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Abstract.  In the present study, dynamic bihavior analysis of sandwich plate has been performed by employing 
refined shear deformation plate theory. Novel imperfections types are studied which may arise during fabrication and 
are named as even porosity, uneven porosity, logarithmic-uneven porosities, linear-uneven porosities. The material 
gradation along the direction of thickness is taken as per power law (P-FGM) and sigmoid law (S-FGM). The face 
layers are modeled as functionally graded (FG) across their thickness, while the core consists of a homogeneous 
ceramic layer. The governing equations are formulated using Hamilton's principle, and a closed-form solution for a 
simply supported rectangular plate is derived through the Navier method. Extensive parametric study to investigate 
the natural frequency have been performed for different side to thickness ratio (a/h), aspect ratio (a/b) and porosity 
parameters (ζ). The accuracy of the proposed theory is verified by comparing selected results with data from existing 
literature. 
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1. Introduction 
 

Functionally graded materials (FGMs) are materials in which the mechanical properties change 
continuously or step-wise [1-3]. Such changes in stepwise or continuous gradation in the material 
are a result of the fabrication process. The step-wise layered FGM can be developed using powder 
metallurgy or additive manufacturing while a continuous variation in properties can be achieved 
using the centrifugal casting method [4, 5]. Unlike laminated composites, which may exhibit 
abrupt changes in mechanical properties at interfaces. FGMs provide a gradual variation in 
microstructure, reducing property mismatches across the interface [6, 7]. FGMs have received 
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great attention in the last twenty years for two main reasons, the first is because of their excellent 
properties compared to traditional compounds, such as (smooth distribution of leftover stresses, 
enhanced thermal conductivity, resistance to tear, corrosion, wear, and lowerfactor of stress 
severity), while the second reason is the problems that occur in composite materials may lead the 
composite structures to failure such as (delamination phenomenon, residual stresses, and de-
bonding) [8, 9]. 

Functionally Graded Materials (FGMs) offer numerous advantages, making them increasingly 
popular in various industries for fabricating beams, plates, shells, and disks [10-12]. These 
materials are extensively studied to analyze their behavior under static and dynamic conditions. A 
problem of thermal buckling of FG porous rectangular plate using Navier’s method was solved 
and the influence of critical buckling temperature was investigated [13]. A semi-analytical solution 
to study the bending that occurs in the rotating disks formed of the functionally graded material 
(FGM) under different boundary conditions was carried out. They explained that the stresses in a 
disk manufactured of homogeneous material (full-metal and full-ceramics) were higher than 
stresses induced in an FG disk [14]. Analyzed a micro-elongated thermoelastic thick circular plate 
under thermomechanical sources, solving via Laplace-Hankel transforms. Results highlight micro-
elongation effects, stress-temperature behavior, and deformation insights for advanced structural 
materials [15]. A non-linear vibration analysis of imperfect ES-FGM thick shallow shells resting 
on the elastic foundation was carried out analytically by [16]. A first-order shear deformation 
theory (FSDT) was employed to study the nonlinear dynamic response of imperfect (ES-FGM) 
thick circular cylindrical shells neglecting Volmir's assumptions [17]. A 3D vibration analysis of 
layered FG cylindrical sandwich shells was performed analytically [18]. The most important result 
they obtained was that the frequency decreases when the index of non-homogeneous (FGP) layers 
increases, while the frequency rises significantly when the ratio of the thickness of the middle 
layer to the length of the cylindrical increases. Employed first-order shear deformation theory to 
study the behavior of vibration of (FGM) truncated conical shells surrounded by Winkler and 
Pasternak foundation. The shear strains lead to a reduction of the value of the frequency 
parameters from 2.71% to 0.58%. In [19], studied the distribution of composite materials in 
various directions on free vibration of layered orthotropic conical shells. This means using FSDT 
leads to a decrease in the influence of the number of layers on the fundamental frequency 
parameter values. The dynamic stability of functionally graded orthotropic cylindrical shell 
envelopes resting on an elastic foundation under a linearly increasing load, with the influenceof 
damping, was investigated by [20]. Further, employed the third-order shear deformation theory to 
analyze the free vibration of 2D-FGM beam under different boundary conditions [21]. They found 
that increasing the gradient index in the direction of the thickness leads to a reduction in natural 
frequencies of clamped-clamped 2D-FGB.  

A higher-order shear deformation theory and Hamilton’s principle were utilized to study the 
behavior of vibration and buckling of FG (magneto-electro-thermo-elastic) circular cylindrical 
shell [22]. Employed the semi-analytical finite strip approach with various shell theories to analyze 
the free vibration of stiffened FGM cylindrical shells resting on the Pasternak elastic foundation 
[23]. Developed an analytical methodology to investigate the characterization of non-linear free 
vibration of FGM doubly curved shallow shells under thermal and mechanical loads [24]. Porosity 
in a structure has a crucial impact on the performance [25]. Applied numerical and experimental 
analysis for a flexural test of FGM beams with porosities strengthened by Al/Al2O3 nanoparticles 
[26]. The porosity influence on the free vibration of FGM nanoplates resting on a Winkler and 
Pasternak foundation was studied [27]. Investigated the porosity effect on the free vibration and 
static responses of skew FG magneto-electro-elastic plates [28]. Presented an analytical examination 
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of sound transmission loss corrugated core FGM plates filled with a porous material, wherein two 
modes of FGM sandwich plates were considered, which contain one with homogeneous face 
sheets metal or ceramic and FGM core and the other with FGM face sheets and homogeneous 
metal or ceramic core [29]. Examined free vibrations of porous FGM rectangular plates under 
uniform elastic boundary conditions by applying an improved Fourier series approach [30]. The 
nonlinear vibration response of functionally graded thick plates under thermal stress, supported by 
an elastic foundation, was analyzed using the third-order shear deformation plate theory [31], 
which found that the foundation helps reduce vibration amplitude in a thermal environment. The 
effect of porosity on functionally graded cylindrical panels was investigated using classical shell 
theory [32] resting on a Pasternak elastic foundation, focusing on the effects of thermo-humidity 
conditions was studied [33]. The effect of porosity on a crack FG plate has been performed 
analytically under various boundary conditions [34-36]. Furthermore, the vibration response of 
sandwich structures under varying boundary conditions, and geometrical and material parameters 
with and without porosity effects was performed analytically [37, 38]. 

