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Abstract. In this paper a higher-order shear deformation plate theory is presented to investigate the stress distribution and
static deflections of functionally graded sandwich plates with porosity effects. The displacement field of the present theory is
chosen based on nonlinear variations in the in-plane displacements through the thickness of the plate. By dividing the transverse
displacement into the bending and shear parts and making further assumptions, the number of unknowns and equations of
motion of the present theory is reduced a and hence makes them simple to use. The functionally graded materials (FGM) used in
plates contain probably a porosity volume fraction which needs taking into account this aspect of imperfection in the mechanical
bahavior of such structures. The present work aims to study the effect of the distribution forms of porosity on the bending of
simply supported FG sandwich plate. The governing equations of the problem are derived by using the principle of virtual work.
In the solution of the governing equations, the Navier procedure is used for the simply supported plate. In the porosity effect,
four different porosity types are used for functionally graded sandwich plates. In the numerical results, the effects of the porosity
parameters, porosity types and aspect ratio of plates on the normal stress, shear stress and static deflections of the functionally
graded sandwich plates are presented and discussed. Also, some comparison studies are performed in order to validate the
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present formulations.
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1. Introduction

Functionally graded materials (FGM) are a type of
composites whose properties vary gradually though
directions. Functionally graded materials have more
strength than the classical composites and have not interface
problems in contrast with layered composites. Because of
these advantages, the functionally graded materials have
been investigated for last decade.

In the production stage of the functionally graded
materials, micro-voids and porosities could occur due to
production or technical errors. This is because of the large
difference in solidification temperatures between material
constituents (Zhu et al. 2001). With porosity, the
mechanical behavior of functionally graded materials
changes considerably. Thus, the effect of the porosity on the
functionally graded materials is an important problem and
must be investigated in order to safe design of this
composite.

In last years, lots of researchers focus on investigation
of porous functionally graded materials; Wattanasakulpong
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et al. (2012) also gave the discussion on porositieshappen
ing inside FGM samples fabricated by a multistep
sequential infiltration technique. Wattanasakulpong and
Ungbhakorn (2014) studied vibration characteristics of
FGM porous beams by using differential transformation
method with different kinds of elastic supports. Al Jahwari
and Naguib (2016) studied the analysis and homogenization
of functionally graded viscoelastic porous structures with a
higher order plate theory and statistical based model of
cellular  distribution. Ebrahimi and Jafari (2016)
investigated thermal vibration of FGM porous beams.
Ebrahimi et al. (2016) investigated thermal effects on
vibration behavior of temperature-dependent
compositionally graded Euler beams with porosities.
Kitipornchai et al. (2017) studied free vibration and elastic
buckling of functionally graded porous beams reinforced by
graphene platelets. Wu et al. (2018) performed a finite
element analysis to study the free and forced vibration FGM
porous beam using both Euler-Bernoulli and Timoshenko
beam theories. Yang et al. (2018) used Chebyshev-Ritz
method to study buckling and free vibration of FGM
graphene reinforced porous nanocomposite. Simsek and
Aydin investigated size-dependent forced vibration of an
imperfect functionally graded (FG) microplate with
porosities subjected to a moving load using the modified
couple stress theory. Akbas (2017) examined the vibration
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and static analysis of functionally graded plates with
porosity. Fazzolari (2018) exploited generalized beam
theories to study the vibration and stability of porous FGM
sandwich beams resting on elastic foundations. Jouneghani
et al. (2018) studied analytically the structural response of
porous FGM nonlocal nanobeams under hygro-thermo-
mechanical loadings. Shahsavari et al. (2018) used a novel
quasi-3D hyperbolic theory for free vibration of FG plates
with  porosities resting on  Winkler/Pasternak/Kerr
foundation. Nguyen et al. (2018) studied nonlinear dynamic
response of functionally graded porous plates on elastic
foundation subjected to thermal and mechanical loads.
Avcar (2019) examined the free vibration of functionally
graded beams with porosity with different porosity
distribution models. Ramteke et al. (2019) studied effects of
the porosity on the eigen characteristics of functionally
graded structures with different types of porosity and
material distributions. Taati and Fallah (2019) presented
forced vibration of sandwich modified strain gradient
microbeams with FGM core. Xu et al. (2019) studied
buckling analysis of functionally graded porous plates with
laminated face sheets by using finite element method based
on first order shear deformation theory. Zhao et al. (2019)
investigated vibration behavior of the FGM porous curved
thick beam, doubly-curved panels and shells of revolution
by using a semi-analytical method. Keddouri et al. (2019)
presented static responses of functionally graded plates with
porosity effects by using the Navier method. Ebrahimi ef al.
(2019) studied vibration analysis of porous metal foam
shells rested on an elastic substrate.

