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In this study, nonlinear bending of functionally graded (FG) circular sector plates with simply
supported radial edges subjected to transverse mechanical loading has been investigated. Based
on the first-order shear deformation plate theory with von Karman strain-displacement relations,
the nonlinear equilibrium equations of sector plates are obtained. Introducing a stress function
and a potential function, the governing equations which are five non-linear coupled equations
with total order of ten are reformulated into three uncoupled ones including one linear edge-zone
equation and two nonlinear interior equations with total order of ten. The uncoupling makes it
possible to present analytical solution for nonlinear behavior of FG sector plates with simply-
supported radial edges via perturbation technique and Fourier series method. The material
properties are graded through the plate thickness according to a power-law distribution of the
volume fraction of the constituents. The results are verified by comparison with the existing ones
in the literature. The effects of non-linearity, material constant and boundary conditions on
bending of an FG sector plate are studied. It is shown that in bending analysis of functionally
graded sector plates, linear theory is solely applicable for w/h< 0.2 and is inadequate for analysis
of fully simply supported FG sector plates even in the small deflection range.

© 2019 Published by Semnan University Press. All rights reserved.

1. Introduction

the mechanical behavior of sector plates is
necessary. Based on the first-order shear

Functionally graded materials (FGMs) were first
introduced in 1984 by material scientists in Japan
[1]. These materials are heterogeneous and are
made of at least two constituents. Furthermore,
their properties vary continuously by gradually
changing the volume fraction of the constituent
materials along certain directions. They have found
many applications in different fields due to their
smooth variation in properties including spacecraft
heat shields, heat exchanger tubes, biomedical
implants, and flywheels [2].

Sector plates have a wide range of engineering
applications such as basic structural elements,
curved bridge decks, building floor slabs, and steam
turbine diaphragms [3]. Therefore, understanding
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deformation plate theory (FSDT), Ambartsumyan
[4] presented an exact analytical solution for
bending analysis of isotropic homogenous sector
plates with two radial edges simply supported
under uniform loading. Cheung and Chen [5]
employed the finite strip method for static and
dynamic analyses of thin and thick sectorial plates.
Lie and Liew [6] adopted the differential quadrature
method for a static analysis of annular sectorial
plates based on FSDT. Lim and Wang [7] developed
relationships between the Mindlin plate results and
the corresponding Kirchhoff plate solutions for
bending of annular sectorial plates with simply
supported radial edges. Based on the FSDT,
Jomehzadeh and Saidi [8] presented an exact



66 F. Fallah, M.H. Karimi / Mechanics of Advanced Composite Structures 6 (2019) 65-74

analytical approach for bending analysis of FG
annular sector plates. Developing a reformulation of
the governing equations within FSDT, Fallah and
Nosier [9] presented an analytical closed-form
solution for bending of FG circular sector plates with
simple supports at their radial edges, and subjected
to thermo-mechanical loadings. Based on FSDT,
Mousavi and Tahani [10] analyzed bending behavior
of radially functionally graded (RFG) sector plates
using multi-term extended Kantorovich method.
Based on classical plate theory (CLPT) of thin plates,
Fereidoon and Mohyeddin [11] proposed a semi-
analytical solution for bending behavior of thin
functionally graded sector plates with various types
of supports under uniform and non-uniform
loadings. Aghdam and Shahmansouri [12] studied
the bending of moderately thick clamped FG sector
plates using FSDT and extended Kantorovich
method (EKM). Fallah and Khakbaz [13] studied the
bending behavior of functionally graded annular
sector plates with arbitrary boundary conditions
subjected to both uniform and non-uniform loadings
in terms of FSDT and single-term EKM. They
employed EKM in two approaches. In the first one,
they applied EKM to the displacement field and the
functional form of the problem and in the second
one, they applied EKM to the weighted integral form
of the governing equations. They showed that while
both approaches give accurate results for clamped
and simply-supported boundary conditions, but just
the first approach is acceptable for analysis of plates
with free edges. Turvey and Salehi [14] used a finite-
difference discretization and dynamic relaxation
algorithm to solve the elastic large deflection
equations of isotropic sector plates. Alinaghizadeh
and Kadkhodayan [15] carried out nonlinear
bending analysis of radially FG circular sector plates
on elastic foundation using FSDT and non-linear von
Karman assumptions. They employed generalized
differential quadrature method and Newton-
Raphson iterative scheme to solve the nonlinear
equations. Golmakan and Kadkhodayan [16] used
dynamic relaxation numerical method and finite
difference discretization technique to analyze large
deflection behavior of stiffened annular FG sector
plates under mechanical and thermo-mechanical
loadings. From the literature review it is evident
that most studies on bending behavior of FG sector
plates are limited to linear analyses [ 8-13], while
nonlinear analyses are few and are based on
numerical methods [15, 16]. In addition, to the best
of authors’ knowledge, there is no effort reported on
large deflection response of FG sector plates whose
effective properties vary through the thickness
direction.