Free and forced vibration analysis of FG homogeneous thick plates by employing the meshless 
local Petrov Galerkin approach with higher-order and normal deformable shear deformation plate 
theory was performed [39]. In another study, FSDT with von-Karman non-linearity and Kriging 
interpolation was employed to study the free vibration of FG circular plates in a thermal 
environment [40]. Dynamic analysis of a porous microbeam model based on refined beam strain 
gradient theory using differential quadrature hierarchical finite element method [41]. Free and 
forced vibration of FG thin circular plates in terms of von Karman's nonlinearity dynamic 
equations with the Kantorovich time averaging method was performed [42]. Moreover, examined 
the behavior of FG circular cylindrical shells containing incompressible non-viscous fluid with a 
wave propagation method [43]. Several studies have investigated the vibration behavior of 
sandwich plates using refined plate theories, particularly the four-variable refined plate theory 
(RPT), which provides improved accuracy without requiring shear correction factors. For instance, 
the works of [44], and [45] applied this theory to analyze the dynamic response of sandwich plates 
with various core configurations.  

To the best of our knowledge, no prior studies have examined the dynamic behavior of 
functionally graded sandwich plates with porosities using the four-variable refined plate theory 
(RPT). This study introduces a novel porosity distribution for the dynamic analysis of a new FGM 
sandwich plate model. The material properties of the FGM layers are assumed to vary 
continuously through the plate thickness, following either a power-law or sigmoid distribution 
based on the volume fractions of the constituent materials. The four-variable refined plate theory is 
utilized to formulate the governing equations for FG sandwich plates with simply supported 
boundary conditions. A key advantage of this theory is its ability to eliminate the need for shear 
correction factors while satisfying equilibrium conditions at the top and bottom surfaces of the 
plate. Closed-form solutions for simply supported FGM sandwich plates are derived using the 
Navier method. Numerical examples are provided to validate the accuracy of the proposed theory 
and to investigate the influence of material distribution, plate geometry, and porosity on the natural 
frequencies of FG sandwich plates. 

 
 
2. Problem formulation 

 

Considering an FG plate of uniform thickness (h), length (a), and width (b) as shown in Fig. 1. 

This plate is composed of a blend of ceramic and metallic materials, with its mechanical properties  
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Figure 1. Geometry of the rectangular FGM sandwich plate with uniform thickness in rectangular cartesian 

coordinates 

 

 

Figure 2. Material variation along thickness of FGM sandwich plate 

 

 

varying continuously along both the x- and y-axes. The top and bottom faces of the plate are at z = 

±h/2, and the edges of the plate are parallel to axes x and y. 

The sandwich plate is composed of three elastic layers, namely, Layer 1, Layer 2, and Layer 3 

from bottom to top of the plate. The vertical ordinates of the bottom, the two interfaces, and the 

top are denoted by h1 = -h/2, h2, h3, and h4 = h/2, respectively. For brevity, the ratio of the 

thickness of each layer from bottom to top is denoted by the combination of three numbers, i.e., 

“1-0-1”, “2-1-2” and so on. As shown in Fig. 2. 

 

2.1 Power-law FG sandwich plate 
 
The core of the plate is made of homogeneous material while the other two layers are 

composed of FGM which can be P-FGM and S-FGM. The isotropic material of the core is 

assumed to be ceramic. The face layers are graded from metal to ceramic as per the laws. 

The volume fraction   of layer   can be expressed as: 

𝑽(𝟏)(𝒛) = (
𝒛−𝒉𝟏

𝒉𝟐−𝒉𝟏
)
𝒌
, ℎ1 ≤ 𝑧 ≤ ℎ2 (1a) 

𝑽(𝟐)(𝒛) = 𝟏 , ℎ2 ≤ 𝑧 ≤ ℎ3 (1b) 

𝑽(𝟑)(𝒛) = (
𝒛−𝒉𝟒

𝒉𝟑−𝒉𝟒
)
𝒌
, ℎ3 ≤ 𝑧 ≤ ℎ4 (1c) 
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2.2 Sigmoid FG sandwich plate 
 

The changes in the metal-ceramic composition through the thickness are as per sigmoid law 

which can be written as follows [46]: 

where ℎ𝑚 = (ℎ1 + ℎ2)/2  and ℎ𝑛 = (ℎ3 + ℎ4)/2  denotes the middle surface positions of the 

bottom and the top layer, respectively.  

In Eq. (2a-e), the adopted two-part sigmoid function is used to ensure a smooth, continuous, 

and symmetric transition of material properties through the thickness, particularly around the mid-

plane of each FGM face layer, thereby providing a more realistic representation of the material 

gradation. 

 

 

3. Porosity-dependent FG sandwich plates 
 

The material properties are impacted by porosity in materials. In particular, key properties such 

as Young’s modulus and mass density are significantly influenced by the presence of pores. 

Porosity in a material develops and cannot be eliminated. Several porosity distribution models 

have been proposed in the literature to evaluate the effective material properties of porous FGM 

plates [47]. In this work, for the first time, porosities are considered to be independently 

distributed within each FGM layer of the sandwich structure. Four distinct porosity models are 

employed in the analysis.  

 

3.1 Imperfect I: Even porosities 
 
An even porosity is a type of porosity that assumes that the formations of pores are distributed 

equally in metal and ceramic phases. Let us assume that the FG sandwich plate is fabricated of a 

mixture of metal and ceramic. The influence of porosities, which may exist inside the materials of 

FGM layers during the production, is included. The porosities are uniformly distributed over the 

FGM sandwich layers, whereas the core layer is perfect (nonporous) and made of ceramic. A rule 

of mixture was employed to estimate the material properties (𝑛 = 1,2,3)  with evenly 

distributed porosities (imperfect I), are stated as 

)(nP

𝑽𝟏
(𝟏)(𝒛) =

𝟏

𝟐
(
𝒛−𝒉𝟏

𝒉𝒎−𝒉𝟏
)
𝒌
, ℎ1 ≤ 𝑧 ≤ ℎ𝑚 

 (2a) 

𝑽𝟏
(𝟏)(𝒛) = 𝟏 −

𝟏

𝟐
(
𝒛−𝒉𝟐

𝒉𝒎−𝒉𝟐
)
𝒌
, ℎ𝑚 ≤ 𝑧 ≤ ℎ2 (2b) 

