
Smart Structures and Systems, Vol. 28, No. 3 (2021) 343-354 
https://doi.org/10.12989/sss.2021.28.3.343 

Copyright © 2021 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=sss&subpage=7                                      ISSN: 1738-1584 (Print), 1738-1991 (Online) 

 
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. Şimşek and 
Aydın 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. Akbaş (2017) examined the vibration 
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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 
present formulations. 
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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 et 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 h 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 (𝑛) of layer 𝑛 (𝑛 = 1, 2, 3), varies according to the 

following power-law function across the plate thickness 
 𝑉(ଵ)(𝑍) = ൬ 𝑍 − ℎଵℎଶ − ℎଵ൰௞ ℎଵ ≤ 𝑍 ≤ ℎଶ (1a)

 𝑉(ଶ)(𝑍) = 1 ℎଶ ≤ 𝑍 ≤ ℎଷ (1b)
 𝑉(ଷ)(𝑍) = ൬ 𝑍 − ℎସℎଷ − ℎସ൰௞ ℎଷ ≤ 𝑍 ≤ ℎସ (1c)

 
where h1, h2 and h3 are the bottom surface coordinates of the 
bottom face layer, the core layer and the top layer 
respectively. Likewise, h2, h3 and h4 are the top surface 
coordinates of the bottom face layer, the core layer and the 
top layer respectively. In equation 1, k 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 
 
 

Fig. 1 Geometry of a simply supported sandwich 
rectangular plate with functionally graded 
porous layers

 
 

Fig. 2 Porosity distribution models
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⎩⎪⎨
⎪⎧𝑃(ଵ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଵ)(𝑧) − 𝛼2 (𝑃௖ + 𝑃௠)𝑃(ଶ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଶ)(𝑧)𝑃(ଷ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଷ)(𝑧) − 𝛼2 (𝑃௖ + 𝑃௠) (2)

 
For X Porosity Distribution 
 

 
For O Porosity Distribution 
 

 
For V Porosity Distribution 
 

 
where 𝛼 (𝛼 ≺ 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 

 𝑢(𝑥, 𝑦, 𝑧, 𝑡) = 𝑢଴(𝑥, 𝑦, 𝑡) − 𝑧 𝜕𝑤଴𝜕𝑥                            +𝑘ଵ𝑓(𝑧) න 𝜃(𝑥, 𝑦, 𝑡) 𝑑𝑥 𝑣(𝑥, 𝑦, 𝑧, 𝑡) = 𝑣଴(𝑥, 𝑦, 𝑡) − 𝑧 𝜕𝑤଴𝜕𝑦                            +𝑘ଶ𝑓(𝑧) න 𝜃(𝑥, 𝑦, 𝑡) 𝑑𝑦 𝑤(𝑥, 𝑦, 𝑧, 𝑡) = 𝑤଴(𝑥, 𝑦, 𝑡) 

(6)

 
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) = 32 𝜋ℎ tanℎ ቀ𝑧
ℎ

ቁ − 32 𝜋𝑧 sec ℎ ൬12൰ଶ
 (7)

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

introduces only four unknowns (𝑢଴ ,𝑣଴ ,𝑤଴  and 𝜃). The 
nonzero strains associated with the displacement field in 
Eq. (6) are 

൝ 𝜀௫𝜀௬𝛾௫௬ൡ = ቐ 𝜀௫଴𝜀௬଴𝛾௫௬଴ ቑ + 𝑧 ቐ 𝑘௫௕𝑘௬௕𝑘௫௬௕ ቑ + 𝑓(𝑧) ቐ 𝑘௫௦𝑘௬௦𝑘௫௬௦ ቑ, (8a)

 
 
 
 

 
 
 

 
 

 ቄ𝛾௬௭𝛾௫௭ቅ = 𝑔(𝑧) ቊ𝛾௬௭଴𝛾௫௭଴ ቋ, (8b)
 

where 
 

ቐ 𝜀௫଴𝜀௬଴𝛾௫௬଴ ቑ =
⎩⎪⎪⎨
⎪⎪⎧ 𝜕𝑢଴𝜕𝑥𝜕𝑣଴𝜕𝑥𝜕𝑢଴𝜕𝑦 + 𝜕𝑣଴𝜕𝑥 ⎭⎪⎪⎬

⎪⎪⎫,     ቐ 𝑘௫௕𝑘௬௕𝑘௫௬௕ ቑ =
⎩⎪⎪⎨
⎪⎪⎧ − 𝜕ଶ𝑤଴𝜕𝑥ଶ− 𝜕ଶ𝑤଴𝜕𝑦ଶ−2 𝜕ଶ𝑤଴𝜕𝑥𝜕𝑦⎭⎪⎪⎬

⎪⎪⎫
 (9a)

