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Abstract. In this paper, a novel semi-energy finite strip method (FSM) is developed based on the concept
of first order shear deformation theory (FSDT) in order to attempt the post-buckling solution for thin and
relatively thick functionally graded (FG) plates under uniform end-shortening. In order to study the effects
of through-the-thickness shear stresses on the post-buckling behavior of FG plates, two previously
developed finite strip methods, i.e., semi-energy FSM based on the concept of classical laminated plate
theory (CLPT) and a CLPT full-energy FSM, are also implemented. Moreover, the effects of aspect ratio on
initial post-buckling stiffness of FG rectangular plates are studied. It has been shown that the variation of the
ratio of initial post-buckling stiffness to pre-buckling stiffness (S /S) with respect to aspects ratios is quite
independent of volume fractions of constituents in thin FG plates. It has also been seen that the universal
curve representing the variation of (S /S) with aspect ratio of a FG plate demonstrate a saw shape curve.
Moreover, it is revealed that for the thin FG plates in contrast to relatively thick plates, the variations of non-
dimensional load versus end-shortening is independent of ceramic-metal volume fraction index. This means
that the post-buckling behavior of thin FG plates and the thin pure isotropic plates is similar. The results are
discussed in detail and compared with those obtained from finite element method (FEM) of analysis. The
study of the results may have a great influence in design of FG plates encountering post-buckling behavior.
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1. Introduction

Functionally graded materials (FGMs) are new classes of heterogeneous materials that are
mainly used to improve the structural efficiency in many engineering applications (Suresh and
Mortensen 1998). Originally, the researches on the FGMs began in 1984 by the material scientists
to produce thermal barrier materials (Koizumi 1997). FGMs are usually made from a mixture of
metals and ceramics. By gradually varying the volume fraction of constituent materials, the
material properties of FGMs exhibit a smooth and continuous change from one surface to another,
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thus eliminating interface problems. As a result, FGM has extended its applications in aerospace,
mechanical, marine and structural engineering due to its advantages compared to the classically
used laminated composites. With escalating application of functionally graded materials, the
attention has been drawn to the investigation of the non-linear behavior of the structures made up
of these materials. In order to get the reader acquainted with some of the past works, a brief review
is provided. The transient nonlinear thermo-elastic behavior of a functionally graded ceramic/
metal plate is investigated by Praveen and Reddy (1998) applying the Von-Kéarman plate theory
and the finite element method. Reddy (2000) has investigated the geometrically nonlinear behavior
of FGM plates subjected to transverse loads and provided several illustrative examples comparing
the classical plate theory (CPT) to the first- and third-order shear deformation plate theories
(SDPT). Woo and Meguid (2001) have given an analytical solution for large deflection of FGM
plates and shallow shells. In their studies, the considered thermal load arises from the one-
dimensional steady heat conduction in the plate thickness direction, but the material properties are
temperature independent. Yang and Shen (2003) have investigated the large deflection and post-
buckling responses of FG rectangular plates under transverse and in-plane loads by using a semi-
analytical approach. In their analysis, a perturbation technigue in conjunction with one-
dimensional differential quadrature approximation and Galerkin procedure were employed.
GhannadPour and Alinia (2006) have given an analytical solution for large deflection behavior of
thin functionally graded plates under pressure load using CPT. Anandrao et al. (2010) have
investigated the thermal post-buckling behavior of uniform slender FGM beams using the classical
Rayleigh-Ritz formulation and the finite element method. Sadr et al. (2011) have studied the large
deflection behavior of thick FG plates based on the third-order SDPT. In their studies, the material
properties of the functionally graded plate are assumed to vary continuously through the thickness
of the plate, according to the simple power law distribution in terms of the volume fractions of
constituents and the solution was obtained using the multi term series approximation. Anandrao et
al. (2012) have also studied the large amplitude free vibration and thermal post-buckling of shear
flexible FG beams using finite element formulation based on first order Timoshenko beam theory.
Kocaturk and Akbas (2012) have analyzed the post-buckling of functionally graded Timoshenko
beam subjected to thermal loading by using the total Lagrangian Timoshenko beam element
approximation. They also assumed that the material properties of the beam change in the thickness
direction according to a power-law function.

The post-buckling behavior of a plate can be analyzed by solving the Von-Karman non-linear
equations (Von-Karman 1910), together with the appropriate boundary conditions. Unfortunately,
the Von-Karman equations are coupled and forth-order and thus no rigorous solutions are
available. This has prepared a ground for development of the approximate methods such as finite
element method, finite strip method (FSM), etc.

The finite strip method is one version of finite element method that is well suited to the
accurate and efficient analysis of both single rectangular plates and complicated prismatic plate
structures (Cheung 1976). Early works were concerned with the use of FSM in predicting the
geometrically non-linear response of single rectangular plates while prismatic plate structures are
those of Sridharan and Graves-Smith (1981), and Hancock (1981). In the field of linear buckling
and vibration analysis, the method has been developed by Dawe (2002) for the analysis of
complicated plate structures formed of composite laminated material having very general material
properties. Recently, Kasaeian et al. (2011) have used the finite strip method in order to study the
inelastic local buckling of curved isotropic plates. More recently, Cuong (2013) has used 3-nodal
line semi-analytical Mindlin-Reissner finite strip in the buckling analysis of thin-walled members,
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which are subjected to arbitrary loads. Moreover, Pham and Hancock (2013) have studied the shear
buckling of channels using the semi-analytical and spline finite strip methods. In addition, Ovesy
and his co-workers have made several contributions by developing two variants of finite strip
methods, namely the full-energy (Ovesy et al. 2006, Ovesy and Ghannadpour 2007, Sherafat et al.
2013) and semi-energy (Assaee and Ovesy 2007, 2008, Ovesy and Ghannadpour 2009, Ovesy and
Assaee 2009, Ovesy et al. 2011, 2012, Assaee et al. 2012) finite strip approaches. These methods
were applied to the analyses of the geometrically non-linear response of rectangular composite
laminated plates with various lay-ups, loading and boundary conditions.