𝑽(𝟐)(𝒛) = 𝟏 , ℎ2 ≤ 𝑧 ≤ ℎ3 (2c) 

𝑽𝟏
(𝟑)(𝒛) = 𝟏 −

𝟏

𝟐
(
𝒛−𝒉𝟑

𝒉𝒏−𝒉𝟑
)
𝒌
, ℎ3 ≤ 𝑧 ≤ ℎ𝑛 (2d) 

𝑽𝟐
(𝟑)(𝒛) =

𝟏

𝟐
(
𝒛−𝒉𝟒

𝒉𝒏−𝒉𝟒
)
𝒌
, ℎ𝑛 ≤ 𝑧 ≤ ℎ4 (2e) 

𝑃(1)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(1)(𝑧) + 𝑃𝑚 −

𝜉

2
(𝑃𝑐 + 𝑃𝑚) 

(3) 
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where 𝜉 denotes the porosity coefficient (𝜉 ≺≺ 1).𝑃𝑐 and 𝑃𝑚 are the corresponding properties of 

the ceramic and metal, respectively. 

 
3.2 Imperfect II: Uneven porosities 
 
In this type, the distribution of porosity is uneven in the component and can be expressed as: 

 
3.3 Imperfect III: Logarithmic-uneven porosities 
 
When the distribution of porosity is uneven that too as per logarithmic can be written as: 

 
3.4 Imperfect IV: Linear-uneven porosities 
 
The porosity density is lower at the outer surfaces of the sandwich structure and higher at the 

two interface positions, varying across the functionally graded material (FGM) layers in a linear 

manner. 

 
 

4. Mathematical formulation 
 
4.1 Kinematic, strain and stress relations 
 

The assumed field of displacements can be defined by the subsequent equations: 

𝑃(2)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(2)(𝑧) + 𝑃𝑚 

𝑃(3)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(3)(𝑧) + 𝑃𝑚 −

𝜉

2
(𝑃𝑐 + 𝑃𝑚) 

𝑃(1)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(1)(𝑧) + 𝑃𝑚 −

𝜉

2
(𝑃𝑐 + 𝑃𝑚) [1 −

|2𝑧 − ℎ1 − ℎ2|

ℎ2 − ℎ1
] 

𝑃(2)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(2)(𝑧) + 𝑃𝑚 

𝑃(3)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(3)(𝑧) + 𝑃𝑚 −

𝜉

2
(𝑃𝑐 + 𝑃𝑚) [1 −

|2𝑧 − ℎ4 − ℎ3|

ℎ4 − ℎ3
] 

(4) 

𝑃(1)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(1)(𝑧) + 𝑃𝑚 − 𝑙𝑜𝑔 (1 +

𝜉

2
) (𝑃𝑐 + 𝑃𝑚) [1 −

|2𝑧 − ℎ1 − ℎ2|

ℎ2 − ℎ1
] 

𝑃(2)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(2)(𝑧) + 𝑃𝑚 

𝑃(3)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(3)(𝑧) + 𝑃𝑚 − 𝑙𝑜𝑔 (1 +

𝜉

2
) (𝑃𝑐 + 𝑃𝑚) [1 −

|2𝑧 − ℎ4 − ℎ3|

ℎ4 − ℎ3
] 

(5) 

𝑃(1)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(1)(𝑧) + 𝑃𝑚 −

𝜉

2
(𝑃𝑐 + 𝑃𝑚) [1 −

𝑧 − ℎ2
ℎ1 − ℎ2

] 

𝑃(2)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(2)(𝑧) + 𝑃𝑚 

𝑃(3)(𝑧) = (𝑃𝑐 − 𝑃𝑚)𝑉
(3)(𝑧) + 𝑃𝑚 −

𝜉

2
(𝑃𝑐 + 𝑃𝑚) [

𝑧 − ℎ4
ℎ3 − ℎ4

] 

(6) 
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In which t represents the time, u0 and v0 signify the displacement functions of the middle 

surfaces of the FG plate. Also, f(z) refers to the variation of the transverse shear strain along with 

the plate thickness. In this study, we have 

The nonzero strains relating to the displacement field are: 

where 

Then 

For elastic and isotropic FGMs, the constitutive relations can be written as: 

The strain fields of the plate are obtained as follows  

And  

𝑢(𝑥, 𝑦, 𝑧, 𝑡) = 𝑢0(𝑥, 𝑦, 𝑡) − 𝑧
𝜕𝑤𝑏
𝜕𝑥

− 𝑓(𝑧)
𝜕𝑤𝑠
𝜕𝑥

 

𝑣(𝑥, 𝑦, 𝑧, 𝑡) = 𝑣0(𝑥, 𝑦, 𝑡) − 𝑧
𝜕𝑤𝑏
𝜕𝑦

− 𝑓(𝑧)
𝜕𝑤𝑠
𝜕𝑦

 

𝑤(𝑥, 𝑦, 𝑧, 𝑡) = 𝑤𝑏(𝑥, 𝑦, 𝑡) + 𝑤𝑠(𝑥, 𝑦, 𝑡) 

(7) 

 𝑓(𝑧) = 𝑧 [1 +
3𝜋

2
𝑠𝑒𝑐 ℎ (

1

2
)
2
] −

3𝜋

2
ℎ 𝑡𝑎𝑛ℎ (

𝑧

ℎ
) (8) 

{

𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦

} = {

𝜀𝑥
0

𝜀𝑦
0

𝛾𝑥𝑦
0

} + 𝑧 {

𝑘𝑥
𝑏

𝑘𝑦
𝑏

𝑘𝑥𝑦
𝑏

} + 𝑓(𝑧) {

𝑘𝑥
𝑠

𝑘𝑦
𝑠

𝑘𝑥𝑦
𝑠
},  {

𝛾𝑦𝑧
𝛾𝑥𝑧
} = 𝑔(𝑧) {

𝛾𝑦𝑧
𝑠

𝛾𝑥𝑧
𝑠 } (9) 

{

𝜀𝑥
0

𝜀𝑦
0

𝛾𝑥𝑦
0

} =

{
 
 

 
 

𝜕𝑢0

𝜕𝑥
𝜕𝑣0

𝜕𝑥
𝜕𝑢0

𝜕𝑦
+
𝜕𝑣0

𝜕𝑥}
 
 

 
 