 

ቐ 𝑘௫௦𝑘௬௦𝑘௫௬௦ ቑ = ⎩⎨
⎧ 𝑘ଵ𝜃𝑘ଶ𝜃𝑘ଵ 𝜕𝜕𝑦 න 𝜃 𝑑𝑥 + 𝑘ଶ 𝜕𝜕𝑥 න 𝜃 𝑑𝑦⎭⎬

⎫ ,
ቊ𝛾௬௭଴𝛾௫௭଴ ቋ = ൞𝑘ଶ න 𝜃 𝑑𝑦𝑘ଵ න 𝜃 𝑑𝑥ൢ 

(9b)

 

and 
 𝑔(𝑧) = 𝑑𝑓(𝑧)𝑑𝑧  (10)
 
The integrals defined in the above equations shall be 

⎩⎪⎨
⎪⎧𝑃(ଵ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଵ)(𝑧) − 𝛼2 (𝑃௖ + 𝑃௠) ฬ2𝑧 − (ℎଵ + ℎଶ)ℎଵ − ℎଶ ฬ𝑃(ଶ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଶ)(𝑧)𝑃(ଷ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଷ)(𝑧) − 𝛼2 (𝑃௖ + 𝑃௠) ฬ2𝑧 − (ℎଷ + ℎସ)ℎଷ − ℎସ ฬ (3)

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝑃(ଵ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଵ)(𝑧) − 𝜉2 (𝑃௖ + 𝑃௠)ඩ൬ℎଵ − ℎଶ2 ൰ଶ − ൭𝑧 − ൬ℎଵ + ℎଶ2 ൰൱ଶ

𝑃(ଶ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଶ)(𝑧)
𝑃(ଷ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଷ)(𝑧) − 𝜉2 (𝑃௖ + 𝑃௠)ඩ൬ℎଷ − ℎସ2 ൰ଶ − ൭𝑧 − ൬ℎଷ + ℎସ2 ൰൱ଶ (4)

⎩⎪⎨
⎪⎧𝑃(ଵ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଵ)(𝑧) − 𝛼2 (𝑃௖ + 𝑃௠) ൬ 𝑧 − ℎଶℎଵ − ℎଶ൰𝑃(ଶ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଶ)(𝑧)𝑃(ଷ)(𝑧) = 𝑃௠ + (𝑃௖ − 𝑃௠)𝑉(ଷ)(𝑧) − 𝛼2 (𝑃௖ + 𝑃௠) ൬ 𝑧 − ℎସℎଷ − ℎସ൰ (5)
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resolved by a Navier type method and can be written as 
follows 

 𝜕𝜕𝑦 න 𝜃 𝑑𝑥 = 𝐴′ ങమഇങೣങ೤ ,     𝜕𝜕𝑥 න 𝜃 𝑑𝑦 = 𝐵ᇱ ങమഇങೣങ೤,න 𝜃 𝑑𝑥 = 𝐴′ങഇങೣ ,              න 𝜃 𝑑𝑦 = 𝐵’
𝜕𝜃𝜕𝑦 

(11)

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

 𝐴’ = − 1𝛼ଶ ,     𝐵’ = − 1𝛽ଶ ,     𝑘ଵ = 𝛼ଶ,     𝑘ଶ = 𝛽ଶ (12)

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

 

⎩⎪⎨
⎪⎧ 𝜎௫𝜎௬𝜏௫௬𝜏௬௭𝜏௫௭ ⎭⎪⎬

⎪⎫ = ⎣⎢⎢
⎢⎡𝐶ଵଵ 𝐶ଵଶ 0 0 0𝐶ଵଶ 𝐶ଶଶ 0 0 00 0 𝐶଺଺ 0 00 0 0 𝐶ସସ 00 0 0 0 𝐶ହହ⎦⎥⎥

⎥⎤
⎩⎪⎨
⎪⎧ 𝜀௫𝜀௬𝛾௫௬𝛾௬௭𝛾௫௭⎭⎪⎬

⎪⎫
 (13)

 
where (𝜎௫, 𝜎௬, 𝜏௫௬, 𝜏௬௭, 𝜏௫௭) and (𝜀௫, 𝜀௬, 𝛾௫௬, 𝛾௬௭, 𝛾௫௭) 
are the stress and strain components, respectively. Using the 
material properties defined in Eq. (1), stiffness coefficients, 𝐶௜௝, can be given as 