Since the shear deformation effects are more
pronounced in these structures, the first-order shear
deformation theory and higher-order shear deformation
theories should be used. By using these theories, although
many papers have been devoted to study static, vibration
and buckling analysis of FG structures.

In this paper, stress distribution and static deflection of
porous functionally graded sandwich plates are investigated
with different porosity models by using the Navier method.
The higher-order shear deformation plate theory is used in
order to get more realistic of stress distribution. The
distinctive feature of this study from published papers in the
literature is to investigate the porous functionally graded
sandwich plates with four porosity types and higher-order
shear deformation plate theory. The effects of the porosity
parameters, porosity types and aspect ratio of plates on the
normal stress, shear stress and static deflections are
presented and discussed.

2. Problem formulation

A simply supported sandwich rectangular plate with
porous functionally graded face layers is shown in Fig. 1.
Where, a, b and /4 indicate the dimension in the X, Y and Z
directions, respectively.

The sandwich plate is made of three layers, an isotropic
core and two power-law functionally graded layers. The
material properties of the face layers vary from metal to
ceramic and the core layer is made of ceramic. The volume
fraction ™ of layer n (n = 1, 2, 3), varies according to the

following power-law function across the plate thickness

k

Z—h
v (2) :( ) hy <7 <h, (1a)
hy = hy
V(Z)(Z) =1h,<Z<hs (1b)
Z —hy\*
V() = ( 4) hy<Z<h, (Ic)
hs — hy

where /1, i, and A3 are the bottom surface coordinates of the
bottom face layer, the core layer and the top layer
respectively. Likewise, h,, hs3 and h4 are the top surface
coordinates of the bottom face layer, the core layer and the
top layer respectively. In equation 1, & indicates the power-
law coefficient (volume fraction index). When k£ = 0, the
material of plate gets homogenous ceramic.

In the porosity distribution of functionally graded layers,
four different porosity distribution models are used. These
porosity distribution models are shown in Fig. 2. Used the
porosity models in this study are; homogeneous porosity
distribution, X porosity distribution, O porosity distribution
and V porosity distribution.

According to these models, the effective material
properties (P) for each layers are given as follows (Hadji
and Avcar 2021);

For Homogeneous Porosity Distribution
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Fig. 1 Geometry of a simply supported sandwich
rectangular plate with functionally graded
porous layers
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Fig. 2 Porosity distribution models
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PO() = Py + (B = BV @) = 5 (B + Pr)
P®(2) = Py + (P. = B)VP(2) )
PO() = By + (B = VO @) = 5 (B + Py)

For X Porosity Distribution

a 2z
PO@) = By + (B~ BIVD(@) = 5 (B + By)|

Ex gl k2 kS
M: 2lideliralgl e
Vxy V)?y kal:y k;y

— (hy + hy)
hy — h,

P@(z) =P+ (P. — PY)VP(2) A3)

a 2z
PO@) = B+ (B = BIVO@) = 5 (B + B) |7

For O Porosity Distribution

§

\

For V Porosity Distribution

— (hs + hy)
3 —hy

— 2 2
PW(z) =P, + (P. — B,)VDV(2) — E(Pc +P) (h1 hz) _ (Z B (h1 + h2)>

2 2

: PD(2) = Py + (B — PV (2) @

2 2

— 2 2
P(3)(Z) = Pm + (Pc - Pm)V(3)(Z) _g(PC + Pm) (h3 h4) - (Z - (—h3 a h4)>

PW(z) =P, + (P. — POV D (2) _%(PC + Pm)(z — )

lP(3)(z) = Pyt (B = POV (@) = S (B + B (

where a (@ < 1) demotes the volume fraction of porosity.