,  {

𝑘𝑥
𝑏

𝑘𝑦
𝑏

𝑘𝑥𝑦
𝑏

} =

{
 
 

 
 −

𝜕2𝑤𝑏

𝜕𝑥2

−
𝜕2𝑤𝑏

𝜕𝑦2

−2
𝜕2𝑤𝑏

𝜕𝑥𝜕𝑦}
 
 

 
 

, 

  {

𝑘𝑥
𝑠

𝑘𝑦
𝑠

𝑘𝑥𝑦
𝑠
} =

{
 
 

 
 −

𝜕2𝑤𝑠

𝜕𝑥2

−
𝜕2𝑤𝑠

𝜕𝑦2

−2
𝜕2𝑤𝑠

𝜕𝑥𝜕𝑦}
 
 

 
 

,  {
𝛾𝑦𝑧
𝑠

𝛾𝑥𝑧
𝑠 } = {

𝜕𝑤𝑠

𝜕𝑦

𝜕𝑤𝑠

𝜕𝑥

} 

(10a) 

𝑔(𝑧) = 1 −
𝑑𝑓(𝑧)

𝑑𝑧
 (10b) 

{
 
 

 
 
𝜎𝑥
𝜎𝑦
𝜏𝑦𝑧
𝜏𝑥𝑧
𝜏𝑥𝑦}

 
 

 
 

=

[
 
 
 
 
𝑄11 𝑄12 0 0 0
𝑄12 𝑄22 0 0 0
0 0 𝑄44 0 0
0 0 0 𝑄55 0
0 0 0 0 𝑄66]

 
 
 
 

{
 
 

 
 
𝜀𝑥
𝜀𝑦
𝛾𝑦𝑧
𝛾𝑥𝑧
𝛾𝑥𝑦}

 
 

 
 

 (11) 

 𝑄11(𝑧) =
𝐸(𝑧)

(1−𝜈2)
,
 
𝑄12(𝑧) = 𝜈𝑄11(𝑧) (12a) 
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4.2 Equations of motion 
 
Utilizing Hamilton’s principle, the equations of motion could be found as follows [48]: 

where 𝛿𝑈, and 𝛿𝑇 are the variations of strain, and kinetic energies, respectively. The variation of 

strain energy can be specified as follows: 

With 𝛺 is the top surface and the stress resultants 𝑁, 𝑀, and 𝑆 are defined by : 

Substituting Eq. (11) into Eq. (15) and integrating through the thickness of the plate, the stress 

resultants are given as 

where  

𝑄44(𝑧) = 𝑄55(𝑧) = 𝑄66(𝑧) =
𝐸(𝑧)

2(1 + 𝜈)
 (12b) 

0 = ∫ (𝛿𝑈 − 𝛿𝑇)
𝑡

0

𝑑𝑡 (13) 

𝛿 𝑈 = ∫[𝜎𝑥𝛿 𝜀𝑥 + 𝜎𝑦𝛿 𝜀𝑦 + 𝜏𝑥𝑦𝛿 𝛾𝑥𝑦 + 𝜏𝑦𝑧𝛿 𝛾𝑦𝑧 + 𝜏𝑥𝑧𝛿 𝛾𝑥𝑧]
𝑉

 𝑑𝑉 

       = ∫[𝑁𝑥𝛿 𝜀𝑥
0 +𝑁𝑦𝛿 𝜀𝑦

0 +𝑁𝑥𝑦𝛿 𝛾𝑥𝑦
0 +𝑀𝑥

𝑏𝛿 𝑘𝑥
𝑏 +𝑀𝑦

𝑏𝛿 𝑘𝑦
𝑏 +𝑀𝑥𝑦

𝑏 𝛿 𝑘𝑥𝑦
𝑏

𝐴
 

            + 𝑀𝑥
𝑠𝛿 𝑘𝑥

𝑠 +𝑀𝑦
𝑠𝛿 𝑘𝑦

𝑠 +𝑀𝑥𝑦
𝑠 𝛿 𝑘𝑥𝑦

𝑠 + 𝑆𝑦𝑧
𝑠 𝛿 𝛾𝑦𝑧

𝑠 + 𝑆𝑥𝑧
𝑠 𝛿 𝛾𝑥𝑧

𝑠 ] 𝑑𝛺 = 0 

(14) 

(𝑖 = 𝑥, 𝑦, 𝑥𝑦)
 (15a) 

(𝑆𝑥𝑧
𝑠 , 𝑆𝑦𝑧

𝑠 ) = ∫ 𝑔(𝜏𝑥𝑧, 𝜏𝑦𝑧)𝑑𝑧
ℎ/2

−ℎ/2
 

(15b) 

{
𝑁
𝑀𝑏

𝑀𝑠
} = [

𝐴 𝐵 𝐵𝑠

𝐵 𝐷 𝐷𝑠

𝐵𝑠 𝐷𝑠 𝐻𝑠
] {
𝜀
𝑘𝑏

𝑘𝑠
}, 𝑆 = 𝐴𝑠𝛾 (16) 

𝑁 = {𝑁𝑥 , 𝑁𝑦, 𝑁𝑥𝑦}
𝑡
, 𝑀𝑏 = {𝑀𝑥

𝑏 , 𝑀𝑦
𝑏 , 𝑀𝑥𝑦

𝑏 }
𝑡
,
 
𝑀𝑠 = {𝑀𝑥

𝑠, 𝑀𝑦
𝑠 ,𝑀𝑥𝑦

𝑠 }
𝑡
 (17a) 

𝜀 = {𝜀𝑥
0, 𝜀𝑦

0, 𝛾𝑥𝑦
0 }

𝑡
,  𝑘𝑏 = {𝑘𝑥

𝑏, 𝑘𝑦
𝑏, 𝑘𝑥𝑦

𝑏 }
𝑡
, 𝑘𝑠 = {𝑘𝑥

𝑠 , 𝑘𝑦
𝑠 , 𝑘𝑥𝑦

𝑠 }
𝑡
 (17b) 

𝐴 = [

𝐴11 𝐴12 0
𝐴12 𝐴22 0
0 0 𝐴66

], 𝐴 = [

𝐵11 𝐵12 0
𝐵12 𝐵22 0
0 0 𝐵66

] , 𝐷 = [

𝐷11 𝐷12 0
𝐷12 𝐷22 0
0 0 𝐷66

], (17c) 