In this study, based on FSDT and von Karman
type of nonlinearity, nonlinear bending of FG
circular sector plates with simple supports at their
radial edges and subjected to transverse mechanical
load is analytically studied. The material properties
are assumed to be graded through the plate
thickness according to a power-law distribution of
the volume fraction of the constituents.
Reformulation of non-linear coupled equilibrium
equations into three uncoupled ones makes it
possible to present analytical solution employing
perturbation technique and Fourier series
expansions. The results are verified by comparison
with the existing ones in the literature. Effects of
nonlinearity and material constant on bending
behaviour of FG sector plates with simply supported
and clamped circumferential edges are investigated.
The results presented can be used as a benchmark
in future studies.

2. Theoretical formulation

A functionally graded circular sector plate with
outer radii of b, vertex angle 6,, and thickness h
under transverse loading is considered. The
geometry of the sector plate, loading and the
coordinate system are shown in Fig. 1. The sector
plate has simply supports at radial edges and
arbitrary  boundary conditions along the
circumferential edge.

Here, functionally graded material is modeled as
a non-homogeneous isotropic elastic material and is
assumed to be composed of ceramic (upper surface)
and metal (lower surface) whose Young’'s modulus
vary continuously through the thickness of the plate
according to a power-law relation in (1) [9]:

— 2z n (1)
2h ) ke

where the subscripts ¢ and m refer to ceramic and
metal, respectively and n is the power-law index
that takes values greater than or equal to zero. The
Poisson ratio v is assumed to be constant through
the plate thickness.
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& :
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Fig. 1. Geometry of FG solid circular sector plate under a
uniform pressure and the coordinate system
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2.1. Equilibrium equations

The displacement field of the plate in polar
coordinate within the first-order shear deformation
plate theory is assumed as follows [18],

U(r,0,z) =u(r,0) + z¥.(r,0)

V(r,0,z) =v(r,0) + z¥,(r,0) )

W(r,06,2z) =w(r,8)

where u, v, and w represent the displacement
components of a point on the middle plane of the
plate along r, 8, and z directions, respectively. Also,
¥, and ¥y are the rotations of a transverse normal
about the 6- and r-axes, respectively. Substituting
Eqg. (2) into the von Karman nonlinear kinematic
relations [17] the nonzero strain components are
found as follows:

g = &2+ zk,

YTZ = kTZ (3)
Yro = Vo + 2Kyo
where

o 1 1
Vrg = ; (u,G - U) + v, + ;VV,TW,@

k, = lpr,r
1
ko == (r + o) (4)

1
k.o = .~ (lpr,a - lpa) + Yo,

1
kg, = “We + e
k,, =9, + W

in which a comma followed by a coordinate variable
designates partial derivative with respect to that
variable. By employing the principle of minimum
total potential energy [17] and using Egs. (3) and
(4), the equilibrium equations governing the
behavior of an FG circular sector plate under
transverse loading P,(r, 0) (see Fig.1 ) are obtained
as follows:

1 1
ou; Ny, +- (N, — Np) + ~Nyge =0
6v; Nygyr + %Ne,e + %Nre =0 (5a)
1 1
&Yy My +— (M — Mg) +~Myg g — Q=0
1 2
8g; Mg, +—-Mpg +-Myg — Qp =0 (5b)

ow; rQr,r + Q9,9 + Qr = TPZ(T; 0) - 7"Nl (SC)
where Nj is defined as:

1 1
Nl = Nr"v,rr + N9 (; ga + r_ZW,ee) (6)
1
+2Nr9(;w,9),r

The stress and moment resultants in (5) are
defined as follows:

h

(Nr' NG' Nre' QG' Qr) = f_zﬁ(o—rt 06,019,002 O—7”2) dz
2

h
(Mr' MG'MTG):I_ZQ(O—W 0Og; UrG)ZdZ (7)
2

Considering the plane-stress state, the linear
elastic constitutive equations are as follows [18]:

o, » 1 v 0 &r
=2 |y 1 0
{09 } T (-v?) 0 o0 i [89 ] 8)

Orp T Yro
Z E( ) Z
(ot =r sl 16

where K?is a shear correction factor. Upon
substitution of Egs. (3) into (8) and the ensuing
results into (7), the stress and moment resultants
are obtained

N, =A;el + (A, — 2A2)£g + Bk, + (B; — 2B,)ky
Ng = (A; — 24,)e? + Aleg + (B; — 2B,)k, + B, kg
Nyg = Ay¥s + Bykyg (9a)
M, = B,e? + (B, — 2B,)e) + D1k, + (D; — 2D,)kg

MT = (Bl - 2B2)£TO< + Blgg + (Dl - ZDZ)kT‘ + leg

Mo = ByYye + Dzkyo (5)
Qo = K?Azkg,, Qr = K*Ak,, (99)
where the stiffness coefficients are defined as:
/2
(A4,B;,D;) = f_h//z%(l,z,zz)dz
h
(A,,B,,D,) = f;%u, 2,2%)dz (10)
2
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2.2. Reformulation of equilibrium equations

Upon substitution of Egs. (3) and (4) into (9) and
the subsequent results into the equilibrium
equations in (5), five nonlinear coupled differential
equations in terms of u, v, ¥, ¥, and w are
obtained, which are complicated and difficult to be
solved analytically. In order to facilitate their
solution, the equilibrium equations are uncoupled to
three equations. To this end, the boundary layer
function @ and the force function F are defined as
follows [19, 20]:

1
P@r,0) =—(Wrp — (rYs),)

1 1
Nr Z;Er-l'r_zF,HH (11)

1
Nr@ = _(;F,G),r 'NO = Err

and using a procedure introduced in [20], the
equilibrium equations in (5) are reformulated into
three equations including one linear second-order
equation in terms of the boundary layer function @
and two nonlinear fourth-order equations in terms
of transverse deflection, w and stress function, F as
follows:

K2A 12
V2p——L2p =0 (12)
P
V22w = == (P, = Ny) (132)
2C 1
v2(P, - N,) —
+K2A2 ( ) A Dr?
2C (13b)
2p2p — 22 —
V2V2F AlD(PZ N,)
AA,D—4C? 1 N
A:D 272

where V2 is the two-dimensional Laplace operator
in polar coordinates and

B2 B}
D=D——= D=D-2
2

14_ = 4’A2(A1 _Az) ,C = Ale _A2Bl (14)

1 2
N, = ) (W,B) + (W,r9)2 —TW, Wy
5 (15)
T WoWrg — WrrWeg

Egs. (12) and (13) are known, respectively, as
the edge zone equation and interior equations of the
plate. The other displacement field variables, i.e. u,
v, ¥, and ¥y can be obtained from the following
relations [20]:

bop D 1 (16a)
=W o AKZA WoF)r + g, 7 Po
b 2
~K7A, 14 W—W(P 7z — NI »
1 20 1 (16b)
Y, = —— 2
0= "Wl T Ak, F (PoF)e
D o D 1
K2A, ™ K2A,r
1
x [VZW NoNCE Nl)]
A 1 17a
ll.’ (Wr) + 1‘72F_JETT ( )
B ; Dop
2 (o
t2 AKZAZ( B A K24, 2(®)
LB (B D 8 20
a4, \a, kAot T A
1
x [VZW—KZA e, —Nl)]
1 v 11 2 A, (17b)
- —=—= Lpzp
rv9+r ZrZ(W'g_) + A
2C
2
- _ L, (V2F
ZAZ]( )+ AKZAZl( )
+A—K2A_L (@) + 221, (w)
LB D 2C
(A K24, ' /T)
x [vzw ~r M)
1 v 1 1 17c¢
;u,9+v,r—;=—;W,rW,9 Az L,(F) (179)
+B 4C — L, (V?F
A, AK?A, 2(V°F)
L 2B B,
AZ LZEW) A KZA [LZ(CD) ,rr]
2B, D 1
——L,[V*w———(P,— N
+— AZ KZA 2[ KZAZ(Z 1)]

and the partial differential operators L,and L, are
defined as:

10 1 92

L=t e

=2l (18)
or ‘roo

2.3. Solution of the equations

Here, the non-linear differential Egs. in (12),
(13a), and (13b) are solved via the perturbation
technique and Fourier series method. First, the
three non-linear differential equations are replaced
by an infinite set of linear differential equations
using a perturbation technique. Then, the Fourier
series expansions are utilized to reduce each set of
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linear partial differential equations to ordinary
ones, which are then analytically solved.

In order to solve the Egs. (12), (13a), and (13b)
using the perturbation technique, all unknown
variables @, w, and F as well as the transverse
loading P, are expanded in ascending power series:

((D, w, F) (‘)", 9) (193)

= (@ Wi F(r, 6)) W
k=1

Pr,6) = ) Pu(r,6) Wk (195)

where the perturbation parameter w, = w(ry,6;)/
his the non-dimensional maximum deflection of the
sector plate. The definition of W, requires that

wy(r,0) =h, wy(r,0,) =0,k =23,.... (20)

Substituting (19) into (12) and (13) and
collecting the terms having the same order of w,
yields an infinite set of linear partial differential
equations as follows:

K2A 21
V2, — —2d, =0 (21)
D

1 22
7272w, = — o (P — Ny 22)
2C 1
A Dr?

VZ(sz le)
2

2C (23)
V2V?F, = _E(PZ" = Nix)
1

AA,D —4C? 1
@D

where N, and N,;,, which can be considered as
pseudo loads at each perturbation step, are
determined from the preceding perturbation step
and are given as follows:

w,(k = 1) N11 0;N,; =0
wf(k=23,..);

k-1
Ny = Z[{)l (Fs, W) + 41 (WS’ F(k‘s))

s=1
+£5(Fo wa—s)]
k-s (24)
Ny = Z[Q (WS;W(k—s)) + 24 (Ws, Wie—s))]
s=0

where the partial differential operators ¢, 5, 5,
and 4, are defined as:

02 25
fl(:)=L10?(2):‘32(1)=_2L20L20 2°)

00) = 10 92 19 92
3b (ae arae)(rae 61‘69)

02 2
£,() = —G2 5+ 553)
And in order to find ¥,, ¥y, u and v, they are also
expanded in ascending power series as follows:

(lpr' lpe' u, U) (T, 9) (26)

= D (P Woro e, v, 6))
k=1

Substituting (26) and (19) into (16) and (17) and
collecting the terms having the same order of w,
yields, respectively, an infinite set of linear relations
as follows:

W = —w,, ————(V2F,)
Tk - k,r AK2A2 k/r
1
o 7%~ o o = Nudl, (27a)
+ D 1¢’
K2A,r *°
1 2C )
Por ==~ Wi —m;(V F)e
D 1
TR, T V2w, — K?4, (Pzi = Nikl g (27b)
D
K74, T
A, 1
ur=NL1k+77Fk 24, Fkrr
I 2 V2F — L, (®,)
AZ/TKZAZ( ")'_" A K24, 2K (28a)
B, B, D 8 2C
T e T G e e T T
X [V2wy, — —KZA (Pzk — N1x)
1y A, 1
;Uk’g + - NLZk + A V Fk ZA Ll(Fk)
B, 2C B,
——L,(V?F, —L,(®
A AKZA 1( k) +A KZA 2( k)
B D 2C
—L — L —— 28b
A2 1(Wk)+( KZA A) ( )
1
X [VZWk - KZ—AZ(PZ" — Nyi)
1 U 1
7 Uie + v, — P NLgy — a, —L,(F)
B 2B,
A AK?A, ——L,(V*F) + LZ(Wk) -
B, D (28¢)
_A_ZKZ—AZ[Ll(CD") — Dyl
2B, D 1
VW, — ——(Py — N
+ Az KZAZ 2[ Wi KZAZ( zk lk)]
where
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Wo; NLy; = 0;NLy; = 0;NLy; =0

k-s
Wo'; Nle = _EZ W rW(k—s)r s
s=1
k-s (29)
11
NLZk ET_Z WsoW(k-s),6
s=1
k-s
1
NL3k - r Z W rW(k—s),0
s=1