Based on the higher-order shear deformation plate
theory, the displacement fields of the plate are presented as
follows

d
u(x,y,z,t) = ug(x,y,t) — Z%
+hf (2) f 6(x,y,¢) dx
Iwo (6)

v(x,y,zt) = vo(x,y,t) — z 3y

thaf (2) f 6(x,y,t) dy
W(E,Y,2,8) = Wo(%,9,7)

Where, u, v and w are the displacements functions of X,
Y and Z directions, respectively. In Eq. (6), f(z) is defined
according to the higher-order shear deformation plate as
follows (Akavci 2010)

f(z) = ;nh tank (%) - ;T[Z sech (%)2 (7

It can be seen that the displacement field in Eq. (6)

hy — h,
P®(z2) = Py + (P. = BVP(2) ®)
zZ — h4, )
h3 - h4
Vyz Vyz
L=9@ {y;’z}' (8b)
where
dug 0w
0 ox b 0x?
& v, kx 92w,
& (= o Rk b (9a)
o dx b dy
1£3% du, N v, kezy t 92w,
dy  ox —2 dxdy
k.0
Fx k;B
kL= i ; ; }
k3, kl—fﬁdx+k2—f9dy
dy d0x (9b)
k,| 6d
{V;?z} _ Zf Y
0
Vaz ky f 6 dx
and
df (z)
= 10
9(2) =— (10

introduces only four unknowns (ug,vq,w, and 6). The
nonzero strains associated with the displacement field in
Eq. (6) are

The integrals defined in the above equations shall be
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resolved by a Navier type method and can be written as
follows

0 ,0%0 626
9 d =A axay g d B 6x6y
ayf *= f Y=

dey Bay

where the coefficients A’ and B’ are expressed according
to the type of solution used, in this case via Navier.
Therefore, A’, B’, k; and k, are expressed as follows

(11)
f@dx —Aax

s 1 , 1 2 2
H=—p B=-fp k=d k=§ 12

where @ and S are defined in expression (28). For elastic
and isotropic FGMs, the constitutive relations can be
expressed as

(0 i1 C, O 0 071r Ex \
Oy C, Cp O 0
Txy = 0 0 C66 0 (13)
Tyz 0 0 O C44 0 }
Txz 0 0 0 Css sz

where (O-x: Oy, Txy, Tyz, sz) and (8x: Eys Vxys Vyz» sz)
are the stress and strain components, respectively. Using the
material properties defined in Eq. (1), stiffness coefficients,
Cij, can be given as

E(z) vE(2)
Ch=Cp=7"2Ce=7"2
E(2) (14)
Ciq = Cs5 = Cg6 = m,

The governing equations of equilibrium can be derived
by using the principle of virtual displacements. The
principle of virtual work in the present case yields (Merazi
etal. 2015)

J‘h/z f [ax(Sex + 0,08, + Tyy0V¥sy 10ds

h/2 /0 +Tx20Vaz + TyZSsz

(15)
—fq(x,y) dwd2 =0
)

where Q is the top surface and q(x,y) is the applied
transverse load.

Substituting Eqgs. (8) and (13) into Eq. (15) and
integrating through the thickness of the plate, Eq. (15) can
be rewritten as

Ny 8eg + Nybey + Ny Sy, + MP8k;
+MLESKD + M2, SKL, + M3Sks + MySks | do
+M3, 8ksy, + S5,070, + 55,67, (16)
—Jq&wd!) =0,
(]

o}

The stress resultants N, M, and S are defined by

(N, MP, M§) = j 1,z fodz, (i = x,y,xy)

2 (17)

h/2

and (SXZ,SS ) =J- g(‘rxz, ‘ryz)dz
—h/2

The governing equations of equilibrium can be derived
from Eq. (16) by integrating the displacement gradients by
parts and setting the coefficients zero Juo, dvo, dwy, and
60 separately. Thus, one can obtain the equilibrium
equations associated with the present refined shear
deformation plate theory

ON, 0Ny,
S uy: pp + 3y =0
dN,, ON,
(S'UO. ax +W—O
9:M:  9*MP, 9%*MP
: 2 Y Y = 18
Swor ==+ 5%y + 5y +q=0 (18)
62 N
§60: —kyM§ — koM — (kA + kyB”) 5 a"y
0S5, . 0S3,
kA —"= + kB % =0