The concept of second FSM variant, which was originally developed by authors of current
paper, is based on semi-energy method as referred to by Rhodes and Harvey (1977). The semi-
energy method was first used by Marguerre (1937), and has since been used by various
researchers. One of the main advantages of the semi-energy FSM is the fact that the semi-energy
FSM is based on the closed form solution of Von-Karman’s compatibility equation in order to
derive analytical shape functions for in-plane displacement fields. This can be considered as the
major difference between the semi-energy formulations and those based on the full-energy
assumptions where the in-plane and out-plane displacements as well as the rotations are all
postulated by the appropriate deflected forms in latter FSM. In the developed version of the semi-
energy finite strip approach (Assaee and Ovesy 2007, 2008, Ovesy and Ghannadpour 2009, Ovesy
and Assaee 2009, Assaee et al. 2012), which is suitable for the post-buckling analysis of thin
composite plate structures, the out-of-plane displacement field of the finite strip is the only
displacement which is postulated by a deflected form due to the application of classic laminated
plate theory (CLPT). More recently, Ovesy and his co-workers have enhanced the formulation of
the previously developed CLPT semi-energy finite strip approach in order to investigate through-
the-thickness shearing effects for symmetric (Ovesy et al. 2011) and anti-symmetric angle-ply
(Ovesy et al. 2012) laminate configurations under simply-supported boundary conditions at loaded
ends by implementing the first order shear deformation theory (FSDT). Thus, in addition to the
out-of-plane displacement field of the finite strip, the rotations with respect to x and y axes are also
postulated by two deflected forms. It is noted that for symmetric lay-ups, the effects of postulated
rotations have not appeared in the corresponding Von-Karman’s compatibility equation and the
subsequent in-plane displacements. Moreover, for anti-symmetric angle-ply laminates, these
effects have appeared only through B,s and B,; terms of coupling stiffness matrix. It is realized
that the difference between CLPT and FSDT semi-energy results has become noticeable as the
thickness increases.

In the current work, as distinct from the latter publications by the same authors (Ovesy et al.
2011, 2012), the plate is assumed to be made from FGM and also under clamped boundary
conditions at loaded ends. Thus, due to the bending-stretching coupling effects, the two postulated
rotations have appeared in the corresponding Von-Kéarman’s compatibility equation through the
additional coupling terms (Bi1, Bis, B2y, Bss) beside the assumed out-of-plane displacement.
Having solved the Von-Karman’s compatibility equation exactly, the corresponding forms of the
in-plane stresses and displacements are obtained. The resulted in-plane displacements, in which
the effects of independently assumed rotations have clearly been taken into account for FG plates,
are therefore more sophisticated than those obtained in the earlier publications for symmetric and
anti-symmetric angle-ply laminates under simply supported boundary conditions at loaded ends.
The solution of Von-Kéarman’s compatibility equation and the postulated deflected forms are then
used to evaluate the potential energy of the respective finite strip. Finally, by invoking the
Principle of Minimum Potential Energy, the unknown deflection coefficients are determined and
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thus the problem is solved. Moreover, in order to investigate the effects of through-the-thickness
shear stresses on the post-buckling behavior of FG plates, two finite strip methods based on the
concept of classic laminated plate theory with full-energy and semi-energy assumptions are also
employed. It is also noted that the solution of Von-Karman’s compatibility equation related to a
thin FG clamped finite strip based on the concept of CLPT was first attempted in the conference
papers (Ovesy et al. 2009, Assaee et al. 2010). In this paper the theoretical formulations of the
previously developed CLPT FSM are also presented in further detail. The post-buckling behavior
of thin and relatively thick rectangular FG plates with clamped out-of-plane boundary conditions
at its loaded ends and simply-supported boundary conditions at unloaded edges is analyzed. In
order to validate the FSM results, they are compared with those obtained from finite element
method (FEM) of analysis. The FEM analysis has been carried out using general purpose ANSY'S
software. It has been shown that for a given level of accuracy in the results, the developed semi-
energy FSMs requires markedly lower number of degrees of freedom compared to that needed by
full-energy FSM and FEM. Hence, the semi-energy FSM is more computationally efficient than
the conventional energy based schemes. In addition, the effects of aspect ratio on buckling and
initial post-buckling behavior of thin FG plates are studied. The analysis of results has revealed
that the ratio of initial post-buckling stiffness to pre-buckling stiffness (i.e., S/S), for the thin FG
plates analyzed in this paper, is only dependent on the aspect ratio of plates and independent of
ceramic-metal volume fraction index. Moreover, the variations of S'/S with reference to FG aspect
ratio for mentioned plates demonstrate a saw shape curve, which is highly influenced by buckling
mode shape of FG plate. In addition, it has been shown that for the thin FG plates, the variations of
non-dimensional load versus end-shortening is independent of ceramic-metal volume fraction
index. It is also revealed that the post-buckling behavior of thin FG plates and the thin pure
isotropic plates are equal.

2. Theoretical formulations

A FG rectangular plate of length L, width b and thickness h, made from a mixture of ceramics
and metals is considered. The composition is assumed to be varied in such a way that the top
surface of the plate (z=h/2) is ceramic-rich, whereas the bottom surface (z=-h/2) is metal-rich.
Thus, the material properties of the FG plate, such as the Young’s modulus (E) and the shear
modulus (G) are functions of depth (z). These functions are desired to be continuous, simple and
capable of exhibiting curvature, both “concave upward” and “concave downward” (Markworth et
al. 1995). In this study the simple power law, which has all the desired properties, is used. The
function $(z), which denotes a typical material property (E, G), is given as

Hz)= 19“,(% + %) +8  Where 9, =9 -8, (1)

where $(z) and $,(z) denote values of the variables at top and bottom surfaces of plates,
respectively. The parameter n, which is known as the volume fraction index and is a non-negative
real number, indicates the material variation profile through the thickness direction. Whilst n=0
corresponds to pure ceramic, the value of n can reach infinity, in the limit and in theory of course,
corresponding to the pure metal plate. With the above assumptions, the plate stiffness coefficients
are defined (Sadr et al. 2011, Shen 2009). In subsequent sections of the paper the fundamental
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elements of the buckling and post-buckling analyses of rectangular FG plates are discussed in
detail.

3. Buckling analysis of FG rectangular plates using Rayleigh-Ritz approach based
on CLPT assumptions

For a rectangular FG plate of length L and width b a Right-Handed Cartesian Coordinate
System is assumed. The x-axis lies parallel to the longitudinal edge and hence the y-axis is
perpendicular to x-axis and parallel to transverse edge of rectangular plate. Moreover, z-axis is
assumed to be normal to plate. u, » and w are displacement functions in x, y and z directions,
respectively. The plate is assumed to be uniformly loaded in x-direction and oy denotes the axial
stress. The rectangular plates are assumed to be clamped out-of-plane at loaded ends (i.e., x=0, L)
and hinged at the unloaded edges (i.e., y=0, b).