Next, in order to solve the linear partial
differential equations within each set of
perturbation step, Fourier series method is
employed. To this end, it is assumed that the radial
edges at 6 = 0 and 8 = 6, have simple supports
with following boundary conditions:

Mg =¥y = wy = 0,1 = Ngy = 0 (30)

In order to satisfy the boundary conditions at
radial edges (30), the unknown variables and
pressure are represented as a single Fourier series
as follows:

(Fkryquv'rk'ﬁk)(r, 6)

= Fen ), W), Py 1), (1)) 51 (2,6)
m=1

(d)kwv Yor, Vi) (1, 6)

= @n ), Wi (), v (1)c05 (1,6

m=0

P, (r,0) = Z P (r)sin(a,,,6) (31)

where «,, = mmr/6,. Substitution of Eq. (31) into
Eq.(21) through (23) and Egs. (27) and (28), yields
ordinary differential equations whose general
solutions are known to be as follows:

Py (1) = Alkm[am(ﬂr) (32)
- 1 1 ~
Wim = _E{Chkm xlkm} t = K24, {G2km — Xokm}

(33)
vy DQ1km+D1ka MDD 7 Emt2
) 26 _ . AAD-4C?.
Fym = — AD {Grem = Xujem} + Ai—DQ”‘m
(34)

+ BT + By m+?

~1,km) + C(dékm - jzékm)

’ ’ am
szm AD ‘Qlkm u? (Alkmlam('ur))

rkm = (qlkm -
ZCC

|( 8C(ap41) o \l

I 4 1km TzAszkm $ (35)
m | 45((1m +1) . |
KZ—AZDka )

_(am + Z)r“m+1 (Ezkm)

am 1
Yorm = TmB{qlkm = Xy} + Al—DTﬂmﬂ

Ca
— {qzkm

5 d ~
- KZAZ {Alkmd_r{l(xm(,ur)} - r“m“Dka
AKZ (a + 1) Bym

4(1+am)
K2A,

1 lem
_amram_

(36)

+=—""2DDym

B C 1
Ukm = (A_l - BZ)AZ_D{qlkm xlkm} CQlkm

~, BZZCC~, -
qukm xzkm} 4, 4, — Qoem + | Qppmdr

B2 D a, —
A2 KZA {Alkm am(.ur)} + JNlemdr

_ Blkm
24,
8C(a, +1) - \
m—1 SLm T L
+a, rom=t < _|/ —AK?a, Dem | g
A, 4D (@ + 1) -
\ lem KZA ka/
( (4,41 (a,, + 2)) )
— { A 24, $ (37)
| Bz(am + 2) 8C |
k+ DkaJ
T Ca,, ~
Vkm = — _Nszm + - Nlede - Tﬂlkm

m

C loe N oL
+(A_1 - B ) DA X {qlkm Xlkm} - aﬂzkm
B, D 1 (.
+A_2 KZ—AZE{Alkaam(.ur)} + a_fﬂzkmdr

m
[ (4A; ap)\ = \
| (55 + 24) Bon |
+ramtl 2 +rom~lg x
8C B, \- m
< +— am) Dzkm
A A, )
(it )
Blkm BZ AKZA (am + 1)szm + lem
2
24, * 4D - ?
+K2_Az(am + DDspm J}

By 2CC am
- szm (38)

- A_Z - {qzkm szm} r
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where [, is the modified Bessel function of the first
kind and:

1 4C?
K?4, [/TAlD

1 AA,D —4C?
A,A,D 24,

D
—A-3l

[}
Il

(39)

C +2B,C)

KZ2A,
D

u:

Also

~ ~ =~ 1 1 1
{qlkml)ﬁkm' Q‘lkm}zra_m f ri—2am f r2am-1
1 1 5 ~ Ivzkm
X f‘rl_—zamf W{Pkm’ lem,T drdrdrd
~ ~ ~ 1 1
{Qka'Xka'szm}:ra_mfr1—zam (40)

1 (- - N
f—{Pkm, lem,%} dT‘dT‘

ram-1

It is to be noted that in Egs. (32)-(38) Aiim,
Bixm» Baim» Dikmand Dy, are the integration
constants in each perturbation step. These
unknown constants are determined by imposing the
appropriate boundary conditions at r = b. Here,
clamped and simply supported boundary conditions
are considered at the circular edge (r = b) as
follows:

C:l{lrkz ’I’9k=wk=0,uk=vk=0 (4’1)
S:Mrk:lzugk:szo,uk:Uk:O (42)

In each perturbation step, by imposing boundary
conditions at r = b, the integration constants are
obtained in terms of the unknown constants P,,,. On
the other hand, these unknown parameters are
determined upon substitution of (33) into (20).
Finally, the perturbation parameter w,is found
from Eq. (19b) which is a non-linear polynomial
equation in w, and is solved here numerically.

3. Numerical results and discussions

Here, to validate the results of the present study,
three validation examples are presented for linear
and nonlinear bending problems of circular sector
plates with simply supported radial edges. For the
purpose of numerical illustrations, Aluminum-
Zirconia as a system of FG is considered. The
material properties of Aluminum and Zirconia are,
respectively, assumed to be E,, = 70GPa, v,, =
0.3, and E, = 151GPa, v, =0.3 [9, 21]. In all

calculations, the shear correction factor is taken to
be5/6.

Example 1. The numerical results for the linear
bending of FG circular sector plate with clamped
and simple supports at the circular edge, subjected
to a uniform transverse pressure (P,(r,0) = p,) are
pesented in Fig. 2 and are compared with those
presented by Fallah and Nosier in [9]. Variations of
non-dimensional transverse deflection (w* =
WEChZ/pOb3) in radial direction (6 = /18) for an
FG sector plate with h/b =0.1,0, =n/3and n=3
are shown in Fig. 2. It is worth mentioning that the
results obtained in the first perturbation step
represent a linear bending analysis. It is seen in Fig.
2 that the first-perturbation solution is in excellent
agreement with the analytical solution presented in
[9].

Example 2. The numerical results for linear
bending of homogeneous circular sector plates with
various vertex angles subjected to a uniform
transverse pressure, p,, are obtained within the
classical plate theory (K?A, —» o) and compared
with those presented by Timoshenko and
Woinowsky [22]. The results for non-dimensional
deflection w = wD/pyb* (with D = Eh3/12(1 —
v?)) at some points on the symmetry axis of the
sector (0 = 6,/2) are presented in Table 1 and
Table 2 for, respectively, clamped and simple
supports at the circular edge. Excellent agreements
are seen to exist between the two results.

0.02¢
—+—C,Present study
—--—-C,Ref[8]
03— *+—§,Present study
S,Ref[9]
& -0.02} =3 , 8,=n/3
= Ivb=0.1 /
B
T 004/ /
-0.08} \
. J
Ny Y
.0.08 L s M= = L y
0 0.2 04 06 0.8 1

Fig. 2. Comparison of linear non-dimensional transverse
deflection of FG circular sector plate with clamped and simple
supports at the circular edge
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Table 1. Comparison of linear non-dimensional transverse
deflection of a homogenous circular sector plate with clamped
support at the circular edge under a uniform pressure

6, w Ref. [22] Present study

n/3  w(0.25b,6,/2) 0.00017 0.000159
w(0.5b,6,/2)  0.00057 0.000568
w(0.75b,60,/2)  0.00047 0.000479

n/2  w(0.25b,0,/2) 0.00063 0.000634
w(0.5b,6,/2)  0.00132 0.001300
w(0.75b,60,/2)  0.00082 0.000849

Table 2. Comparison of linear non-dimensional transverse
deflection of a homogenous circular sector plate with simple
support at the circular edge under a uniform pressure

6, w Ref. [22] Present study

n/3  w(0.25b,6,/2) 0.00019 0.000196
w(0.5b,6,/2)  0.00080 0.000802
w(0.75b,6,/2)  0.00092  0.000939

m/2  w(0.25b,6,/2) 0.00092 0.000926
w(0.5b,6,/2)  0.00225 0.002300
w(0.75b,6,/2)  0.00203  0.002100

Example 3. The numerical results for nonlinear
bending analysis of homogenous isotropic sector
plates with simple supports at circular edges,
subjected to a uniform transverse pressure
(P,(r,0) = p,) are presentd in Fig. 3 and are
compared with those presented by Turvey and
Salehi in [14]. Variations of non-dimensional
maximum deflection w*=w/h versus
dimensionless load p* = pyb*/E,h* for a
homogenous isotropic sector plate with h/b = 0.2
and 6, = m/3 are depicted in Fig. 3. The maximum
deflection occurs at r=0.647band 8 =6,/2 =
/6. The results obtained within this study are in
good agreement with those in [14].