Substituting Eq. (8) into Eq. (13) and the subsequent
results into Egs. (17), the stress resultants are obtained in
terms of strains as following compact form

N A B B
Mbt=(B D DS {k”}, S = A%y, (19)
ms) LB Ds kS

in which

N = {N, N, Ny}, MP={mb, M2, M2},

20a
M = (M5, M$, M5} (20
e=1{e2¢%y ), = (kb kb, k) (20b)
kS = {ks ks ksy}
(A1 Az O
A=A Az 01,
0 0 Agl
Byy B 0
B=|Biz By 0], (20¢)
0 0 Bgg
Dll D12 0
D=|Di, Dy, O
0 0 D¢
Bi, Bi, O
BS=|Bf, B5, 0],
0 0 B
Diy D, 0
D*=|Di; D3; O [, (20d)
0 0 D&
Hiy Hi; 0
HS=|H{, H;, O
0 0 Hi
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S=1{55,85),  v={%r%)

a5 = A5, 0] (20e)
0 Ass
and stiffness components are given as
A1 Bin Dy By Dy Hiy
A, By Dy, Bi, Di, Hi (21a)
A¢s Bes Des Bis Dgs Hg
1
h/2 y
- [ enqazt @ r@ @ Lz @)
—h/2
2
(AZZIBZZ'DZZIBEZ'DZSZ'HQSZ) (21C)
= (A11' B11'D11'B1S1'D1S1' Hf1)
h/2
Ajs = A5 = Caalg(2)]?dz, (21d)
—h/2

In what follows, the problem under consideration is
solved for the following simply supported boundary
conditions prescribed at all four edges

170(0;37) = Wb(O;J/) = Ws(O;Y)

_ 0wy _ 0w _ (22a)
=% 0,y) = 3y 0,y) =0
%o(a, y) =w, ga, y) = ws(a,y)
_ W _ 0w _ (22b)
- ay (a:Y) - ay (a,)’) - 0
N,(0,y) = M2(0,y) = M5(0,y) = Ny(a,y)
= M2(a,y) = Mi(a,y) = 0 (22¢)
uO(x' 0) = Wb (x, 0) = WS(X, 0)
9 0y =M 0y =0 (22d)
dy dy
uy(x,0) = wy(x,b) = ws(x,b)
= aﬂ(x, b) = Iws (x,b) = 0 (22¢)
dy dy
Ny (x,0) = M) (x,0) = M;(x,0) (226)

= N, (x,b) = MJ(x,b) = My(x,b) =0

Introducing Eq. (19) into Eq. (18), the equations of
motion can be expressed in terms of displacements (u,, vy,
Wy, 0) and the appropriate equations take the form

Aq1diqug + Agedaaty + (Arz + Age)di2v0

—By1d111Wo — (Biz + 2Bgg)d12,Wy (23a)
+(Bge(k1A’ + sz’))d1229 + (Biik, + Bi;k;)d 6

=0,

Agadrvg + Agedi1Vo + (A1z + Age)diUg
—Bypdz2,Wo — (Byz + 2Bgg)d112Wy

+(Bge(k1A’ + sz’))d1129 + (B3zk, + Biyk1)d,
=0,

5 (23b)

Bi1d111uy + (Biz + 2Bgg)di22U
+(B12 + 2Bg6)d112V0 + Baada22v0
—D;1d1111Wo — 2(D12 + 2Dgg)d1122Wo
—D35d522,wWo + (Di1ky + Dizk;)d,10
+2(Dgs (k1 A’ + k3B*))dy12,0
+(Di2ky + D32k)dy60 +q =0

(23c)

—(Bi1ky + Bizky)diug — (Bge(kﬂq’ + sz’))duzuo
_(Bge(kv‘l’ + sz’))dnzvo — (Bizky + B3z k3)d,v
+(D71ky + Dyk;)d 1wy

+2(D656(k1A’ + sz’))dnzzWo

+(Di2kq + D3zk;)dyowy

—((keyA° + k,B*)?*Hgg)d 11220 + A3, (k2 B*)?d5,0
+A§5(k1A’)2d119 = 0

(23d)

where d;;, d;; and dj,, are the following differential
operators
02 a3
d' . = ) d- . = —,
Y 0x,0x; UL 9x;0x;0x,
o* 0 (24)
dijim =332 =3
0x;0x;0x,0x, dx;
(i,j,Lm=1,2).

