply supported
conical shell, the boundary conditions at both ends can
be written as

U(IO' {,)tz U(l ’ {e) = O;

w(l,, {()t=w(, {)EO0

Ny1 (o, ¢,)t= Ny (1, ¢) &0,

Mll(l0' (,)tz Mll(IO' {,)tz O' (21)
In the Rayleigh—Ritz method, the shape of deformation
of the continuous system is approximated using a series
of trial shape functions that must satisfy the geometric
boundary conditions. The displacements can be written
as

u(E, $)e= )Y UfE, I 0 = U, IO,

i=1j=1

VE, $)E DD VifE, I D) = VI, r(e),
i=1)=1

WE, $)E DY WiE, I (0 = W, 3s(o),
i=1)=1

(22)
Where U, V and W are the trial shape functions or the
principal vibration modes, and p, r, s are the generalized
coordinates or modal coordinates. It is necessary to
demonstrate the formulations of the principle mode
shapes U, V and W in Eq. (22). A number of vibration
mode shapes of conical shells have been utilized. For
instance, Lam and Li (1999) and Li (2000) utilized a
kind of vibration modes of conical shells that are similar
to those of cylindrical shells. The main mode shapes of
conical shells with simply supported boundaries can be
declared as

Uif§, 3= cos[”’“_l")] cos(j 9,

L-b
. i =1, .
Vi€, §=sinf R sing 9,
. i =1 .
WiE, §=sinf " cosj 9,
i=1,2 ., mj=12 .,n (23)

where i and j denote the wave numbers in the meridional
and circumferential directions.

3206



Life Science Journal 2013;10(1)

http://www.lifesciencesite.com

Hamilton’s principle is written by
t2 t2

8(T—-U)dt +
t t
where T the kinetic energy, U strain energy and W work
(Khatri and Asnani, 1995; Mecitog™u, 1996) , t; and ¢,
are the integration time limits, §(0) denotes the first
variation. Then the kinetic energy, strain energy and
work are expressed in terms of the generalized

SWit =0, (24)

coordinates and displacement shape functions.
Substituting Eq. (22) into Eq. (18), the kinetic energy is
written by
=ty ap | 1Ty, ar | 1T, ds (25)
2dt Yat ' 2dt  Zdt | 2dt  3dt

where M;, M and M; are the modal mass matrices of
the functionally graded conical shell and they are listed
in Appendix A. Substituting Eq. (22) into (19), the strain
energy is written by

U= %pTKlp + %pTKZr +%pTK3s +%rTK2Tp +

%rTKJ +%rTK55 +%STK3Tp +%STK5T‘I" +

25TKgS, (26)
where K, K, .., Kare the modal stiffness matrices
which are also presented in Appendix A. Substituting
Eq. (22) into Eq. (20), the virtual work is expressed as
SW= q 1F;16p +q,F;;61 +q3F36s, 27)
where Fy;, E, and Fj; are the forcing matrices which
are also given in Appendix A. Substituting Egs. (25),
(26) and (27) into Eq. (24) and fulfilling the variation
operation in terms of p, r and s. They can be acquired as
MEX KX =10, (28)
where M, the generalized mass matrix, K, the stiffness
matrix , Q the forcing matrix and written by

M, 0 0 Ky, K, K;
M,=|0 M, of  K=|kI K, K;

0 0 M KI KI' K,
Q= [E;lql Fyoq, Fq3CI3]T'
X=[¢ T sT]T, 29)

a solution of Eq. (28) is in the form
X(t) = X,e’t, (30)
where A is the characteristic values or the eigenvalue
and X, is the eigenvector. Substituting Eq. (30) into the
homogeneous differential equation of Eq.(28) leads to
the following standard eigenvalue problem:

(M A2 +K )X, =0, (31
The imaginary parts of the eigenvalues are the natural
frequencies of the functionally graded conical shell. The
distributed loads are assumed to be harmonic and
deviate from symmetry. Since this is never exactly true
for engineering applications to assume that the load does
where © is the frequency of the dynamic loads and
d10» Qo and qsgare the amplitudes. The steady state
not deviate from symmetry. The distributed loads are
written by

solution of Eq. (28), according to the application of the

external dynamic loads, can be expressed as

X;(t) =A;sinot, i =1,2, .., 3m, (33)
where 4; is the amplitude that it should be determined.