It is noted that as the FGM may exhibit a coupling between in-plane loads and out-of-plane
moments and twisting curvatures, it may be expected that abovementioned FG plate encounters
out-of-plane deformations from the onset of loading and hence the buckling may not occur.
However, with regard to justification proposed by Leissa (1986) for the cases under study in this
paper, as the loaded edges of FG plate are clamped out-of-plane, it will remain flat up to the
buckling load and hence, a bifurcation point will be occurred.

To evaluate buckling load capacity of mentioned FG plates the Rayleigh-Ritz approach is
considered. In this method which is based on minimization of total potential energy of FG plate
due to the perturbations imposed to FG plate a series of buckling displacement functions should be
defined. The following trigonometric displacement functions that satisfy the essential boundary
conditions are found to be suitable for the buckling analysis (Allen and Bulson 1980).

=5 sint Py cos(t
u—iZ:l:ai sin( . )cos( 3 )
v=3"po05(Yysin % ®

W= ixi sin( %)sin( %)sin( i%)

Where «;, i and 4; are the buckling displacement unknown coefficients. The linear middle
surface strains in terms of plate displacements u and » as well as linear bending and twisting
curvatures of the middle surface in terms of w, which cause additional linear strains at positions
away from the middle surface through the FG plate thickness based on CLPT assumptions, are
given in Eq. (3).

r fou ov au o r [ ow w dtw
[gL] _{ax’ay’ay+ax} [¢] { axz’ ayz’ zaxay} (3)

The total potential energy of FG plate is presented as following equation
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Fig. 1 FG finite strip and related coordinates
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The matrices [A], [B] and [D] are the usual in-plane, coupling and flexural stiffness matrices of
FG materials, respectively. By substituting u, » and w in Eq. (3) and then substituting the resultant
linear strains, bending and twisting curvatures in Eq. (4) and carrying out the integration, the strain
energy in terms of the displacement unknown coefficients is derived. By invoking the principle of
minimum potential energy, a set of linear algebraic equations will be obtained which corresponds
to an eigen-value problem. The evaluated eigen-values are in fact the buckling load coefficients
and the minimum eigen-value represents the critical buckling load capacity of the FG plate.

4. Semi-energy finite strip formulation using FSDT

The semi-energy post-buckling theory has been developed for an initially flat FG finite strip
shown in Fig. 1. The FG strip is clamped out-of-plane at both ends (i.e., at end x=0 and L), and is
subjected to a uniform end shortening U at end x=L only. The degrees of freedom (DOF) are
depicted in Fig. 2 for a finite strip with FSDT assumptions. It may be noted that u, v, w, ¢x & ¢y
correspond to the mid-plane displacements and rotations. The degrees of freedom are defined at
each nodal line and inside the strip. The boundary conditions at loaded ends of the finite strip are
summarized as follows

0 atx=0
w=¢p, =N_=0 atx=0&L and u=< _ (5)
{—u at x=L
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Zw

Fig. 2 Degrees of freedom for the FG finite strip with FSDT assumptions

The Von Karman’s compatibility equation for large deflections of arbitrary lay-up laminated
plates as given in Ref. (Chai 1989) is modified for FG plates as Eq. (6) in which the FSDT
assumptions are incorporated

VI = A R A o AL (gxgvy] (gXWJ@ij—B;[aaX‘?]

g% g o°p,
Blz( 5)/ ] (833 22)( J ( 33 11)[83/25)(}
(6)

Where A" is the inverse of in-plane stiffness matrix of the FG plate (i.e., A'=A™") and B" is
evaluated as B'=—A"B where B is coupling between in-plane and out-of-plane stiffness matrix, the
function F (i.e., F=F(x,y)) is the so called Airy stress functions which are defined as follows

2 2 2
Nx:O-xx'h:alzz ! Ny:GW.h:a_IZ:’ ny:O-Xy.h:_aF
oy OX oxoy @)
_Qx Qy

TR TR
Where N,, N, are the in-plane axial forces per width, N, is the shear forces per width, Q,, Qy
are shear stress resultant through-the-thickness and o, oy, oy, 7, 7y, are the corresponding

average stresses. The following functions are found to be suitable to represent the out-of-plane
displacement and rotations fields with respect to x, y coordinates.
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In the above expression Wl"Wlli’Wﬁi’WZi’(pXu'(Dxlzi ,(DXZi,(pyli,(pylii 0y, (where i=1...N) are the
4 4 2 2
undetermined displacement parameters of the strip. The first subscript of the displacement
parameters refers to interpolated values of the corresponding parameter at edge 1 (e.g., wy;), at by/4
distance away from edge 1 (e.g., Wi ), at midway between two edges (e.g., ¢, ), at 3by/4
Z| 17

2

distance away from edge 1 (e.g., W13_ ), or finally at edge 2 (e.g., W,;). The second subscript (i.e., i)
Z|

refers to the corresponding harmonic terms. It is noted that the investigation on the sensitivity of
the semi-energy FSM analysis to the number of harmonic terms in the postulated series has
revealed that the early stages of the post-buckling behaviour of FG plates can be predicted with a
very good accuracy by using three first harmonic terms (i.e., N=3in Eq. (8)).

The displacement fields are then substituted into Eq. (6) in order to find the corresponding in-
plane displacement functions. In this process, the stress function F may be considered as follows

F(x,y)=F,(y)+F.(y)cos(¢x) + F,(y)cos(2¢x) + F, (y)cos(3¢x) + F, (y)cos(44x)
+ Fy(y)cos(5¢x) + Fy (y)cos(64x) + F, (y)cos(7¢x) + Fy(y )cos(8x)

Substituting F from Eq. (9) and w, ¢,, ¢, from Eq. (8) into Eq. (6), a set of forth-order ordinary
differential equations will be achieved as Eq. (10).