The Navier solution technique is a well-established
approach utilizing a series solution expansion of the
kinematic field. However, there exists alternative solution
approach in the literature based on the series expansion of
the kinetic field (Farrahi et al. 2009, Faghidian 2014, 2015).
In this paper the Navier solution method is employed to
determine the analytical solutions for which the
displacement variables are written as product of arbitrary
parameters and known trigonometric functions to respect
the equations of motion and boundary conditions.

The displacement functions that satisfy the equations of
boundary conditions (22) are selected as the following
Fourier series

Uy w o Umncos(ax)sin([)’y)
vo | _ Vinn sin(a x) cos(B y)
W(()) - Z Z Wi sin(a x) sin(B y) (25)
] ML X sin( a x) sin( B y)
with
a= % and p=nn/b (26)

The transverse uniform distributed load ¢ is also
expanded in the double-Fourier sine series as

0

4 = D ) Quisin(aD)sin(Fy), (1)

m=1n=1

where

4 a rb
Cnn == [ [ ey sinCax) sin(p y) dxdy
0o J0
{ qo for sinusoidally distributed load (28)

16q,
mn?

for uniformly distributed load
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Substituting Eqgs. (25) and (27) into Eq. (22), the
following problem is obtained

S11 S1z2 Siz S14] (Umn 0
S12 S22 S23 Saa|) Vinm _) 0 (29
Siz S23 S3z Sza| | Winn Qmn

%)
v
NS
%)
N
NN
%)
w
N
5
S
5§

n 0

Si1 = —(Aa® + AgeB),

S12 = —aB(Ar; + Age),

S13 = a(Bya + Blzﬁz + ZBéﬁﬁz)’

Sia = a(kyB3y + k, B, — (ki A’ + k;B)BgS?),  (30)
Sy2 = —(Ase@® + A28,

Sy3 = B(BpaB? + Bipa? + 2Bgea?),

Sza = B(k,B3; + kyBi, — (ki A’ + k,B)Bgsa?),

3. Numerical results

In this section, effects of the porosity distributions, the
porosity parameters, the aspect ratios of plates on the
normal stress, shear stress and static deflections of the
functionally graded sandwich plates are presented and
discussed under transverse uniform distributed load (go).
Unless mentioned otherwise, a simply supported Al/ZrO,
sandwich plate composed of Aluminum face sheets (as
metal) and Zirconia core (as ceramic) under sinusoidal
loads is considered. Young’s modulus and Poisson’s ratio of
Aluminum are E, = 70 GPa, vy = 0.3 respectively, and
those of Zirconia are E. = 151 GPa, v. = 0.3.

Numerical results are presented in terms of non-
dimensional stresses and deflection. The various
nondimensional parameters used are

. . . A 10hE, (a b
e Dimensionless deflection: w = —2w (—, -),
qoa 2’2

e Dimensionless normal stress:

5 _10.h20_ (a b Z)
X qea? *\2’2’°)

e Dimensionless transverse shear stress:
h

Tyz = 7oa Tz (0,2,2).
where £y = 1 GPa. It is noted that the deflections are
calculated at the X = a/2, Y = b/2, the distribution of axial
stress is presented at the cross section X = a/2, ¥ = b/2 in
though Z direction and the distribution of shear stress is
presented at the cross section X = 0, Y = b/2 in though Z
direction. Several kinds of symmetric and non-symmetric
FGM sandwich plate are used as follows;

The (1-0-1) FGM sandwich plate: The plate is made of
two layers of equal thickness without a core:
h1:h3:h/2, h2:0

The (1-1-1) FGM sandwich plate: The plate is made of
three equal-thickness layers:

h|:h2:h3:]’l/3

The (1-2-1) FGM sandwich plate: The core thickness

equals the sum of faces thickness:

hl :h3:h/4, ]’lzzh/z

The (2-1-2) FGM sandwich plate: The upper layer
thickness is twice the core layer while it is the same as the
lower one:

h|:h3:2h/5, hzzh/s

The (2-2-1) FGM sandwich plate: The core thickness
is twice the upper face while it is the same as the lower one.