 𝐶ଵଵ = 𝐶ଶଶ = 𝐸(𝑧)1 − 𝑣ଶ , 𝐶ଵଶ = 𝑣𝐸(𝑧)1 − 𝑣ଶ , 𝐶ସସ = 𝐶ହହ = 𝐶଺଺ = 𝐸(𝑧)2(1 + 𝑣), (14)

 
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 
et al. 2015) 

 න න ൤𝜎௫𝛿𝜀௫ + 𝜎௬𝛿𝜀௬ + 𝜏௫௬𝛿𝛾௫௬+𝜏௫௭𝛿𝛾௫௭ + 𝜏௬௭𝛿𝛾௬௭ ൨ఆ
ℎ/ଶ

ିℎ/ଶ 𝑑𝛺𝑑𝑧 − න 𝑞(𝑥, 𝑦)ఆ 𝛿𝑤𝑑𝛺 = 0 
(15)

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

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

 නఆ ൦𝑁௫𝛿𝜀௫଴ + 𝑁௬𝛿𝜀௬଴ + 𝑁௫௬𝛿𝛾௫௬଴ + 𝑀௫௕𝛿𝑘௫௕+𝑀௬௕𝛿𝑘௬௕ + 𝑀௫௬௕ 𝛿𝑘௫௬௕ + 𝑀௫௦𝛿𝑘௫௦ + 𝑀௬௦𝛿𝑘௬௦+𝑀௫௬௦ 𝛿𝑘௫௬௦ + 𝑆௬௭௦ 𝛿𝛾௬௭଴ + 𝑆௫௭௦ 𝛿𝛾௫௭଴ ൪ 𝑑𝛺 

− න 𝑞𝛿𝑤𝑑𝛺 = 0,ఆ  

(16)

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

൫𝑁௜, 𝑀௜௕, 𝑀௜௦൯ = න (1, 𝑧, 𝑓)𝜎௜𝑑𝑧ℎమିℎమ , (𝑖 = 𝑥, 𝑦, 𝑥𝑦)
and ൫𝑆௫௭௦ , 𝑆௬௭௦ ൯ = න 𝑔൫𝜏௫௭, 𝜏௬௭൯𝑑𝑧ℎ/ଶ

ିℎ/ଶ  
(17)

 
The governing equations of equilibrium can be derived 

from Eq. (16) by integrating the displacement gradients by 
parts and setting the coefficients zero δu0, δv0, δw0, and 𝛿𝜃 separately. Thus, one can obtain the equilibrium 
equations associated with the present refined shear 
deformation plate theory 

 𝛿 𝑢଴:   𝜕𝑁௫𝜕𝑥 + 𝜕𝑁௫௬𝜕𝑦 = 0 𝛿 𝑣଴:   𝜕𝑁௫௬𝜕𝑥 + 𝜕𝑁௬𝜕𝑦 = 0 𝛿 𝑤଴:  𝜕ଶ𝑀௫௕𝜕𝑥ଶ + 2 𝜕ଶ𝑀௫௬௕𝜕𝑥𝜕𝑦 + 𝜕ଶ𝑀௬௕𝜕𝑦ଶ + 𝑞 = 0 𝛿 𝜃:  − 𝑘ଵ𝑀௫௦ − 𝑘ଶ𝑀௬௦  − (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’) 𝜕ଶ𝑀௫௬௦𝜕𝑥𝜕𝑦  𝑘ଵ𝐴’
𝜕𝑆௫௭௦𝜕𝑥 + 𝑘ଶ𝐵’

𝜕𝑆௬௭௦𝜕𝑦 = 0 

(18)

 
Substituting Eq. (8) into Eq. (13) and the subsequent 

results into Eqs. (17), the stress resultants are obtained in 
terms of strains as following compact form 