{Al*l':om = é/z\Po(fi i si)
Al*lem - (kg)Z(ZA:Z + A;3) Fk" + (k§)4A;2Fk = é/ZlPk(fi Qi Si)

(9)

(10)

where k =1,2,....8 and i=12,3
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It is noted that the prime sign designates the derivatives of the corresponding parameter with
respect to y, thus, for example F, =&*F, /2 y*. It is also noted that ¥, ¥y, ¥, ... ¥ are known

functions and can be derived analytically. The first equation can be solved easily, but the solutions
for the remaining eight equations are composed of two parts, namely the particular integral
solutions and the complementary function solutions. The particular integral solutions depend on
the functions fi(y), gi(y), si(y) (where i=1,2,3) only, thus it can be conveniently evaluated. But, for
the complementary function solutions three cases may appear in accordance with the sign of
DELTA of the forth-order characteristic equation of the differential equations, which is given as

A= (2A1*2 + A;<3)2 —4AL A, (1)

Based on the sign of DELTA the following solutions can be considered for the mentioned
stress function (see Eq. (9)).

If A>0 Then

F (y) =C,, cosh(My) + C,, sinh( My) + C,, cosh(Ny) + C,, sinh( Ny) + @, (y)

where

M = [2Aet A /A (ko) and N = |22t A —a (k&) k=12.8
2A 2A,

If A=0 Then

F (y) =C,, cosh(Sy) + C,, sinh( Sy) + C,,y cosh(Sy) + C, , y sinh( Sy) + @, (y)

where

A*
S =422 (k¢) k=12.8
All

If A<0O Then
F (y) = (Cy, cos(Qy) + C,, sin(Qy)) sinh( Ry) +
(Cys cos(Qy) + Cy, sin(Qy)) cosh(Ry) + @, (y)

where

R = \/ \/E 2A12 + ASS (kg) and Q \/ \/E 2A12 + A33 (ké/) k =1,2..8
AL AL AL AL

(12)
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In Eqg. (12) the functions ®(y) (where k=1,2,...8) are the particular integral solutions which
depend on the functions fi(y), gi(y), si(y) (where i=1,2,3) only.

It can be observed that regardless of the DELTA sign, 32 coefficients Cy—Cys (Where
k=1,2,...8) are present in any of abovementioned solutions. For a given case, the sign of DELTA
should be calculated first and consequently the proper solution for stress functions from Eq. (12)
would be determined. It should be mentioned that for FG plates DELTA is always zero due to the
isotropic properties of in-plane stiffness matrix. The 32 coefficients of Cy;—Cy, (Where k=1,2,...8)
are unknown at the present, but it is assumed that these coefficients are known. By taking this
assumption into account and imposing the appropriate boundary conditions from Eq. (5) and
solving the stress-strain constitutive equations, the in-plane displacements will be derived
analytically as Egs. (13) and (14)

u= -% X+ f, (y)sin(gx) + f, (y)sin(240) +

f,, (y)sin(3¢x) + f, (y)sin(4¢x) + f, (y)sin(5¢x) +
f, (¥)sin(6¢x) + f, (y)sin(7¢x) + f,, (y)sin(8Zx)
where

* é, Sv 1192
f = 1 2 F Zf f +4f f 2

§
_ " _ AT 2 _év__ Z_Z 2 _ % Bl*lg3
fuz _[A’.llFZ A12(2§) FZ 4 ( 4f3 4 f2 +4flf3 4 é/ +4 é/
+2£281 BlZSS)]
g - 5
* " * 2 42 B;ng BlZSZ
f, =[ALF, — A, (C)°F, - > (f,f, - 3f,f, — 613z
o ~TAF - A0 R -5 ( D22
e e A AR 1A
1193 1283
_g2uds
g C 7z Cf
CIANE A EAE S _ L
fo. =[AnFs — AL (58) Fs 4(5fzf3 3f, 1) 50
CIAE A e S Qe aen L
f =T~ A(60)'F, S (5 #4174 )
fu7—[A11F7 AL(TE)F, 4(6f2f3)]x7§
AR A @E S areyy L
f <AL - A4 (B0)" Ry~ (41D -
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The first term on the right hand side of Eq. (13) presents the prescribed uniform end shortening.
The amplitude of the next eight terms evaluated at y=0 and y=bs (i.e., fuk(y)‘y=0 and
fuk (y)‘ k =1,2,..8) represents the local degrees of freedom uy, and uy, respectively. It should
be mentloned that by defining the degrees of freedom, as outlined above, the compatibility
conditions will be ensured on the adjacent edges of two strips.

L= —(ij)% y+ 1"+ f, cos(¢x) + f, cos(2¢%) + f, cos(3¢x) + f,, cos(4dx) +

f, cos(5¢x) + f, cos(6¢x) + f, cos(7¢x) + f, cos(8cx)

+|
-0

x=y=0
where

A21 2,2 2 _ 3
j[(4AM)§(f 2f+5f _2f. 1) (ff+f+2f+f)

ABr,
- oA )s,1dy

Z—L(1680A33F§ 1680f -1470f,f,¢ +1680f, f,& —840f,f,¢

f
1680
+12601, f,¢ —840B.,g, —840B.,5,¢)

f, =—M(1680A33F§ 840f, +840f,f,¢ —210f, f,¢ ~105f,f,¢ —210f,f,¢

—420f,f ¢ —840B,,s,¢ —420B,,0, +840B,,s,¢ +420B,,9,)

f, =—M(1680A33F§ 560, —140f,f,& —140f,f,¢ +140f, f,¢ —490f,f ¢
+840B,;s,¢ + 280B.,9,)

f, :—M(1680A33F§ 420f, +105f,f ¢ —105f, f,¢ —525f,f, ¢ +105f, f,&
—210f,f,¢ +840B,,s,¢ +210B,g,)

f, =—W(1680A33Fg 336f, —168f,f,¢ +126f,1,¢ +84f,f,¢ — 2521, f,()
—210f,f,¢ +840B.,5, +210B,0,)
1

f z—W(1680A33F§ 280f +70f,f,& +105f,f,& —210f,f.¢ +140f,f )
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[, - _@(1680&354 — 2401, +120f,1,£ +901,£,)
fo— 1 1680ALF.C—210f +105f.f. -
UB__M( AR S — u T FY

The first term on the right hand side of Eq. (14) describes the transverse in-plane expansion of
the strip, which translates to the Poisson’s ratio effect for an isotropic material. The second term
(i.e., 1) describes the transverse in-plane movement of the lines parallel to x-axis across a strip.
This movement, which is constant along a given line, varies from a minimum value of zero at edge
y=0 to its maximum value at the edge y=b,. The next eight terms describe the in-plane waviness of
the lines which lie parallel to x-axis. The amplitude of these terms evaluated at y=0 and y=b; (i.e.,

fuk(y)‘y=0 and f,)k(y)‘y:b , k=12,..8) represents the local degrees of freedom wvy and vy,

respectively. Finally, the eleventh term (which is equivalent to —(f,1+f,o+f,3+f,4+f,5+f,6+f,7+f,8)|y=0)
and the twelfth term on the right hand side of Eq. (14) represents values which remain constant at
all points on a given strip. The existence of the eleventh term on the right hand side of Eq. (14)
allows the point (x=0, y=0) to be treated as a reference point in terms of its deflection being
connected to another strip or being restrained.