𝐵𝑠 = [

𝐵11
𝑠 𝐵12

𝑠 0

𝐵12
𝑠 𝐵22

𝑠 0

0 0 𝐵66
𝑠
], 𝐷𝑠 = [

𝐷11
𝑠 𝐷12

𝑠 0

𝐷12
𝑠 𝐷22

𝑠 0

0 0 𝐷66
𝑠
],𝐻𝑠 = [

𝐻11
𝑠 𝐻12

𝑠 0

𝐻12
𝑠 𝐻22

𝑠 0

0 0 𝐻66
𝑠
], (17d) 

( ) ( ) ,,,1,,

2/

2/


−

=

h

h

i

s

i

b

ii dzfzMMN 
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Investigation of dynamic performance in porous power-law and sigmoid … 

The stiffness coefficients 𝐴𝑖𝑗, 𝐵𝑖𝑗 and 𝐷𝑖𝑗, etc., are defined as 

The variation of the kinetic energy can be specified as follows: 

where dot-superscript convention indicates the differentiation with respect to the time variable 𝑡; 
𝜌(𝑧) is the mass density; and (𝐼𝑖, 𝐽𝑖,𝐾𝑖) are mass inertias expressed by  

By substituting Eqs. (14), (19) into Eq. (13), the following can be derived: 

𝑆 = {𝑆𝑥𝑧
𝑠 , 𝑆𝑦𝑧

𝑠 }
𝑡
, 𝛾 = {𝛾𝑥𝑧, 𝛾𝑦𝑧}

𝑡
, 𝐴𝑠 = [

𝐴44
𝑠 0

0 𝐴55
𝑠 ]. (17e) 

{

𝐴11 𝐵11 𝐷11 𝐵11
𝑠 𝐷11

𝑠 𝐻11
𝑠

𝐴12 𝐵12 𝐷12 𝐵12
𝑠 𝐷12

𝑠 𝐻12
𝑠

𝐴66 𝐵66 𝐷66 𝐵66
𝑠 𝐷66

𝑠 𝐻66
𝑠
} 

= ∑∫ 𝑄11
(𝑛)(1, 𝑧, 𝑧2, 𝑓(𝑧), 𝑧 𝑓(𝑧), 𝑓2(𝑧)) {

1
𝜈(𝑛)

1 − 𝜈(𝑛)

2

}𝑑𝑧
ℎ𝑛+1

ℎ𝑛

3

𝑛=1

 

(18) 

𝛿 𝑇 = ∫ ∫ [𝑢̇𝛿 𝑢̇ + 𝑣̇𝛿 𝑣̇ + 𝑤̇𝛿 𝑤̇] 𝜌(𝑧)
𝛺

ℎ
2

−
ℎ
2

𝑑𝛺 𝑑𝑧 

= ∫{𝐼0[𝑢̇0𝛿𝑢̇0 + 𝑣̇0𝛿𝑣̇0 + (𝑤̇𝑏 + 𝑤̇𝑠)(𝛿𝑤̇𝑏 + 𝛿𝑤̇𝑠)]
𝐴

 

−𝐼1 (𝑢̇0
𝜕𝛿𝑤̇𝑏
𝜕𝑥

+
𝜕𝑤̇𝑏
𝜕𝑥

𝛿 𝑢̇0 + 𝑣̇0
𝜕𝛿𝑤̇𝑏
𝜕𝑦

+
𝜕𝑤̇𝑏
𝜕𝑦

𝛿 𝑣̇0) 

−𝐼2 (𝑢̇0
𝜕𝛿𝑤̇𝑠
𝜕𝑥

+
𝜕𝑤̇𝑠
𝜕𝑥

𝛿 𝑢̇0 + 𝑣̇0
𝜕𝛿𝑤̇𝑠
𝜕𝑦

+
𝜕𝑤̇𝑠
𝜕𝑦

𝛿 𝑣̇0) 

+𝐽1 (
𝜕𝑤̇𝑏
𝜕𝑥

𝜕𝛿 𝑤̇𝑏
𝜕𝑥

+
𝜕𝑤̇𝑏
𝜕𝑦

𝜕𝛿 𝑤̇𝑏
𝜕𝑦

) + 𝐾2 (
𝜕𝑤̇𝑠
𝜕𝑥

𝜕𝛿 𝑤̇𝑠
𝜕𝑥

+
𝜕𝑤̇𝑠
𝜕𝑦

𝜕𝛿 𝑤̇𝑠
𝜕𝑦

) 

+𝐽2 (
𝜕𝑤̇𝑏
𝜕𝑥

𝜕𝛿 𝑤̇𝑠
𝜕𝑥

+
𝜕𝑤̇𝑠
𝜕𝑥

𝜕𝛿 𝑤̇𝑏
𝜕𝑥

+
𝜕𝑤̇𝑏
𝜕𝑦

𝜕𝛿 𝑤̇𝑠
𝜕𝑦

+
𝜕𝑤̇𝑠
𝜕𝑦

𝜕𝛿 𝑤̇𝑏
𝜕𝑦

)}𝑑𝛺 

(19) 

(𝑰𝟎, 𝑰𝟏, 𝑰𝟐) = ∫ (𝟏, 𝒛, 𝒛𝟐)𝝆(𝒛)𝒅𝒛
𝒉/𝟐

−𝒉/𝟐

 (20a) 

(𝑱𝟏, 𝑱𝟐, 𝑲𝟐) = ∫ (𝒇, 𝒛𝒇, 𝒇𝟐)𝝆(𝒛)𝒅𝒛
𝒉/𝟐

−𝒉/𝟐

 (20b) 

𝛿 𝑢0:   
𝜕𝑁𝑥
𝜕𝑥

+
𝜕𝑁𝑥𝑦

𝜕𝑦
= 𝐼0𝑢̈0 − 𝐼1

𝜕𝑤̈𝑏
𝜕𝑥

− 𝐽1
𝜕𝑤̈𝑠
𝜕𝑥

 

𝛿 𝑣0:   
𝜕𝑁𝑥𝑦

𝜕𝑥
+
𝜕𝑁𝑦

𝜕𝑦
= 𝐼0𝑣̈0 − 𝐼1

𝜕𝑤̈𝑏
𝜕𝑦

− 𝐽1
𝜕𝑤̈𝑠
𝜕𝑦

 

𝛿 𝑤𝑏:   
𝜕2𝑀𝑥

𝑏

𝜕𝑥2
+ 2

𝜕2𝑀𝑥𝑦
𝑏

𝜕𝑥𝜕𝑦
+
𝜕2𝑀𝑦

𝑏

𝜕𝑦2
= 𝐼0(𝑤̈𝑏 + 𝑤̈𝑠) + 𝐼1 (

𝜕𝑢̈0
𝜕𝑥

+
𝜕𝑣̈0
𝜕𝑦
) − 𝐼2𝛻

2𝑤̈𝑏 − 𝐽2𝛻
2𝑤̈𝑠 

(21) 
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N. Zouatnia 

By substituting Eq. (16) into Eq. (21), the equations of motion can be formulated in terms of 

the displacements (𝑢0, 𝑣0, 𝑤𝑏, 𝑤𝑠) resulting in the following appropriate form. 