Substituting Eq. (33) into Eq. (28) yields

(K —w?*Mp)A = Q,, (34)
Where
A=[4A, 4, ... 4m]F and Qo =

[ F1G10, K220, F3G30]"- The amplitudes A; of
X;(t Yan be found by solving Eq. (34). Then, the steady
state responses of the functionally graded conical shell
can be found.
4. Results and discussions
4.1. Validation of the present method
So that to confirm the present methodology, the results
are compared with the open literature in Table 1. In the
numerical calculations, the non-dimensional frequency
parameter is defined as (Lam and Li, 1999; Liew et al.,
2005; Irie et al., 1984).
f = Wy, IM’

(35)

Table 1. Comparisons of frequency parameter f for the
conical shell with S-S boundaries (m = 1, Metal).

Em

Irie et Lam
n al and Li | Present
(1984) | (1999)
2 10.7910 | 0.8420 | 0.84307
3 107284 | 0.7376 | 0.74163
4 |0.6352 | 0.6362 | 0.64194
o = 30° 5 ] 0.5531 | 0.5528 | 0.55902
0™ 6 | 04949 | 0.4950 | 0.50079
7 | 0.4653 | 0.4661 | 0.47079
8 | 0.4654 | 0.4660 | 0.46921
9 |04892 | 04916 | 0.49318
2 | 0.6879 | 0.7655 | 0.76424
3 10.6973 | 0.7212 | 0.72108
4 | 0.6664 | 0.6739 | 0.67467
o = 450 5 ]0.6304 | 0.6323 | 0.63364
0 6 | 0.6032 | 0.6035 | 0.60492
7 | 05918 | 0.5921 | 0.59311
8 1 0.5992 | 0.6001 | 0.60045
9 | 0.6257 | 0.6273 | 0.62691
2 105772 | 0.6348 | 0.63423
3 ] 0.6001 | 0.6238 | 0.62361
4 |0.6054 | 0.6145 | 0.61459
. = 60° 5 ]10.6077 | 0.6111 | 0.61128
0~ 6 | 0.6159 | 0.6171 | 0.61721
7 | 0.6343 | 0.6350 | 0.63479
8 | 0.6650 | 0.6660 | 0.66525
9 |0.7084 | 0.7101 | 0.70873

0:1&, ()& g (Dsinwt, €, ()t q({sinwt
q3(€' C')t: q30(()sina)t, (32)
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Figure 2. The amplitude of the displacements in the
& Candn directions at the position (I, + % ,g) of the
middle surface of functionally graded conical shell
varying with the frequency w of the dynamical load.
(a) In the § direction;(b)in the ¢ direction;(c)in the n
direction

(a) The Amplitudes of the Displacement u (m)

for g=0, 1, 2
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(b) The Amplitudes of the Displacement v (m)
for g=0, 1, 2
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where w,is the natural frequency of the conical shell
in radians per second.
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The constituent material properties of the
functionally graded conical shell is E,, = 70 GPa,
p, = 2710 kg/n? and p=p.=0.3 for the
material Al. The variation through the thickness of
Young’s modulus E(m) and mass density per unit
volume p(n) are the same as Egs. (1) and (2). The
structural parameters are h =0.004 m, h/a, =
0. 01 (1-1y)simg/a,=0.25. For the case of the
meridional wave number m = 1 and semi-vertex
cone angles oy = 30°, 48, 60 the frequency
parameters computed by Eq. (35) are listed in Table
1. Also the corresponding outcomes by Lam and Li
(1999) and Irie et al. (1984) are listed in Table 1. It is
clear from (Table 1) that the frequency parameters
acquired by the Rayleigh-Ritz method are in good
agreement with those in the open literature, which
confirms the wvalidity of the present analytical
method. In addition, the principal mode shapes
declared by Eq. (23) can be utilized for the conical
shells with two simply supported boundaries. The
forced vibration responses of functionally graded
conical shell with two simply supported boundaries
are computed. The structural parameters of the
functionally graded conical shell sample are identical
to those utilized in Section 3.1. The semi-vertex cone
angle is ay = 30°. The radii at the two ends are
a; =0.3manda, = 0. 4mly= 0.6 m and 1= 0.8 m
are the position coordinates of the conical shell in the
curvilinear surface coordinates O-&{n. Thus the
length of the conical shell is s =1-13= 0.2 m.
d10, Goand qzo are the amplitudes of the external
dynamic loads that all of them equal to 10 Pa. In the
computation, m and n in Eq. (23) are all set to be 1.
The amplitudes of the displacements in the &, {and n
directions of the middle surface of functionally
graded conical shell at position (I, + %,2) varying
with the frequency o (Hz) of external dynamic loads
and the gradient index g are shown in Figure 2. There
are some peak values of the displacements in Figure
2 that relate to the resonant responses of the
functionally graded conical shell under the external
dynamic loads. In addition, it is clear that the
displacements in the frequency-response curves are
reduced when (g) gradient index increase from 0 to 2.