It is noted that in the above equations (i.e., Egs. (13), (14)), functions Fy(y) (k=1,2,...8) are not
yet fully known, due to the coefficients Cy;—Cys (Where k=1,2,...8)) being unknown. These
coefficients are obtained by treating them as unknown, and solving for them whiles all other
parameters, including all DOFs Unier Utk Ui Uzt Wai s W1 s W Wi @y s @+ Py o Py Py 0Py,

d 2 ' 5
(i=1,2,3, k=1,2,...8), are assumed to be known. In this process, the following set of equations
should be solved analytically.

fo, (Y)‘yzo = Uy f,, (Y)‘yzo = Uy
: Where k=12,..8 (15)
fi, (Y)‘y:bs = Uy f, (Y)‘y:bs = Uy

It should be mentioned that in the set of 32 equations presented in Eq. (15), all the equations are
linear with respect to the undetermined coefficients of Cy—Cys (where k=1,2,...8)). Thus, by
implementing an analytical scheme, the 32 coefficients of C—Cy (where k=1,2,...8)) are
explicitly evaluated in terms of the degrees of freedom and other strip constants.

Having derived the in-plane displacement functions (i.e., u and v), the mid-plane strain and
curvatures with respect to the von Karman’s assumptions can be derived as follow

+ [eu ov au ow oo lifaw) 1 aw) ow ow
of {5 5y {z(a—] 13 '&a}

(Where e=¢, +¢,) (16)

0 0
¢T:{6¢x, @y’a¢7x+ (Dy},/ﬂ :{¢X+@,¢y+%}
X oy oy oX OX oy
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The strain energy for the FG finite strip in terms of mid-plane strains and curvatures is
presented as follow

V, =2 [] e TAle }+ 2 (B8} +{0F DK} + 20 [AN )
+{e | [Allen + 246, ' [Blig)+ (SCF)(1A} [ENA}))dxdy

Where [D] is the out-of-plane stiffness matrix, [E] is the shear stiffness matrix through the
thickness and SCF is the shear correction factor.

By invoking the principle of minimum potential energy the strip equilibrium equations can be
obtained and subsequently rearranged into the non-linear stiffness matrix of the strip. Once strip
equilibrium equations are determined for all strips, the equations are assembled to form a set of
global equilibrium equations (i.e., a set of global stiffness equations) for the whole structure. After
the application of any appropriate zero-displacement boundary conditions, the global equilibrium
equations are then solved using the Newton-Raphson (N-R) iterative procedure.

Once the global equilibrium equations are solved and the degrees of freedom are found for a
particular prescribed end shortening and pressure loading, it is possible to calculate the out-of
plane displacement w and rotations with respect to X, y axes in any finite strip using Eq. (8)
directly. The calculation of in-plane displacements u and o is achieved after finding
F.(y), fy, (y)and f, (y). Having obtained the functions Fi(y), the average stresses at any point of
the strip is known by Egs. (7)-(9).

By integrating the stress resultants along and across a given FG strip, the total mean force
acting on a strip will be derived as follows

(17)

N, dxdy

O e
Oy &

18
o (18)
L

It is to be noted that the average in-plane stresses are evaluated by solving the von Karman’s
compatibility equation on a FG strip and the derived in-plane displacement functions will satisfy
the mentioned equation. Therefore, as the in-plane displacements are continuous along an adjacent
edge of two FG strips, the average in-plane stresses will be compatible on this edge as a result of
von Karman’s compatibility equation satisfaction.

5. Semi-energy finite strip formulation using CLPT

As mentioned in the previous section, the FG strip is clamped out-of-plane at both ends (i.e., at end
x=0 and L), and is subjected to a uniform end shortening U at end x=L only. Therefore, the
boundary conditions at loaded ends of the FG finite strip are summarized as Eq. (19) with CLPT
assumptions.

w=—=N_=0 atx=0&L and u=< _ (19)

ow 0 at x=0
—-u atx=L
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Fig. 3 Degrees of freedom for the FG finite strip with CLPT assumptions.

The Von Karman’s compatibility equation for large deflections of arbitrary lay-up laminated
plates as given in Ref. (Chai 1989) is modified as Eq. (20) for FG plates in which the CLPT
assumptions are incorporated

84 0'F o'F 0w 0w, ,0°w

E
V'F = A22 +(2A12+A33 +A; _(8x8y)2_(8x2 )(ayz)
o*w a“w 84W (20)
+ 8;187 + (Bl*l + Bzz - 28;3) axzayz + Bl*z 6y4

In this version of the semi-energy finite strip approach which is suitable for the post-buckling
analysis of thin FG plate structures, the out-of-plane displacement field of the finite strip is the
only displacement which is postulated by a deflected form due to the application of classic
laminated plate theory (CLPT). The following function is found to be suitable to represent the out-
of-plane displacement field for the developed semi-energy finite strip formulation

W= i (y)sin(igsin( &) , c=T n=2 o

fi =@=3n%+2n°)w,; +b,(7-2n° +1°)6, + (3n* —2n°)w,, +b, (7° —1%)6,,

In the above expression wy;, 61, Wo;, 6 (where i = 1..N) are the undetermined out-of-plane
nodal displacement parameters along edges 1 and 2 of the FG strip, respectively. The degrees of
freedom (DOF), called nodal displacement parameters, are depicted in Fig. 3 for a FG finite strip
with CLPT assumptions. Again, the investigation on the sensitivity of the semi-energy FSM
analysis to the number of harmonic terms in out-of-plane deflection series has revealed that, the
early stages of the post-buckling behavior of thin FG plates can be predicted with a very good
accuracy by using three first harmonic terms (i.e., N=3 in Eq. (21)).
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Similar to the procedure followed in the previous section with respect to the Von-Karman
solution related to the FSDT case, the out-of-plane displacement w is then substituted into the
Von-Karman’s compatibility equation in order to find the corresponding in-plane displacement
functions. In this process, the stress function F may be considered as Eq. (9). Substituting F from

Eqg. (9) and w from Eqg. (21) into Eq. (20), a set of fourth-order ordinary differential equations will
be achieved as Eq. (22).