 
 

5. The solution of the problem 
 

In this section, an exact solution for the free vibration analysis of FG sandwich plates i.e. Eqs. 

(22) is presented. The boundary conditions for an arbitrary edge with simply supported condition 

are 

The displacement functions that meet the boundary condition equations (23) are chosen in the 

form of the following Fourier series:  

𝛿 𝑤𝑠:   
𝜕2𝑀𝑥

𝑠

𝜕𝑥2
+ 2

𝜕2𝑀𝑥𝑦
𝑠

𝜕𝑥𝜕𝑦
+
𝜕2𝑀𝑦

𝑠

𝜕𝑦2
+
𝜕𝑆𝑥𝑧

𝑠

𝜕𝑥
+
𝜕𝑆𝑦𝑧

𝑠

𝜕𝑦
 

= 𝐼0(𝑤̈𝑏 + 𝑤̈𝑠) + 𝐽1 (
𝜕𝑢̈0
𝜕𝑥

+
𝜕𝑣̈0
𝜕𝑦
) − 𝐽2𝛻

2𝑤̈𝑏 − 𝐾2𝛻
2𝑤̈𝑠 

𝐴11
𝜕2𝑢0
𝜕𝑥2

+ 𝐴66
𝜕2𝑢0
𝜕𝑦2

+ (𝐴12 + 𝐴66)
𝜕2𝑣0
𝜕𝑥𝜕𝑦

− 𝐵11
𝜕3𝑤𝑏
𝜕𝑥3

− (𝐵12 + 2𝐵66)
𝜕3𝑤𝑏
𝜕𝑥𝜕𝑦2

  

−𝐵11
𝑠 𝜕3𝑤𝑠

𝜕𝑥3
− (𝐵12

𝑠 + 2𝐵66
𝑠 )

𝜕3𝑤𝑠

𝜕𝑥𝜕𝑦2
= 𝐼0𝑢̈0 − 𝐼1

𝜕𝑤̈𝑏

𝜕𝑥
− 𝐽1

𝜕𝑤̈𝑠

𝜕𝑥
,
 
 

(22a) 

(𝐴12 + 𝐴66)
𝜕2𝑢0
𝜕𝑥𝜕𝑦

+ 𝐴66
𝜕2𝑣0
𝜕𝑥2

+ 𝐴22
𝜕2𝑣0
𝜕𝑦2

− (𝐵12 + 2𝐵66)
𝜕3𝑤𝑏
𝜕𝑥2𝜕𝑦

− 𝐵22
𝜕3𝑤𝑏
𝜕𝑦3

 

−𝐵22
𝑠
𝜕3𝑤𝑠
𝜕𝑦3

− (𝐵12
𝑠 + 2𝐵66

𝑠 )
𝜕3𝑤𝑠
𝜕𝑥2𝜕𝑦

= 𝐼0𝑣̈0 − 𝐼1
𝜕𝑤̈𝑏
𝜕𝑦

− 𝐽1
𝜕𝑤̈𝑠
𝜕𝑦

 

(22b) 

𝐵11
𝜕3𝑢0
𝜕𝑥3

+ (𝐵12 + 2𝐵66)
𝜕3𝑢0
𝜕𝑥𝜕𝑦2

+ (𝐵12 + 2𝐵66)
𝜕3𝑣0
𝜕𝑥2𝜕𝑦

+ 𝐵22
𝜕3𝑣0
𝜕𝑦3

− 𝐷11
𝜕4𝑤𝑏
𝜕𝑥4

 

−2(𝐷12 + 2𝐷66)
𝜕4𝑤𝑏
𝜕𝑥2𝜕𝑦2

− 𝐷22
𝜕4𝑤𝑏
𝜕𝑦4

− 𝐷11
𝑠
𝜕4𝑤𝑠
𝜕𝑥4

− 2(𝐷12
𝑠 + 2𝐷66

𝑠 )
𝜕4𝑤𝑠
𝜕𝑥2𝜕𝑦2

 

−𝐷22
𝑠
𝜕4𝑤𝑠
𝜕𝑦4

= 𝐼0(𝑤̈𝑏 + 𝑤̈𝑠) + 𝐼1 (
𝜕𝑢̈0
𝜕𝑥

+
𝜕𝑣̈0
𝜕𝑦
) − 𝐼2𝛻

2𝑤̈𝑏 − 𝐽2𝛻
2𝑤̈𝑠, 

(22c) 

𝐵11
𝑠
𝜕3𝑢0
𝜕𝑥3

+ (𝐵12
𝑠 + 2𝐵66

𝑠 )
𝜕3𝑢0
𝜕𝑥𝜕𝑦2

+ (𝐵12
𝑠 + 2𝐵66

𝑠 )
𝜕3𝑣0
𝜕𝑥2𝜕𝑦

+ 𝐵22
𝑠
𝜕3𝑣0
𝜕𝑦3

−𝐷11
𝑠
𝜕4𝑤𝑏
𝜕𝑥4

 

−2(𝐷12
𝑠 + 2𝐷66

𝑠 )
𝜕4𝑤𝑏
𝜕𝑥2𝜕𝑦2

 − 𝐷22
𝑠
𝜕4𝑤𝑏
𝜕𝑦4

−𝐻11
𝑠
𝜕4𝑤𝑠
𝜕𝑥4

− 2(𝐻12
𝑠 + 2𝐻66

𝑠 )
𝜕4𝑤𝑠
𝜕𝑥2𝜕𝑦2

−𝐻22
𝑠
𝜕4𝑤𝑠
𝜕𝑦4

 