In the remainder of the present work, linear and
nonlinear bending of FG circular sector plates under
a uniform transverse pressure (P, (r,0) =p,) is
considered. Unless mentioned otherwise, the
thickness to radius ratio h/b and vertex angle 6, of
the plate are assumed to be 0.02 and w/3,
respectively, and the results will be presented for 6
= 0,/2 and n = 1. For convenience, the following
non-dimensional parameters are introduced:

w*=w/h
p* = pob*/Emh*
N = N,b?/E,h3

(43)

Figs. 4 and 5 show a comparison of linear (first-
step perturbation solution) and nonlinear analyses
for the variations of non-dimensional maximum
deflection versus pressure in FG sector plates with
simple and clamped supports at circular edge,
respectively. It is observed that the difference
between linear and nonlinear analyses (a

discrepancy more than 2 percent) starts from
w / h = 0.25 for simple support and from w / h =
0.23 for clamped support, which indicates the
importance of nonlinear analysis for FG sectors.
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Fig. 3. Comparison of nonlinear bending results for a
homogenous isotropic sector plate with simple supports at the
circular edge.
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Another phenomenon is observed in a fully

simply supported FG sector plate (Fig. 4) where ina
small region (w/h <0.1), nonlinear analysis
predicts the transvers deflection larger than the one
linear analysis predicts which again emphasizes the
importance of nonlinear analysis for FG material.
To explain such a behavior, a comparison of linear
and non-linear analyses for the variations of non-
dimensional radial resultant force versus pressure
in FG sector plates with clamped and simple
supports at their circular edge, are investigated in
Figs. 6 and 7, respectively. It is seen in Fig. 6 that the
radial resultant force of clamped sector plate is
always positive according to the non-linear theory.
However, according to the non-linear solution in Fig.
7, it is observed that the radial resultant force N, is
always tensile except in a small region in the
beginning of a positive transverse load in which N,
is compressive due to the existing bending-
extension coupling in the plate and then becomes
tensile as the loading is increased (since the large
deformation effect becomes dominant). This can
explain the behavior in a fully simply supported FG
sector plate that the nonlinear deflection is larger
than the linear one, since compressive radial force
has a softening effect. Further numerical results
show that this phenomenon is more pronounced in
FG plates with stronger bending-extension coupling.
This observation is also reported in [23].

The results for dimensionless deflection of
simply supported and clamped FG sector plate
under uniform pressure (p* = 200) for different
values of power-law index, n, along the radial
direction at 8 = 6,/2 are shown in Fig. 8. The
maximum deflection happens at r =0.601b for
clamped supports and at r = 0.651 b for simple
supports. It is expectedly observed that for higher
values of n, where the volume fraction of metal
increases, the plate deflection increases, too.
Furthermore, the deflection of an FG sector plate
with simple supports at the circular edge is larger
than the one with clamped supports.

4, Conclusions

In the present work, the von Karman nonlinear
equilibrium equations of an FG sector plate
subjected to transverse mechanical load within
FSDT are reformulated. An analytical solution is
developed for FG circular sector plates with simple
supports at the radial edges using perturbation
technique in conjunction with Fourier series
method. The results are verified with the known
results in the literature. Effects of material constant
and nonlinearity on FG sector plates with various
boundary conditions is studied in several numerical
illustrations. Comparison of the linear and nonlinear

analyses shows that linear analysis is only valid for
w/h < 0.2 and is inadequate for analysis of fully
simply supported FG sector plates even in the small
deflection range, which, on the other hand, shows
the importance of a nonlinear analysis.
Furthermore, the results presented here based on
the analytical solution can be used as a benchmark
in future studies.
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Fig. 6. Variations of non-dimensional radial stress resultant of FG
circular sector plates with clamped supports at circular edge
versus load parameter p*
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Fig. 7. Variations of non-dimensional radial stress resultant of FG
circular sector plates with simple supports at circular edge
versus load parameter p*
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