5. Conclusions

The purpose of the investigation described
in this paper is to determine the forced vibration
responses of functionally graded conical shell under
harmonic load. it is clear that the displacements in the
frequency-response curves are reduced when g
increase from O to 2. Hamilton’s principle with the
Rayleigh—Ritz method is utilized to obtain the
equation of motion of the functionally graded conical
shell.
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The eigenvalue problem of the equation of
motion is solved to obtain the natural frequencies of
the functionally graded conical shell. The equation of
motion is solved to obtain the steady responses of
forced vibration. To validate the present method,
numerical comparisons with the results in the open
literature are done that show very good agreement. In
addition, the forced vibration responses of
functionally graded conical shell varying with the
external dynamical loads and gradient index are
calculated. This method can be utilized for other
kinds of boundary conditions of the conical shell.

Appendix A. The expressions of the modal mass,
modal stiffness and forcing matrices in Egs. (29) are
given by

2n h/2
M, = simg f f UUT p()edndede
lo -t/

M, = si n, fo - f f h/ZVVTp(n)édndédC

h/2

M, = sin, f - f f h/ZWW Tp(m)&dndédg

h/2

2n h/2 0U auT 1
— Smao T1 T
- f ffh,z e azo U +“ U

+uU—)E(n)dndéd€
2n h/2
smaof f f (??I(;J a:(; 2G( )dndédg
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1 J-ZTLJ' J-h/z au VT
+—
21+ Jy h/2 az; %

— —VTE)E(n)dndadc

2 (1 (2 oU_(aVT\E(m)n
iy ffh/z E <_> g dnded

Ta- u)tamofznf f:,zz (aVT>E?)n
2n h/2 T
2(1 +u)tam0f fl fh/z ag aV )E(éﬂd dedg

20 +u)tam0f2nf f:,zz ¢ E?)n

2n h/2
K :cos%f ff (UWTI
o 0 h/2
+ u—WT)E(n)dndédC

: 2n h/2 T
= ff - (Ge) G mmeanazac

3210

2
6 w )E(z)nd dede

o h/2

_ “s;r)l:l(%n% f h/{ f h/z aa

usma f f fh/z aé
o h/2 2

—u?) s1n0t0f f fh/z(U) (a v ?)n

2 h/2
“““0 ” w & )%d ded
h/2

2n h/2 T
f ~h/2
ol 2 aU 62w E
f ff ) (n)nd ndede
~ 2(1 + ) sing, H) siny h/2 6& g’ &
fﬂf fh/z aU aW E(n)n
2(1 + u) sinay h/2 £
2n h/2 T
S
4= (l 2)smu0 h/2 0(; g &

n2 v avTl 1
002 ) E()dnded

o M2 avavT Tl
+s1na0f f f ——&+VV -
b2 (% £

_VT - —)G(n)dndédg + :';;)0 X

27[ h/2 1 ;
VT ‘W VL, yyyTl 52 Viloav® i))
f f f h/2 0§ 3 é §3 05 § 05 §2

G(n)dndédé +

fﬂf fh/z iAY aV E(mn
(1- 2) sinotanay, n /2 £

2cosa, ** h/2
2(1+u)f f f o )(—)E(n)ndndadc

ot [ f [ aV)(V )ﬂdndédi

p smao

“2(1+p) h/2 g
3 cosa, (2 f f b/2 E(m)n
- V) ——dnd&d
2(1+w) Jy h/2 ( ) & ndeds
4 2n h/2
COS 0y f f ) (VT (ﬂ)ﬂ
2(1 + ) Jo h/2
o b2t
Ks = (1=2)tancg u2)tana0 f f f h/z_ —E(n)dﬂdidg
J-zTL J' J-h/z [)_V M 1 0\/ 02WT1
T a- 2)tana0 h/2 0f; 95 g2 Hﬂf; a2 &