+𝐴55
𝑠
𝜕2𝑤𝑠
𝜕𝑥2

+ 𝐴44
𝑠
𝜕2𝑤𝑠
𝜕𝑦2

= 𝐼0(𝑤̈𝑏 + 𝑤̈𝑠) + 𝐽1 (
𝜕𝑢̈0
𝜕𝑥

+
𝜕𝑣̈0
𝜕𝑦
) − 𝐽2𝛻

2𝑤̈𝑏 − 𝐾2𝛻
2𝑤̈𝑠 

(22d) 

𝒗𝟎 = 𝒘𝒃 = 𝝏𝒘𝒃 𝝏𝒚 =⁄ 𝒘𝒔 = 𝝏𝒘𝒔 𝝏𝒚 = 𝟎⁄ , 𝑥 = 0, 𝑎
 
 (23a) 

𝒖𝟎 = 𝒘𝒃 = 𝝏𝒘𝒃 𝝏𝒙 =⁄ 𝒘𝒔 = 𝝏𝒘𝒔 𝝏𝒙 = 𝟎⁄ , 𝑦 = 0, 𝑏
 
 (23b) 
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Investigation of dynamic performance in porous power-law and sigmoid … 

where 𝑈𝑚𝑛 , 𝑉𝑚𝑛 , 𝑊𝑏𝑚𝑛 , and 𝑊𝑠𝑚𝑛  are arbitrary parameters and 𝜔 = 𝜔𝑚𝑛  denotes the 

eigenfrequency associated with  (𝑚, 𝑛)𝑡ℎ eigenmode and 𝜆 = 𝑚𝜋/𝑎 and 𝜇 = 𝑛𝜋/𝑏. Substituting 

Eqs. (24) into Eq. (22), the general governing equation for free vibration analyses of a FGM 

sandwich plate is written as: 

in which 

 
 
6. The numerical results and discussion 

 

In this study, various examples are presented to illustrate the effect of porosity on the free 

vibration of FG sandwich plates using the present refined plate theory. The FG plate is taken to be 

made of aluminum (Al) and alumina (Al2O3) with the following material properties: 

Ceramic (Alumina, Al2O3):𝐸𝑐 = 380𝐺𝑃𝑎, 𝜈 = 0.3, 𝜌𝑐 = 3800𝑘𝑔/𝑚
3. 

Metal (Aluminum, Al):𝐸𝑚 = 70𝐺𝑃𝑎, 𝜈 = 0.3, 𝜌𝑚 = 2707𝑘𝑔/𝑚3. 

Numerical results are presented in terms of Non-dimensional frequency. The non-dimensional 

parameter used is 

{

𝑢0
𝑣0
𝑤𝑏
𝑤𝑠

} = ∑ ∑

{
 
 

 
 𝑈𝑚𝑛 𝑐𝑜𝑠( 𝜆 𝑥) 𝑠𝑖𝑛( 𝜇 𝑦) 𝑒

𝑖 𝜔  𝑡

𝑉𝑚𝑛 𝑠𝑖𝑛( 𝜆 𝑥) 𝑐𝑜𝑠( 𝜇 𝑦) 𝑒
𝑖 𝜔  𝑡

𝑊𝑏𝑚𝑛 𝑠𝑖𝑛( 𝜆 𝑥) 𝑠𝑖𝑛( 𝜇 𝑦) 𝑒
𝑖 𝜔  𝑡

𝑊𝑠𝑚𝑛 𝑠𝑖𝑛( 𝜆 𝑥) 𝑠𝑖𝑛( 𝜇 𝑦) 𝑒
𝑖 𝜔  𝑡}

 
 

 
 ∞

𝑛=1

∞

𝑚=1

 (24) 

 
(25) 

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
𝑎11 = 𝐴11𝜆

2 + 𝐴66𝜇
2,

𝑎12 = 𝜆𝜇(𝐴12 + 𝐴66)

𝑎13 = −𝜆(𝐵11𝜆
2 + (𝐵12 + 2𝐵66)𝜇

2),

𝑎14 = −𝜆(𝐵11
𝑠 𝜆2 + (𝐵12

𝑠 + 2𝐵66
𝑠 )𝜇2),

𝑎22 = 𝐴66𝜆
2 + 𝐴22𝜇

2,

𝑎23 = −𝜇((𝐵12 + 2𝐵66)𝜆
2 + 𝐵22𝜇

2),

𝑎24 = −𝜇((𝐵12
𝑠 + 2𝐵66

𝑠 )𝜆2 + 𝐵22
𝑠 𝜇2),

𝑎33 = 𝐷11𝜆
4 + 2(𝐷12 + 2𝐷66)𝜆

2𝜇2 + 𝐷22𝜇
4,

𝑎34 = 𝐷11
𝑠 𝜆4 + 2(𝐷12

𝑠 + 2𝐷66
𝑠 )𝜆2𝜇2 + 𝐷22

𝑠 𝜇4,

𝑎44 = 𝐻11
𝑠 𝜆4 + 2(𝐻12

𝑠 + 2𝐻66
𝑠 )𝜆2𝜇2 +𝐻22

𝑠 𝜇4 + 𝐴55
𝑠 𝜆2 + 𝐴44

𝑠 𝜇2,
𝑚11 = 𝑚22 = 𝐼1,

𝑚33 = 𝐼0 + 𝐼2(𝜆
2 + 𝜇2),

𝑚34 = 𝐼0 + 𝐽2(𝜆
2 + 𝜇2),

𝑚44 = 𝐼0 + 𝐾2(𝜆
2 + 𝜇2),

 (26) 
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Figure 3. Non-dimensional frequency of FG sandwich plate versus volume fraction index (a/h=10, a/b=1) 

 

 

𝜔 =
𝜔𝑎2

ℎ
√
𝜌0
𝐸0

 

In which the reference values of Young’s modulus and material density are taken as E0=1 GPa 

and ρ=1 kg/m3. Several kinds of symmetric and non-symmetric FGM sandwich plates are used. 
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The (1-0-1) FGM sandwich plate: The plate is made of two layers of equal thickness without a 

core: 

ℎ2 = ℎ3 = 0. 
The (1-1-1) FGM sandwich plate: The plate is made of three equal-thickness layers: 

ℎ2 = −ℎ3 = ℎ/6. 
The (1-2-1) FGM sandwich plate: The core thickness equals the sum of face thickness: 

ℎ2 = −ℎ3 = ℎ/4. 
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: 

ℎ2 = −ℎ3 = ℎ/10. 
The (2-2-1) FGM sandwich plate: The core thickness is twice the upper face while it is the 

same as the lower one 

ℎ3 = −ℎ/10and ℎ3 = 3ℎ/10. 
 