 ൝ 𝑁𝑀௕𝑀௦ൡ = ൥ 𝐴 𝐵 𝐵௦𝐵 𝐷 𝐷௦𝐵௦ 𝐷௦ 𝐻௦൩ ቊ 𝜀𝑘௕𝑘௦ቋ ,        𝑆 = 𝐴௦𝛾, (19)

 

in which 
 𝑁 = ൛𝑁௫, 𝑁௬, 𝑁௫௬ൟ௧, 𝑀௕ = ൛𝑀௫௕, 𝑀௬௕, 𝑀௫௬௕ ൟ௧,𝑀௦ = ൛𝑀௫௦, 𝑀௬௦, 𝑀௫௬௦ ൟ௧ 

(20a)

 𝜀 = ൛𝜀௫଴, 𝜀௬଴, 𝛾௫௬଴ ൟ௧, 𝑘௕ = ൛𝑘௫௕, 𝑘௬௕, 𝑘௫௬௕ ൟ௧,𝑘௦ = ൛𝑘௫௦, 𝑘௬௦ , 𝑘௫௬௦ ൟ௧ 
(20b)

 𝐴 = ൥𝐴ଵଵ 𝐴ଵଶ 0𝐴ଵଶ 𝐴ଶଶ 00 0 𝐴଺଺൩ , 
𝐵 = ൥𝐵ଵଵ 𝐵ଵଶ 0𝐵ଵଶ 𝐵ଶଶ 00 0 𝐵଺଺൩ , 
𝐷 = ൥𝐷ଵଵ 𝐷ଵଶ 0𝐷ଵଶ 𝐷ଶଶ 00 0 𝐷଺଺൩ 

(20c)

 𝐵௦ = ቎𝐵ଵଵ௦ 𝐵ଵଶ௦ 0𝐵ଵଶ௦ 𝐵ଶଶ௦ 00 0 𝐵଺଺௦ ቏ , 
𝐷௦ = ቎𝐷ଵଵ௦ 𝐷ଵଶ௦ 0𝐷ଵଶ௦ 𝐷ଶଶ௦ 00 0 𝐷଺଺௦ ቏ , 
𝐻௦ = ቎𝐻ଵଵ௦ 𝐻ଵଶ௦ 0𝐻ଵଶ௦ 𝐻ଶଶ௦ 00 0 𝐻଺଺௦ ቏ 

(20d)
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Static deflections and stress distribution of functionally graded sandwich plates with porosity 𝑆 = ൛𝑆௫௭௦ , 𝑆௬௭௦ ൟ௧,          𝛾 = ൛𝛾௫௭଴ , 𝛾௬௭଴ ൟ௧, 𝐴௦ = ൤𝐴ସସ௦ 00 𝐴ହହ௦ ൨ 

(20e)

 
and stiffness components are given as 

 ቐ𝐴ଵଵ 𝐵ଵଵ 𝐷ଵଵ 𝐵ଵଵ௦ 𝐷ଵଵ௦ 𝐻ଵଵ௦𝐴ଵଶ 𝐵ଵଶ 𝐷ଵଶ 𝐵ଵଶ௦ 𝐷ଵଶ௦ 𝐻ଵଶ௦𝐴଺଺ 𝐵଺଺ 𝐷଺଺ 𝐵଺଺௦ 𝐷଺଺௦ 𝐻଺଺௦ ቑ (21a)

 = න 𝐶ଵଵ(1, 𝑧, 𝑧ଶ, 𝑓(𝑧), 𝑧 𝑓(𝑧), 𝑓ଶ(𝑧))ℎ/ଶ
ିℎ/ଶ ൞ 1𝜈1 − 𝜈2 ൢ 𝑑𝑧 (21b)

 (𝐴ଶଶ, 𝐵ଶଶ, 𝐷ଶଶ, 𝐵ଶଶ௦ , 𝐷ଶଶ௦ , 𝐻ଶଶ௦ ) = (𝐴ଵଵ, 𝐵ଵଵ, 𝐷ଵଵ, 𝐵ଵଵ௦ , 𝐷ଵଵ௦ , 𝐻ଵଵ௦ ) (21c)
 𝐴ସସ௦ = 𝐴ହହ௦ = න 𝐶ସସሾ𝑔(𝑧)ሿଶ𝑑𝑧ℎ/ଶ

ିℎ/ଶ , (21d)

 
In what follows, the problem under consideration is 

solved for the following simply supported boundary 
conditions prescribed at all four edges 