1 0VOW l
sma oC 0(;

J-znf J-h/z v ﬂ__ 0_\/02WT1+
tano b2 0& ac g2 g AL &

2? G (m)n2dndedt +

2dndedg +

v ?wl
g2 950¢

—_—— X
(1 - p)tan’e,



Life Science Journal 2013;10(1)

http://www.lifesciencesite.com

[ L Eansg
62W E(mn

2 h/2
- 2)Slnznaof h/{ fh/z aavgv o 2) &
_(1——;@)[ f f b2 ag =

)Td ndéd¢
2n h/2 T

(- u)f f f b2 ag P )E(n)ndndadg
T

2n h/2
_2(1+M)L ffh/z aE_; aéag
6W E(mn

2(1 + p)smaofznf f;//zz 6& g

2n h/2 a2W (n)n
2(1“) il f | m( )(aéag)—é dndedc

2n h/2 (n)n
- \"% ——dndé&d
smao fznf fh/z 02W 0_WM1
h P 052 ae? 05; 9 ¢
2w aw’ aw o? W 2
o2 9% dndédé

0
211 h/2
n 1 f f f 4 1 ?walw 1
(1—p2)sina0 0 h/2 sm2ao 0(; 0(;2 &3

T
*w 92w 1

Moz sz et Mg e et a2

2w owT 1 aw 2w

9 52 9 a2 52

92w 2w 1

E(Dndndedg
2 hy/2
| f | e nandz; +
anZag h/2
f“f fh/z ow 2w’ owow' 1w ow!
sinag n/2 0&0(; 0&0(; aC o¢ & 0&aC a¢
1

_ oW W' G 5 _
3 aéac) n-dnd&dg =

[, fcw
Cowz) f ) f f " aW)(WT)@d dedg

h/2

u?) sinay tan ay
(n)n

u cosoy

=5, zﬂf J 1//22 ) (W) ECmdndeds

2n h/2 azw E(ﬂ)n
(- 2)sma0tana0f ffh/z( )( g

dnd&dC
cosao 2“[ fh/z( W) (2)11
h/2

]

p cos o

(36)

3211

2n 1l

F, = singg f U' eded,
0o Y1

2n 1
F,, = singg f f VT edede,
0o Y1

2n 1l
F ; = sino f W' edede,
0o Ji
Acknowledgements:

Authors are grateful to the Universiti
Teknologi Malaysia (Johor Bahru) for International
Doctoral Fellowship (IDF) to carry out this research.
Corresponding Author:

Amirhossein  Nezhadi,Faculty of Mechanical
Engineering,Universiti Teknologi Malaysia (UTM).
81310 UTM Skudai, Johor, Malaysia.

E-mail: a_h nezhadi@yahoo.com

References:

1. Chai, W.K,, Han, Y., Higuchi, K., Tzou,
H.S., 2006. Micro-actuation characteristics
of rocket conical shell sections. Journal of
Sound and Vibration 293, 286—298.

2. Chang, C.H., 1978. Membrane vibrations of
conical shells. Journal of Sound and
Vibration 60, 335-343.

3. Clough, R.W., Penzien, J., 1993. Dynamics
of Structures, second ed. McGraw-Hill Inc..

4. Fares, M.E., Youssif, Y.G., Alamir, A.E.,
2004. Design and control optimization of
composite laminated truncated conical shells
for minimum dynamic response including
transverse shear deformation. Composite
Structures 64, 139-150.

5. Goldberg, J.E., Bogdanoff, J.L., Marcus, L.,
1960. On the calculation of the
axisymmetric modes and frequencies of
conical shells. The Journal of the Acoustical
Society of America 32, 738-742.

6. Gu P, Asaro J. Crack in functionally graded
materials. Int J Solids Struct 1997;34:1-17.

7. Irie, T., Yamada, G., Tanaka, K., 1984.
Natural frequencies of truncated conical
shells. Journal of Sound and Vibration 92,
447-453,

8. Khatri, K.N., Asnani, N.T., 1995. Vibration
and damping analysis of multilayered
conical shells. Composite Structures 33,

143-157.
9. Kieback B, Neubrand A, Riedel H.
Processing techniques for functionally

graded materials. Mater Sci Eng A-Struct
Material  Prop  Micro-Struct ~ Process
2003;362:81-105.