{ Al*lFO = 4/2 \}lo(fwl’ fw2’ fW3)
Al*l Fk - (kg)z (2 AfZ + A(:3 )Fk + (k§)4 A;Z Fk = é/quk ( fwl’ fWZ ’ fw3) (22)
where k=1.2,...,8

It is also noted that ¥, ¥, ¥, ... ¥ are known functions and can be derived analytically. With
the establishment of the out-of-plane displacement field according to Eq. (21) and driving
governing equations according to the above-mentioned ordinary differential equations, the rest of
the analysis concerning to find in-plane displacement fields is carried out in the same manner as
that already described with respect to the semi-energy finite strip method using first order shear
deformation theory. In this process, the in-plane displacement fields will be obtained as follow

==k 1, (V)SINE0-+ 1, (Y)sin( 260 + £, (y)sin(30+

fu4 (y)sin( 4¢x) + fu5 (y)sin( 5¢x) + fue (y)sin( 6¢x) +
f,, (y)sin(7¢x) + £, (y)sin(8Sx)
where

2
* " * 2 * "
ful = (AR - A, (é’)z F _%(2 fur fup +4 50 Tus +? By, fu

* 1
_ZBllfwz))XZ
. ) C? 2 e . .
fu2 :(Aqu _A&2(2§) F, _T(F B, fws +8811fw1_8811 fw3
2 o« g 7 1
_?Blszl_4fw32_wa22+4fwlfw3))xz
NP C? o 2 .,
fus B (A11F3 _A12(3§)2F3 _7(18811 fwz _?BlZ fwz + fwl fwz
1
_wa3fw2))x£

2
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It is noted that the all parameters in Egs. (23) and (24) have the same meanings as those
discussed earlier with respect to FSDT semi-energy FSM. One of the most important differences
between the two methods (i.e., FSDT semi-energy FSM and CLPT semi-energy FSM) lies in the
manner that the finite strip strain energy is computed for different methods. That is to say, in the
classic laminated plate theory the shear strain energy at the thickness is assumed to be zero whilst
in the first order shear deformation theory, the shear strain energy through the thickness is taken
into account. Consequently strain energy for CLPT assumptions (by putting A=0 in the Eq. (17))
will be derived as follows

V, = % [[ e ' 1Az }+2{a [ [Blg )} +{oY [DKg}+ 2{z, | [Alle )
+{eu f [Alley }+ 2{s, ' [B]igHdxdy

(25)

Where

| o'w 2w d'w
[¢] _{ axz’ ayg’ zaxay} (26)

Again, by invoking the principle of minimum potential energy the strip equilibrium equations,
and subsequently the global equilibrium equations are obtained for the whole structure.
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6. Full-energy finite strip formulation using CLPT

In order to check the validity and numerical efficiency of the developed CLPT semi-energy
FSM, a CLPT full-energy FSM based on Ovesy’s approach (Ovesy and Ghannadpour 2007) is
implemented in the current work. The main difference between the semi-energy and the full-
energy methods lies on the fact that in the full-energy method, the in-plane displacements are
postulated in addition to postulating a deflected form for the out-of-plane displacement by the
appropriate deflected forms from the commencement of analysis as follows

4= 3 (@ + (i)

0= Ly Sy +70,)c05(2
w= Zal((l—3f72 +2n° )Wy, +b (7 —2n% +1°)6, + (3n° = 2n°)w,,
+b, (17° —17%)8,;) sin(i¢x) sin( ) (27)

The rest of the analysis is carried out in the same manner as that already described with respect
to the semi-energy FSM.

7. Numerical results and discussions

FG rectangular plates with loaded ends clamped out-of-plane and with the unloaded edges
simply supported out-of-plane and free to move in-plane are considered. The set of FG materials
considered is alumina and aluminum. Young’s modulus and Poisson’s ratio were selected as being
70 GPa and 0.3 for aluminum, and 380 GPa and 0.3 for alumina, respectively. In all cases, the
bottom surface is assumed to be metal (aluminum) and the top surface is assumed to be pure
ceramic (alumina). The results are presented in terms of non-dimensional coefficients as follows

pro 0PL e ool e e _1ORL
E.h L h E.h
h2
P** = — Eb y U** = Utz) A‘U‘
7*Dy, 7*LD,, (28)

Where E; is alumina’s Young modulus, P is the total critical force acting on the plate in
buckling point and Di;, Aj;; are the members of flexural and in-plane stiffness matrices,
respectively.

7.1 Buckling behavior of FG plates

The first step is to investigate the buckling behavior of FG plates using Rayleigh-Ritz approach
based on CLPT assumption. To achieve this goal, the variation of buckling load capacity of FG
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Fig. 4 Garland curves concerned with FG plates

plates with respect to aspect ratio is examined. It is noted that aspect ratio of a rectangular plate is
defined as the length to width ratio (i.e., L/b) and is denoted as AR in this paper. It is assumed that
the width of plate is b=100 mm and thickness h is equal to 1 mm. The variation of non-
dimensional buckling coefficient K with aspect ratio of rectangular FG plate for different values of
volume fraction index (i.e., n) is depicted in Fig. 4. The volume fraction values of n=0 and n=co
correspond to two extreme cases of pure ceramic and pure metal materials, respectively.
Therefore, the coupling effects between in-plane loads and out-of-plane moments and curvatures
will be vanished. For the cases of n=0.5 and n=2 the related garland curves with regard to buckling
performance of FG plates is also included in Fig. 4. It can be seen that the garland curves
concerned with the mentioned volume fraction values lie between the curves related to extreme
cases of n=0, oo. Having analyzed the FG plates with different values of volume fraction index, it
is concluded that for each specified aspect ratio the buckling coefficient of FG plate with an
arbitrary volume fraction index is bounded among the buckling coefficient values corresponding to
two limit cases of n=0 and n=co. In addition, all the curves depicted in Fig. 4 are demonstrating
sudden changes in curvature at identical aspect ratios. In fact these changes are related to change in
buckling mode shape of FG plate. Moreover, each curve is divided into three zones. By checking
the buckling mode shapes it is revealed that each mode is constructed of one half waves in
transverse direction and one, two, three and more half waves in longitudinal direction of FG plate.
Therefore, each zone specified in Fig. 4 is concerned with the number of half waves in
longitudinal direction of FG plate. As the loaded ends of FG plate are clamped out-of-plane a
minimum buckling coefficient and related natural half-wave length may not be evaluated. It has
been shown that for an isotropic plate, transition between m to (m+1) half waves (i.e., m=1,2,3...)