     𝑣଴(0, 𝑦) = 𝑤௕(0, 𝑦) = 𝑤௦(0, 𝑦) = 𝜕𝑤௕𝜕𝑦 (0, 𝑦) = 𝜕𝑤௦𝜕𝑦 (0, 𝑦) = 0 (22a)

     𝑣଴(𝑎, 𝑦) = 𝑤௕(𝑎, 𝑦) = 𝑤௦(𝑎, 𝑦) = 𝜕𝑤௕𝜕𝑦 (𝑎, 𝑦) = 𝜕𝑤௦𝜕𝑦 (𝑎, 𝑦) = 0 (22b)

      𝑁௫(0, 𝑦) = 𝑀௫௕(0, 𝑦) = 𝑀௫௦(0, 𝑦) = 𝑁௫(𝑎, 𝑦)= 𝑀௫௕(𝑎, 𝑦) = 𝑀௫௦(𝑎, 𝑦) = 0 (22c)
     𝑢଴(𝑥, 0) = 𝑤௕(𝑥, 0) = 𝑤௦(𝑥, 0) = 𝜕𝑤௕𝜕𝑦 (𝑥, 0) = 𝜕𝑤௦𝜕𝑦 (𝑥, 0) = 0 (22d)

     𝑢଴(𝑥, 0) = 𝑤௕(𝑥, 𝑏) = 𝑤௦(𝑥, 𝑏) = 𝜕𝑤௕𝜕𝑦 (𝑥, 𝑏) = 𝜕𝑤௦𝜕𝑦 (𝑥, 𝑏) = 0 (22e)

     𝑁௬(𝑥, 0) = 𝑀௬௕(𝑥, 0) = 𝑀௬௦(𝑥, 0) = 𝑁௬(𝑥, 𝑏) = 𝑀௬௕(𝑥, 𝑏) = 𝑀௬௦(𝑥, 𝑏) = 0 (22f)

 
Introducing Eq. (19) into Eq. (18), the equations of 

motion can be expressed in terms of displacements (𝑢଴, 𝑣଴, 𝑤଴, 𝜃) and the appropriate equations take the form 
 𝐴ଵଵ𝑑ଵଵ𝑢଴ + 𝐴଺଺𝑑ଶଶ𝑢଴ + (𝐴ଵଶ + 𝐴଺଺)𝑑ଵଶ𝑣଴ −𝐵ଵଵ𝑑ଵଵଵ𝑤଴ − (𝐵ଵଶ + 2𝐵଺଺)𝑑ଵଶଶ𝑤଴ +൫𝐵଺଺௦ (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)൯𝑑ଵଶଶ𝜃 + (𝐵ଵଵ௦ 𝑘ଵ + 𝐵ଵଶ௦ 𝑘ଶ)𝑑ଵ𝜃= 0, (23a)

 𝐴ଶଶ𝑑ଶଶ𝑣଴ + 𝐴଺଺𝑑ଵଵ𝑣଴ + (𝐴ଵଶ + 𝐴଺଺)𝑑ଵଶ𝑢଴ −𝐵ଶଶ𝑑ଶଶଶ𝑤଴ − (𝐵ଵଶ + 2𝐵଺଺)𝑑ଵଵଶ𝑤଴ +൫𝐵଺଺௦ (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)൯𝑑ଵଵଶ𝜃 + (𝐵ଶଶ௦ 𝑘ଶ + 𝐵ଵଶ௦ 𝑘ଵ)𝑑ଶ𝜃= 0, (23b)

 

𝐵ଵଵ𝑑ଵଵଵ𝑢଴ + (𝐵ଵଶ + 2𝐵଺଺)𝑑ଵଶଶ𝑢଴ +(𝐵ଵଶ + 2𝐵଺଺)𝑑ଵଵଶ𝑣଴ + 𝐵ଶଶ𝑑ଶଶଶ𝑣଴ −𝐷ଵଵ𝑑ଵଵଵଵ𝑤଴ − 2(𝐷ଵଶ + 2𝐷଺଺)𝑑ଵଵଶଶ𝑤଴ −𝐷ଶଶ𝑑ଶଶଶଶ𝑤଴ + (𝐷ଵଵ௦ 𝑘ଵ + 𝐷ଵଶ௦ 𝑘ଶ)𝑑ଵଵ𝜃 +2൫𝐷଺଺௦ (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)൯𝑑ଵଵଶଶ𝜃 +(𝐷ଵଶ௦ 𝑘ଵ + 𝐷ଶଶ௦ 𝑘ଶ)𝑑ଶଶ𝜃 + 𝑞 = 0 