. Koizumi M. The concept of FGM. Ceram
Trans Funct Grad Mater 1993;34:3-10.



Life Science Journal 2013;10(1)

http://www.lifesciencesite.com

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lam, K.Y., Li, Hua, 1999. Influence of
boundary conditions on the frequency
characteristics of a rotating truncated
circular conical shell. Journal of Sound and
Vibration 223, 171-195.

Li, Hua, 2000. Frequency analysis of
rotating truncated circular orthotropic
conical shells with different boundary
conditions.  Composites Science and
Technology 60, 2945-2955.

Liew KM, He XQ, Ng TY, Kitipornchai S.
Active control of FGM shell subjected to a
temperature gradient via piezoelectric
sensor/actuator patches. Int J Numer Meth
Eng 2002;55:653-68.

Liew, KM., Lim, M.K., Lim, C.W., Li,
D.B., Zhang, Y.R., 1995. Effects of initial
twist and thickness variation on the vibration
behaviour of shallow conical shells. Journal
of Sound and Vibration 180, 271-296.

Liew, K.M., Ng, T.Y., Zhao, X., 2005. Free
vibration analysis of conical shells via the
element-free kp-Ritz method. Journal of
Sound and Vibration 281, 627— 645.

Lim, C.W., Liew, K.M., 1995. Vibratory
behaviour of shallow conical shells by a
global Ritz formulation. Engineering
Structures 17, 63—70.

Lim, C.W., Liew, K.M., 1996. Vibration of
shallow conical shells with shear flexibility:
a first-order theory. International Journal of
Solids and Structures 33, 451-468.

Loy CT, Lam KY, Reddy JN. Vibration of
functionally graded cylindrical shells. Int J
Mech Sci 1999;41:309-24.

Mecitog™lu, Z., 1996. Vibration
characteristics of a stiffened conical shell.
Journal of Sound and Vibration 197, 191—
206.

Miyamoto Y, Kaysser WA, Rabin BH,
Kawasaki A, Ford RG. Functionally graded
materials: design, processing and
applications. London: Kluwer Academic
Publishers; 1999.

Nie GJ, Zhong Z. Semi-analytical solution
for  three-dimensional  vibration  of
functionally graded circular plates. Comput
Meth Appl Mech Eng 2007;196:4901-10.
Obata Y, Noda N. Optimum material design
for functionally gradient material plate. Arch
Appl Mech 1996;66:581-9.

Pradhan SC, Loy CT, Lam KY, Reddy JN.
Vibration characteristics of functionally
graded cylindrical shells under various
boundary  conditions.  Appl  Acoust
2000;61:119-29.

3212

25.

26.

27.

28.

29.

31.

. Reddy JN, Chin CD. Thermal-mechanical

analysis of functionally graded cylinders and
plates. J Therm Stresses 1998;21:593-626.
Serpico, J.C., 1963. Elastic stability of
orthotropic conical and cylindrical shells
subjected to  axisymmetric  loading
conditions. AIAA Journal 1, 128—137.
Shabana, A.A., 1997. Vibration of Discrete
and Continuous Systems. Springer-Verlag
Inc., New York.

Soedel, W., 1981. Vibrations of Shells and
Plates. Marcel Dekker Inc., New York.

Sofiyev, A.H., Omurtag, M.H., Schnack, E.,
2008. The vibration and stability of
orthotropic  conical shells with non-

homogeneous material properties under a
hydrostatic pressure. Journal of Sound and
Vibration.

Suresh S, Mortensen A. Fundamentals of
functionally graded materials. London:
Institute of Materials (IoM)

Communications Limited; 1998.

. Wetherhold RC, Seelman S, Wang JZ. Use

of functionally graded materials to eliminate
or control thermal deformation. Compos Sci
Technol 1996;56:1099—-144.

Zhong Z, Shang ET. Three-dimensional
exact analysis of a simplify supported
functionally graded piezoelectric plate. Int J
Solids Struct 2003;40:5335-52.

3/3/2013