hy=hy=2h/5, h3 =h/5

In order to prove the validity of the presentedhigher-
order shear deformation plate theory, some comparisons are
made between the results obtained from this theory and
those obtained by Zenkour (2005) based on sinusoidal shear
deformation theory (SSDPT), trigonometric shear
deformation theory (TSDPT), the first-order shear
deformation theory (FSDPT) and the new first-order shear
deformation developed by Thai et al. (2014) as given in
Tables 1 to 3.

From these tables, a good agreement between the results
of the present theory with other theories except for the case
of transverse shear stress 7,,. A small difference between
the results is seen (see Table 3). This is due to the different
approaches used to predict the transverse shear stresses. It is
clear that the FSDPT (Zenkour 2005) violates the stress-free
boundary conditions on the plate surface, and consequently,
a shear correction factor is required. Finally, it is important
to note that the present theory involves only four unknowns
as against five in the case of SSDT, TSDT and FSDT.
Besides, it does not require a shear correction factor as in
the case of FSDT. Therefore, it can be stated that the present
theory is not only accurate but also simple in predicting the
bending behavior of FG sandwich plates.

Fig. 3 indicates the effect the side-to-thickness ratio a/h
and the shape of porosity distribution on the dimensionless
deflections W of (1-1-1) sandwich plates with different
value of volume fraction & and porosity coefficient o = 0.2.
The deflections for plate with uniform porosity distribution
model are higher than that for the other models of imperfect
FGM sandwich plates. The highest values of dimensionless
deflections were obtained for the homogeneous shape of
porosity distribution while the lowest ones correspond to
the “O” shape of porosity distribution. The “X” and the “}V”’
shape of porosity distribution gives almost the same values
of the dimensionless deflections. It is seen from Fig. 3, the
dimensionless deflections increase with the increasing of
the side-to-thickness ratio a/h. Another result of Fig. 3 is
that the difference among of porosity distributions increase
significantly by increasing the ratio of a/A. In higher values
of a/h, the porosity is very effective on the static behavior
of FGM sandwich plates. It should be noted that the effect
of the distribution shape of porosity on the dimensionless
deflection is very significant by increasing thickness ratio.
Also, the value of volume fraction (k) is very effective on
the porosity and its influences. By increasing the value of
volume fraction, the difference among of porosity
distributions increases.
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Table 1 Dimensionless deflection W of square plates for a/h =10

‘ Theory Scheme
1-0-1 2-1-2 1-1-1 2-2-1
SSDPT (Zenkour, 2005) 0.1961 0.1961 0.1961 0.1961
TSDPT (Zenkour, 2005) 0.1961 0.1961 0.1961 0.1961
0 FSDPT (Zenkour, 2005) 0.1961 0.1961 0.1961 0.1961
NFESDPT (Thai, 2014) 0.1961 0.1961 0.1961 0.1961
Present 0.1961 0.1961 0.1961 0.1961
SSDPT (Zenkour, 2005) 0.3235 0.3062 0.2919 0.2808
TSDPT (Zenkour, 2005) 0.3236 0.3063 0.2920 0.2809
1 FSDPT (Zenkour, 2005) 0.3248 0.3075 0.2930 0.2817
NFSDPT (Thai, 2014) 0.3237 0.3064 0.2920 0.2809
Present 0.3235 0.3063 0.2919 0.2802
SSDPT (Zenkour, 2005) 0.3732 0.3522 0.3328 03161
TSDPT (Zenkour, 2005) 0.3734 0.3523 0.3329 0.3162
2 FSDPT (Zenkour, 2005) 0.3751 0.3541 0.3344 03174
NFSDPT (Thai, 2014) 0.3737 0.3526 0.3330 0.3163
Present 0.3732 0.3522 0.3328 0.3149
SSDPT (Zenkour, 2005) 0.4091 0.3916 0.3713 0.3495
TSDPT (Zenkour, 2005) 0.4093 0.3918 0.3715 0.3496
5 FSDPT (Zenkour, 2005) 0.4112 0.3942 0.3736 0.3512
NFSDPT (Thai, 2014) 0.4101 0.3927 0.3720 0.3501
Present 0.4091 0.3917 0.3713 0.3476
SSDPT (Zenkour, 2005) 0.4175 0.4037 0.3849 0.3492
TSDPT (Zenkour, 2005) 0.4177 0.4041 0.3855 0.3622
10 FSDPT (Zenkour, 2005) 0.4192 0.4066 0.3879 0.3640
NFSDPT (Thai, 2014) 0.3988 0.3894 0.3724 0.3492
Present 0.4176 0.4039 0.3854 0.3598