(23c)

 −(𝐵ଵଵ௦ 𝑘ଵ + 𝐵ଵଶ௦ 𝑘ଶ)𝑑ଵ𝑢଴ − ൫𝐵଺଺௦ (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)൯𝑑ଵଶଶ𝑢଴−൫𝐵଺଺௦ (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)൯𝑑ଵଵଶ𝑣଴ − (𝐵ଵଶ௦ 𝑘ଵ + 𝐵ଶଶ௦ 𝑘ଶ)𝑑ଶ𝑣଴+(𝐷ଵଵ௦ 𝑘ଵ + 𝐷ଵଶ௦ 𝑘ଶ)𝑑ଵଵ𝑤଴ +2൫𝐷଺଺௦ (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)൯𝑑ଵଵଶଶ𝑤଴ +(𝐷ଵଶ௦ 𝑘ଵ + 𝐷ଶଶ௦ 𝑘ଶ)𝑑ଶଶ𝑤଴ −𝐻ଵଵ௦ 𝑘ଵଶ𝜃 − 𝐻ଶଶ௦ 𝑘ଶଶ𝜃 − 2𝐻ଵଶ௦ 𝑘ଵ𝑘ଶ𝜃 −((𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)ଶ𝐻଺଺௦ )𝑑ଵଵଶଶ𝜃 + 𝐴ସସ௦ (𝑘ଶ𝐵’)ଶ𝑑ଶଶ𝜃+𝐴ହହ௦ (𝑘ଵ𝐴’)ଶ𝑑ଵଵ𝜃 = 0 

(23d)

 
where 𝑑௜௝ , 𝑑௜௝௟  and 𝑑௜௝௟௠  are the following differential 
operators 

 𝑑௜௝ = 𝜕ଶ𝜕𝑥௜𝜕𝑥௝ ,        𝑑௜௝௟ = 𝜕ଷ𝜕𝑥௜𝜕𝑥௝𝜕𝑥௟ ,𝑑௜௝௟௠ = 𝜕ସ𝜕𝑥௜𝜕𝑥௝𝜕𝑥௟𝜕𝑥௠ ,    𝑑௜ = 𝜕𝜕𝑥௜ (𝑖, 𝑗, 𝑙, 𝑚 = 1, 2). (24)

 
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 

 

ቐ𝑢଴𝑣଴𝑤଴𝜃 ቑ = ෍ ෍ ൞𝑈௠௡ 𝑐𝑜𝑠( 𝛼 𝑥) 𝑠𝑖𝑛( 𝛽 𝑦)𝑉௠௡ 𝑠𝑖𝑛( 𝛼 𝑥) 𝑐𝑜𝑠( 𝛽 𝑦)𝑊௠௡ 𝑠𝑖𝑛( 𝛼 𝑥) 𝑠𝑖𝑛( 𝛽 𝑦)𝑋௠௡ 𝑠𝑖𝑛( 𝛼 𝑥) 𝑠𝑖𝑛( 𝛽 𝑦)ൢ∞

௡ୀଵ
∞

௠ୀଵ  (25)

 

with 
 𝛼 = 𝑚𝜋𝑎 and       𝛽 = 𝑛𝜋/𝑏 (26)
 
The transverse uniform distributed load q is also 

expanded in the double-Fourier sine series as 
 𝑞(𝑥, 𝑦) = ෍ ෍ 𝑄௠௡ 𝑠𝑖𝑛( 𝛼 𝑥) 𝑠𝑖𝑛( 𝛽 𝑦)∞

௡ୀଵ
∞

௠ୀଵ , (27)

 

where 
 𝑄௠௡ = 4𝑎𝑏 න න 𝑞(𝑥, 𝑦) 𝑠𝑖𝑛( 𝛼 𝑥) 𝑠𝑖𝑛( 𝛽 𝑦) 𝑑𝑥𝑑𝑦௕

଴
௔

଴= ൝ 𝑞଴ for sinusoidally distributed load16𝑞଴𝑚𝑛𝜋ଶ for uniformly distributed load 
(28)
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Substituting Eqs. (25) and (27) into Eq. (22), the 
following problem is obtained 