in axial direction will take place at the aspect ratios equal to \ym(m+2) (Allen and Bulson,
1980). Similarly, for the extreme cases of n=0, « as the FGM plates, a transition between one half

wave to two half waves in length is experienced at AR of approximately 1.7 (i.e., AR=\/§).
Moreover, the transition from two half waves to three half waves for the cases of n=0, oo have seen

to occur at AR of approximately 2.7 (i.e., AR:\/§). It would be remarkable to note that;
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Fig. 5 Variations of non-dimensional load versus dimensionless end- shortening for square
thin FG plates (L/h=100) with various volume fraction index
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Fig. 6 Variations of non-dimensional load versus dimensionless out-of-plane central deflection
for square thin FG plates (L/h=100) with various volume fraction index

although, the FG plates with n=0.5 and 2 have a type of material properties including coupling
between in-plane and out-of-plane loads and deformations, the transition of mode shape for these
FG plates have taken place in almost the same aspect ratios as those correspond to the
aforementioned pure material cases. Therefore, the effects of mentioned coupling on the transition
point may be negligible.

7.2 Post-buckling behavior of FG plates

The second step is to investigate the post-buckling behavior of square FG plates subject to a
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uniform end shortening U at one end only. The thickness of the plates is kept equal to 1 mm, and
the length to thickness ratios are varied as L/h=100, L/h=40, L/h=20, L/h=10 and L/h=5 in order to
investigate plates with different relative thicknesses. A set of convergence studies concerning the
required number of strips that tends to a converged post-buckling solution has been carried out.
The convergence studies have revealed that a total number of 8 finite strips (corresponding to 309
and 192 DOFs in the case of semi-energy FSDT and CLPT FSM, respectively) and a total number
of 64 finite strips (corresponding to 1488 DOFs in the case of full-energy FSM) will produce
converged post-buckling solutions for the FG plates assumed in this paper. It should be mentioned
that for semi-energy FSM analyses based on the concept of FSDT, the shear correction factor is
assumed to be 5/6 for (n=0 & o) and 4/6 for (n=0.5 & 2).

In addition to the semi-energy and full-energy finite strip analyses, a finite element study is also
performed in this paper. The FEM analysis has been carried out using general purpose ANSYS 11
software. The shell element (SHELL99) of the ANSYS library has been used. This element has
eight nodes and each node incorporates six degrees of freedom. Within ANSYS software, the
buckling analysis is a two-pass analysis. The first pass is a linear static analysis which determines
the stresses for a given reference set of loads. The second pass is an eigen-value analysis which
provides the results in terms of load factors (eigen-values) and mode shapes (eigen-vectors).
Having obtained the mode shapes from an eigen value analysis in the manner described above,
they are then used as postulated imperfections in order to perform an iterative nonlinear post-
buckling analysis. In this process, the corresponding mode shape is scaled by a small factor and
the geometry of the structure is then updated by using scaled mode shape as an imperfection.
Within nonlinear FEM analysis, the postulation of an imperfection is a necessary step if the post-
buckling path after bifurcation point is sought. The convergence study has revealed that a mesh
arrangement composed of 400 square elements with the uniform size, for the FEM analysis is
perfectly acceptable. It means that a total number of 7686 DOFs are used in FEM analysis. It is
noted that the stiffness matrices of FG shell elements were computed outside of ANSYS
environment and then entered into the software through user input real constants.

The variation of load factor P” with dimensionless end-shortening U”, and the variation of load
factor P* with dimensionless central deflection W™ for the very thin plate with L/h=100 are
depicted in Figs. 5 and 6, respectively. Beside the presentation of the results obtained from the
semi-energy FSM using FSDT and CLPT, the results obtained from finite element method and
full-energy FSM are also presented for further validation.

It is clearly seen in Figs. 5 and 6 that for all volume fraction indexes, the four sets of results
compare very closely and hence that the present approaches for the post-buckling behaviours of
thin FG plates under uniform end shortening are verified. It is noted that due to the high length to
thickness ratio of plate, the effect of shear strain energy at the thickness is negligible, and thus the
results obtained from CLPT theory (full-energy CLPT-FSM and semi-energy CLPT-FSM) and
FSDT theory (i.e., FEM and semi-energy FSDT-FSM) are very close. It is also seen in Figs. 5 and
6 that for a given value of loading, among plates with different combinations of materials, the plate
made up of pure aluminum (i.e., n=infinity) encounters the largest end-shortening and central
deflection, whilst the smallest end-shortening and central deflection are encountered by the plate
made up of pure alumina (i.e., n=0). This is due to the fact that the former plate has the lowest
Young’s modulus (i.e., E=70 GPa), in contrast to the highest Young’s modulus of the latter plate
(i.e., E=380 GPa). Moreover, from the computational economy point of view it is worth
mentioning that the semi-energy FSM has incorporated very lower number of degrees of freedom
(i.e., 309DOFs in semi-energy FSDT-FSM and 192DOFs in semi-energy CLPT-FSM) compared
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to those of full-energy FSM (1488DOFs) and FEM (7686DOFs), thus the computational
advantage of the developed semi-energy FSM is revealed.