Table 2 Dimensionless normal stress @, (4/2) of square plates for a/h =10

‘ Theory Scheme
1-0-1 2-1-2 1-1-1 2-2-1
SSDPT (Zenkour, 2005) 2.0545 2.0545 2.0545 2.0545
TSDPT (Zenkour, 2005) 2.0499 2.0499 2.0499 2.0499
0 FSDPT (Zenkour, 2005) 1.9758 1.9758 1.9758 1.9758
NFSDPT (Thai, 2014) 1.9758 1.9758 1.9758 1.9758
Present 1.9951 1.9951 1.9951 1.9951
SSDPT (Zenkour, 2005) 1.5820 1.4986 1.4289 1.3234
TSDPT (Zenkour, 2005) 1.5792 1.4959 1.4262 1.3206
1 FSDPT (Zenkour, 2005) 1.5325 1.4517 1.3830 1.2775
NFSDPT (Thai, 2014) 1.5324 1.4517 1.3830 1.2775
Present 1.5447 1.4632 1.3943 1.2744
SSDPT (Zenkour, 2005) 1.8245 1.7241 1.6303 1.4739
TSDPT (Zenkour, 2005) 1.8217 1.7214 1.6275 1.4710
2 FSDPT (Zenkour, 2005) 1.7709 1.6750 1.5824 1.4253
NFSDPT (Thai, 2014) 1.7709 1.6750 1.5824 1.4253

Present 1.7841 1.6871 1.5942 1.4145
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Table 2 Continued
. Theory Scheme
1-0-1 2-1-2 1-1-1 2-2-1
SSDPT (Zenkour, 2005) 1.9957 1.9155 1.8184 1.6148
TSDPT (Zenkour, 2005) 1.9927 1.9130 1.8158 1.6118
5 FSDPT (Zenkour, 2005) 1.9358 1.8648 1.7699 1.5640
NFSDPT (Thai, 2014) 1.9358 1.8648 1.7699 1.5640
Present 1.9505 1.8773 1.7818 1.5452
SSDPT (Zenkour, 2005) 2.0336 1.9731 1.8815 1.6198
TSDPT (Zenkour, 2005) 2.0304 1.9713 1.8838 1.6666
10 FSDPT (Zenkour, 2005) 1.9678 1.9217 1.8375 1.6165
NFSDPT (Thai, 2014) 1.9678 1.9216 1.8375 1.6160
Present 1.9841 1.9345 1.8495 1.5944
Table 3 Dimensionless transverse shear stress 7,,(0) of square plates for a/h =10
" Theory Scheme
1-0-1 2-1-2 1-1-1 2-2-1
SSDPT (Zenkour, 2005) 0.2462 0.2462 0.2462 0.2462
TSDPT (Zenkour, 2005) 0.2386 0.2386 0.2386 0.2386
0 FSDPT (Zenkour, 2005) 0.1910 0.1910 0.1910 0.1910
NFSDPT (Thai, 2014) 0.2387 0.2387 0.2387 0.2387
Present 0.2441 0.2441 0.2441 0.2441
SSDPT (Zenkour, 2005) 0.2991 0.2777 0.2681 0.2668
TSDPT (Zenkour, 2005) 0.2920 0.2710 0.2612 0.2595
1 FSDPT (Zenkour, 2005) 0.2610 0.2432 0.2326 0.2276
NFSDPT (Thai, 2014) 0.2566 0.2593 0.2602 0.2582
Present 0.2971 0.2759 0.2662 0.2648
SSDPT (Zenkour, 2005) 0.3329 0.2942 0.2781 0.2763
TSDPT (Zenkour, 2005) 0.3262 0.2884 0.2719 0.2694
2 FSDPT (Zenkour, 2005) 0.2973 0.2675 0.2508 0.2432
NFSDPT (Thai, 2014) 0.2552 0.2617 0.2650 0.2624
Present 0.3311 0.2926 0.2764 0.2745
SSDPT (Zenkour, 2005) 0.3937 0.3193 0.2915 0.2890
TSDPT (Zenkour, 2005) 0.3863 0.3145 0.2864 0.2827
5 FSDPT (Zenkour, 2005) 0.3454 0.2973 0.2721 0.2610
NFSDPT (Thai, 2014) 0.2468 0.2576 0.2649 0.2627
Present 0.3917 0.3180 0.2901 0.2874
SSDPT (Zenkour, 2005) 0.4415 0.3364 0.2953 0.2967
TSDPT (Zenkour, 2005) 0.4321 0.3324 0.2957 0.2908
10 FSDPT (Zenkour, 2005) 0.3728 0.3132 0.2830 0.2700
NFSDPT (Thai, 2014) 0.2419 0.2534 0.2627 0.2611
Present 0.4389 0.3357 0.2989 0.2955
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Fig. 3 Effect of the shape of porosity distribution on the dimensionless deflections versus side-to-thickness ratio a/h