 

൦𝑆ଵଵ 𝑆ଵଶ 𝑆ଵଷ 𝑆ଵସ𝑆ଵଶ 𝑆ଶଶ 𝑆ଶଷ 𝑆ଶସ𝑆ଵଷ 𝑆ଶଷ 𝑆ଷଷ 𝑆ଷସ𝑆ଵସ 𝑆ଶସ 𝑆ଷସ 𝑆ସସ൪ ൞𝑈௠௡𝑉௠௡𝑊௠௡𝑊௠௡ൢ = ൞ 00𝑄௠௡0 ൢ (29)

 

where 
 𝑆ଵଵ = −(𝐴ଵଵ𝛼ଶ + 𝐴଺଺𝛽ଶ), 𝑆ଵଶ = −𝛼𝛽(𝐴ଵଶ + 𝐴଺଺), 𝑆ଵଷ = 𝛼(𝐵ଵଵ𝛼ଶ + 𝐵ଵଶ𝛽ଶ + 2𝐵଺଺𝛽ଶ), 𝑆ଵସ = 𝛼(𝑘ଵ𝐵ଵଵ௦ + 𝑘ଶ𝐵ଵଶ௦ − (𝑘ଵ𝐴’ + 𝑘ଶ𝐵’)𝐵଺଺௦ 𝛽ଶ), 𝑆ଶଶ = −(𝐴଺଺𝛼ଶ + 𝐴ଶଶ𝛽ଶ), 𝑆ଶଷ = 𝛽(𝐵ଶଶ𝛽ଶ + 𝐵ଵଶ𝛼ଶ + 2𝐵଺଺𝛼ଶ), 𝑆ଶସ = 𝛽(𝑘ଶ𝐵ଶଶ௦ + 𝑘ଵ𝐵ଵଶ௦ − (𝑘ଵ𝐴′+ 𝑘ଶ𝐵′)𝐵଺଺௦ 𝛼ଶ),

(30)

 
 

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 (q0). 
Unless mentioned otherwise, a simply supported Al/ZrO2 
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 Em = 70 GPa, νm = 0.3 respectively, and 
those of Zirconia are Ec = 151 GPa, νc = 0.3. 

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

 

• Dimensionless deflection: 𝑤∧ = ଵ଴ℎாబ௤బ௔మ 𝑤 ቀ௔ଶ , ௕ଶቁ, 
• Dimensionless normal stress: 𝜎௫ = ଵ଴.ℎమ௤బ௔మ 𝜎௫ ቀ௔ଶ , ௕ଶ , 𝑧ቁ, 
• Dimensionless transverse shear stress: 𝜏௫௭ = ℎ௤బ௔ 𝜏௫௭ ቀ0, ௕ଶ , 𝑧ቁ. 

 
where E0 = 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, Y = 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: 
 

h1 = h2 = h3 = h/3 
 
The (1-2-1) FGM sandwich plate: The core thickness 

equals the sum of faces thickness: 
 

h1 = h3 = h/4,     h2 = h/2 
 
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: 

 

h1 = h3 = 2h/5,     h2 = h/5 
 
The (2-2-1) FGM sandwich plate: The core thickness 

is twice the upper face while it is the same as the lower one. 
 

h1 = h2 = 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 𝜏௫௭. 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  𝑤ෝ  of (1-1-1) sandwich plates with different 
value of volume fraction k and porosity coefficient α = 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/h. 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 𝑤ෝ  of square plates for a/h = 10 

k Theory 
Scheme 

1-0-1 2-1-2 1-1-1 2-2-1 

0 

SSDPT (Zenkour, 2005) 0.1961 0.1961 0.1961 0.1961 
TSDPT (Zenkour, 2005) 0.1961 0.1961 0.1961 0.1961 
FSDPT (Zenkour, 2005) 0.1961 0.1961 0.1961 0.1961 
NFSDPT (Thai, 2014) 0.1961 0.1961 0.1961 0.1961 

Present 0.1961 0.1961 0.1961 0.1961 

1 

SSDPT (Zenkour, 2005) 0.3235 0.3062 0.2919 0.2808 
TSDPT (Zenkour, 2005) 0.3236 0.3063 0.2920 0.2809 
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 