For the plates with L/h=40 & 20, the results obtained from the current semi-energy FSM
analyses based on both CLPT and FSDT theories as well as FEM analyses are presented in Figs. 7
and 8, respectively. It is clearly seen that the semi-energy FSM results obtained by the application
of FSDT theory are very close to those obtained by FEM analysis. The differences between the
FSM results obtained from CLPT theory and FSDT theory are due to the fact that for relatively
thick plates the through-the-thickness shear strain energy is no longer negligible and thus needs to
be accounted for. However, it is worth mentioning that at the expense of some loss in the accuracy,
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Fig. 7 Variations of non-dimensional load versus dimensionless end- shortening for square FG
plates (L/h=40) with various volume fraction index
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Fig. 8 Variations of non-dimensional load versus dimensionless end- shortening for square FG
plates (L/h=20) with various volume fraction index
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Fig. 9 Variations of non-dimensional load versus dimensionless end- shortening for square FG
plates (L/h=10) with various volume fraction index
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Fig. 10 Variations of non-dimensional load versus dimensionless out-of-plane central
deflection for square thin FG plates (L/h=10) with various volume fraction index

the semi-energy CLPT-FSM analysis requires a significantly lower number of degrees of freedom
(i.e., 192 DOF) compared to those required by the semi-energy FSDT-FSM analysis (i.e., 309
DOF). Therefore, if the computational economy is concerned the CLPT-FSM post-buckling
analysis may be suggested by obviously compromising on the precision of results.

The effects of through-the-thickness shear strains are further investigated in Figs. 9 and 10 for
significantly thicker FG plate (i.e., the plate with L/h=10). It is clearly seen that in the case of
thicker plates, as expected, the differences between the FSM results obtained from CLPT and
FSDT theories have become more pronounced.
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Fig. 12 Variation of initial post-buckling stiffness ratio via aspect ratio of thin FG plates

Finally, in order to study the effects of volume fraction index on post-buckling behavior of
functionally graded plates, the variations of total axial mean force ratio (P**/P;*) versus non-

dimensional end-shortening ratio (U**lucr) are obtained and depicted in Fig. 11 for various
length to thickness ratios (L/h=40, 20, 10 & 5) using FSDT FSM. It is clearly seen that for thin

plates, the total axial mean force ratio (P™ /P,’) is independent of volume fraction index and

consequently the post-buckling response of FG plate (n=0.5 & 2) will be equal to those of pure
plates (n=0 & ). However, it can be seen that the discrepancy between the results with various
volume fraction index will be increased with increasing the thickness of plates.
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7.3 Effects of aspect ratio on initial post-buckling stiffness ratio

The next step is to investigate the effects of aspect ratio on the post-buckling stable equilibrium
path of FG plates just after buckling point. It is assumed that the width of plate is b=100 mm and
thickness h is equal to 1 mm.

It is noted that the in-plane stiffness of plates will reduce as they encounter post-buckling
behavior. Moreover, the initial post-buckling in-plane stiffness (S°) and its ratio to pre-buckling
stiffness (S) is an important factor (S'/S) for design of plates encountering initial post-buckling
behavior. The in-plane stiffness of plate is defined as the derivative of total mean force acting on
plane (P) against end-shortening of plate (i.e., oP/oa). The pre-buckling stiffness is a constant
value as the plate demonstrates a linear behavior and can be calculated using buckling analysis
based on Rayleigh-Ritz approach; however, as the post-buckling behavior of a plate is non-linear
in nature, the post-buckling stiffness varies as the applied end-shortening progresses in post-
buckling region. The initial post-buckling analyses are performed by incorporating full-energy
CLPT FSM as well as semi-energy CLPT FSM for each aspect ratio. In this paper, (S*) denotes the
initial post-buckling stiffness just after the buckling point. Fig. 12 shows the variation of (S7/S)
against aspect ratio of FG plate. Moreover, the FG plates with different volume fraction indexes
(i.e., n=0, 0.5, 2, ) are analyzed. Considering the results presented in Fig. 12, the following notes
are remarkable.

For different values of FG material volume fraction index, the initial post-buckling stiffness
ratio (i.e., S'/S) is identical at each aspect ratio. It may lead to the hypothesis that the post-buckling
stiffness ratio of thin FG plates might be independent of material properties (i.e., fraction of
ceramic-metal components). Moreover, as the curves depicted in Fig. 12 are independent of base
materials fraction index, they may be considered as a universal curve for a variety of material
properties and may be used in sizing and preliminary design of thin FG plates encountering initial
post-buckling behavior.

As far as a comparison between Fig. 4 and Fig. 12 is concerned, Fig. 4 demonstrates a garland
shape for variation of buckling coefficient against aspect ratio of plate; however, Fig. 12 depicts a
schematic saw shape curve for variation of initial post-buckling stiffness ratio against aspect ratio
of a FG plate. It may be noted that the initial post-buckling stiffness ratio is quite sensitive to the
buckling mode shape of rectangular FG plate. Therefore, the aspect ratio may be considered as a
major factor for design of FG rectangular plates encountering initial post-buckling behavior.

8. Conclusions

A geometrically non-linear multi-term semi-energy finite strip, based on the concept of first
order shear deformation theory, for the post-buckling analysis of geometrically thin and relatively
thick FG plates is developed. In order to study the effects of through-the-thickness shearing
stresses, the semi-energy FSM and the full-energy FSM based on the concept of classical
laminated plate theory are also implemented. In order to check the validity and numerical
performance of the developed methods, the finite element method is also applied. The study of the
results has revealed that the semi-energy formulation has very good convergence properties and
produces very accurate results by incorporating significantly less number of degrees of freedom
than those required by the full-energy FSM and FEM. It is revealed that for the thin FG plates, the
variations of non-dimensional load versus end-shortening is independent of ceramic-metal volume
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fraction index. This means that the post-buckling response of thin FG plates are equal to those of
pure isotropic plates. The garland curves corresponding to buckling behavior of mentioned FG
plates are obtained using a Rayleigh-Ritz approach. Moreover, the variation of initial post-
buckling behavior of thin FG plates with aspect ratio has been investigated. The analysis of results
has revealed that initial post-buckling stiffness ratio of mentioned FG plates demonstrate a saw
shape curve, which is independent of volume fraction index of base materials for FG plates.
Moreover, the initial post-buckling stiffness ratio is highly influenced by the buckling mode shape
of rectangular FG plates and by increasing the aspect ratio, a transition in buckle shape of plate
will be occurred that leads to a drastic drop in initial post-buckling stiffness ratio. Finally, it may
be concluded that when the design of thin FG rectangular plates for initial post-buckling behavior
is concerned the aspect ratio of plate will play an important role in this behavior; however, the
fraction of base materials may be negligible.
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