of an Al/ZrO, FGM square sandwich plate (1-1-1)

Fig. 4 shows the influence of distribution shape of
porosity on the axial stress with different value of volume
fraction & and porosity coefficient a = 0.2 respectively. It is
clair that the axial stress is tensile at the top surface and
compressive at the bottom surface. Also, it is clear that the
longitudinal stress is maximum for “V” distribution shape
of porosity and it is minimal for “X” distribution shape of
porosity.

Fig. 5 shows the influence of distribution shape of
porosity on the shear stress with different value of volume
fraction k and porosity coefficient a = 0.2 respectively. It is
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Fig. 4 Effect of the shape of porosity distribution on the normal stress o, across the thickness of an Al/ZrO, FGM

square sandwich plate (1-1-1)
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noted that the variation of the shear stresses is not parabolic.
It is clear that the axial stress is maximum for the
homogeneous shape of porosity distribution and it is
minimal for “O” distribution shape of porosity. It can be
also noted that the distribution shape of porosity has an
influence on the shear stress.

The axial stress and shear stress are continuous and
smooth through the plate sandwich thickness for “O” shape
of porosity distribution and non-smooth for homogeneous,
X and V shape of porosity distribution.
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Fig. 5 Effect of the shape of porosity distribution on the shear stress T,, across the thickness of an Al/ZrO, FGM

square sandwich plate (1-1-1)

The variation of porosity coefficient @ on the central
deflection is illustrated in Fig. 6. The porosity coefficient
has an important effect on the deflections mainly for the
homogeneous shape of porosity distribution where the
increasing of porosity coefficient increases the central
deflections. With increasing of the porosity parameters, the
difference among of porosity parameters increases
considerably.

4. Conclusions

The presented study is focused on the effect of the
distribution shape of porosity on stress distributions and
static deflections FGM sandwich plates with different
porosity models by using the Navier method. The
kinematics of the plate model is based on the higher order
shear deformation theory. The properties of the material are
assumed to vary according to the thickness direction of the
plate and the rule of the mixture that has been reformulated
to evaluate the characteristics of the materials with different
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Fig. 6 Effect of porosity coefficient on center deflection
FGM sandwich plate (1-1-1) (k=2)

distribution shape of porosity. A parametric study was
conducted, including volume fraction indices, geometry
ratios, thickness ratios, volume fraction of porosity and the
shape of porosity. According to the typical results, it can be
concluded that distribution shape of porosity has a
significant effect on the deflections of FGM sandwich
plates as well as on the normal and shear stress developed
in the sandwich plate. The value of volume fraction and the
side-to-thickness ratio are very effective in the porosity
effects. With the porosity effects, the stress distribution of
the FGM sandwich plates change considerably. In view of
this research, it is very important to study the effect of
boundary conditions, and to see how these boundary
conditions can affect the stability of this type of porous
plate.
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