2 

SSDPT (Zenkour, 2005) 0.3732 0.3522 0.3328 0.3161 
TSDPT (Zenkour, 2005) 0.3734 0.3523 0.3329 0.3162 
FSDPT (Zenkour, 2005) 0.3751 0.3541 0.3344 0.3174 
NFSDPT (Thai, 2014) 0.3737 0.3526 0.3330 0.3163 

Present 0.3732 0.3522 0.3328 0.3149 

5 

SSDPT (Zenkour, 2005) 0.4091 0.3916 0.3713 0.3495 
TSDPT (Zenkour, 2005) 0.4093 0.3918 0.3715 0.3496 
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 

10 

SSDPT (Zenkour, 2005) 0.4175 0.4037 0.3849 0.3492 
TSDPT (Zenkour, 2005) 0.4177 0.4041 0.3855 0.3622 
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 𝜎௫(ℎ/2) of square plates for a/h = 10 

k Theory 
Scheme 

1-0-1 2-1-2 1-1-1 2-2-1 

0 

SSDPT (Zenkour, 2005) 2.0545 2.0545 2.0545 2.0545 
TSDPT (Zenkour, 2005) 2.0499 2.0499 2.0499 2.0499 
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 

1 

SSDPT (Zenkour, 2005) 1.5820 1.4986 1.4289 1.3234 
TSDPT (Zenkour, 2005) 1.5792 1.4959 1.4262 1.3206 
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 

2 

SSDPT (Zenkour, 2005) 1.8245 1.7241 1.6303 1.4739 
TSDPT (Zenkour, 2005) 1.8217 1.7214 1.6275 1.4710 
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 

k Theory 
Scheme 

1-0-1 2-1-2 1-1-1 2-2-1 

5 

SSDPT (Zenkour, 2005) 1.9957 1.9155 1.8184 1.6148 
TSDPT (Zenkour, 2005) 1.9927 1.9130 1.8158 1.6118 
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 

10 

SSDPT (Zenkour, 2005) 2.0336 1.9731 1.8815 1.6198 
TSDPT (Zenkour, 2005) 2.0304 1.9713 1.8838 1.6666 
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 𝜏௫௭(0) of square plates for a/h = 10 

k Theory 
Scheme 

1-0-1 2-1-2 1-1-1 2-2-1 

0 

SSDPT (Zenkour, 2005) 0.2462 0.2462 0.2462 0.2462 
TSDPT (Zenkour, 2005) 0.2386 0.2386 0.2386 0.2386 
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 

1 

SSDPT (Zenkour, 2005) 0.2991 0.2777 0.2681 0.2668 
TSDPT (Zenkour, 2005) 0.2920 0.2710 0.2612 0.2595 
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 

2 

SSDPT (Zenkour, 2005) 0.3329 0.2942 0.2781 0.2763 
TSDPT (Zenkour, 2005) 0.3262 0.2884 0.2719 0.2694 
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 

5 

SSDPT (Zenkour, 2005) 0.3937 0.3193 0.2915 0.2890 
TSDPT (Zenkour, 2005) 0.3863 0.3145 0.2864 0.2827 
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 

10 

SSDPT (Zenkour, 2005) 0.4415 0.3364 0.2953 0.2967 
TSDPT (Zenkour, 2005) 0.4321 0.3324 0.2957 0.2908 
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. 4 shows the influence of distribution shape of 

porosity on the axial stress with different value of volume 
fraction k and porosity coefficient α = 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 α = 0.2 respectively. It is 

 
 

 
 

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. 

 
 
 

(a) for k = 0 (b) for k = 0.5 
 

(c) for k = 1 (d) for k = 2 

Fig. 3 Effect of the shape of porosity distribution on the dimensionless deflections versus side-to-thickness ratio a/h 
of an Al/ZrO2 FGM square sandwich plate (1-1-1)

(a) for k = 0 (b) for k = 0.5 

Fig. 4 Effect of the shape of porosity distribution on the normal stress 𝜎௫ across the thickness of an Al/ZrO2 FGM 
square sandwich plate (1-1-1) 
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The variation of porosity coefficient α 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 

(c) for k = 1 (d) for k = 2 

Fig. 4 Continued

(a) for k = 0 (b) for k = 0.5 
 

(c) for k = 1 (d) for k = 2 

Fig. 5 Effect of the shape of porosity distribution on the shear stress 𝜏௫௭ across the thickness of an Al/ZrO2 FGM 
square sandwich plate (1-1-1) 
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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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