Fig. 3(a) illustrates the results for P-FGM and S-FGM plates for different plate configurations. 

The configuration type (1-2-1) attains the maximum frequency whereas the type 1-0-1 yields 

minimum. The other configuration (1-1-1, 1-2-1, 2-1-2, 2-2-1 and 2-1-1) shows intermediate 

results. Similarly, figure 3(b) demonstrates the results for the S-FGM plate. Comparing the results 

when k=0, P-FGM shows higher frequency as compared to SFGM whereas at k=9, the SFGM 

shows higher magnitude. Because increasing the value of k causes the natural frequency to 

decrease. The decrease in frequency is very sharp in P-FGM while it is steady in S-FGM. A sharp 

decline is observed till k<4. A critical grading parameter of approximately k=4 is identified, 

beyond which further increases in k produce less than 2% variation in natural frequency. 

The analysis reveals that the highest frequency is observed for the (1-2-1) configuration. 

Accordingly, Fig. 4 presents the variation of frequency with k for different imperfect FG plates. 

Among them, Imperfect I exhibit the lowest frequency. The natural frequencies of Imperfect II and 

III are identical in both P-FGM and S-FGM. While both categories follow a similar declining 

trend, Imperfect I show a significantly greater reduction in magnitude compared to the others. 

The analysis is further extended to investigate the influence of varying a/h on natural frequency 

while keeping k and ξ as constant (see Fig. 5). The findings reveal that as a/h increases, the natural 

frequency also rises. Notably, a sharp increase in frequency is observed up to a/h>8 beyond which 

the rate of increase becomes more gradual. This suggests that while thickness has a significant 

impact on frequency in the lower range of a/h, its effect diminishes as a/h continues to grow. 

Fig. 6 presents the frequency results for different a/b values. It is observed that in both P-FGM 

and S-FGM cases, the variation in frequency remains negligible. This suggests that adjusting a/h 

has a more significant impact on frequency than modifying a/b. The effect of various porosity 

fractions is also illustrated in Fig. 7, where a perfect FG plate exhibits a notable difference in 

results. Among the imperfect cases, Imperfect III demonstrates the highest frequency values, while 

Imperfect I and Imperfect II show similar trends. However, as the parameter exceeds 0.15, the 

results begin to diverge, indicating an increasing influence of porosity on frequency behavior. 

Table 1 illustrate the influence of volume fraction variation on the fundamental frequency of 

functionally graded (FG) sandwich plates. As the volume fraction index increases, a notable shift 

in natural frequencies is observed, reflecting the gradual transition from a metal-rich composition 

to a ceramic-rich composition. The results indicate that higher volume fraction indices generally 

enhance the stiffness of the structure, leading to increased natural frequencies. Furthermore, the 

comparison with existing studies confirms the accuracy of the present approach. These findings  
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Figure 4. Non-dimensional frequency variation of perfect and porous square FG sandwich plates with 

respect to the volume fraction index(a/h=10, ξ=0.2) 

 

 

offer valuable insights for the effective design and optimization of FG structures in engineering 

applications, ensuring improved structural performance while maintaining material efficiency. 

Table 2 presents the natural frequency results of FG sandwich plates for different porosity types 

(ξ), sandwich configurations, and material gradations (PFGM and SFGM). The porosity parameter  
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Figure 5. Non-dimensional frequency variation of perfect and porous square FG sandwich plates with 

respect to the side-to-thickness ratio a/h (k=1, ξ=0.2) 

 

 

varies between 0.1 and 0.2, where ξ is zero, represents a perfect plate with no porosity. The values 

0.1 and 0.2 correspond to imperfect cases with different porosity levels. The porosity variations 

are categorized as Imperfect I, II, III, and IV, representing different distribution patterns, including 

both even and uneven distributions. Among the cases analyzed, the perfect plate exhibits the 

highest natural frequency. For the imperfect plates, Imperfect IV demonstrates the most favorable 

frequency characteristics, followed by Imperfect III, Imperfect II, and Imperfect I in descending 

order. 
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Figure 6. Non-dimensional frequency variation of perfect and porous square FG sandwich plates with 

respect to the aspect ratio (k=1, ξ=0.2, a/h=10) 

 

 

The material gradations considered are of form P-FGM and S-FGM, it can be seen that SFGM 

performs better as compared to PFGM. From the configurations studied (1-0-1, 1-1-1, 1-2-1, 2-1-

2, 2-2-1 and 2-1-1), type 1-2-1 shows better results followed by 2-2-1, 1-1-1, 2-1-1, 2-1-2 and 1-0-

1. The higher the porosity volume fraction the lower the natural frequency will be. Imperfections 

reduce the natural frequency because of a decrease in the stiffness of the plate. 
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Figure 7. Non-dimensional frequency variation of perfect and porous square FG sandwich plates with 

respect to the aspect ratio (k=1, ξ=0.2, a/h=10) 

 
Table 1. Effects of porosity on the non-dimensional frequencies of FG square sandwich plate (a/h = 10) 

 k Theory 1–0–1 1–1–1 1–2–1 2–1–2 2–2–1 2–1–1 

P-FGM 0 
Present 1.82449 1.82449 1.82449 1.82449 1.82449 1.82449 

Daikh et al. [49] 1.82447 1.82447 1.82447 1.82447 1.82447 1.82447 
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SSDT [50] 1.82452 1.82452 1.82452 1.82452 1.82452 1.82452 

TSDT [50] 1.82445 1.82445 1.82445 1.82445 1.82445 1.82445 

FPT [50] 1.82442 1.82442 1.82442 1.82442 1.82442 1.82442 

CPT [50] 1.87359 1.87359 1.87359 1.87359 1.87359 1.87359 

1 

Present 1.24330 1.35336 1.43931 1.30019 1.39567 1.33344 

Daikh et al. [49] 1.24328 1.35336 1.43931 1.30017 1.39567 1.33343 

SSDT [50] 1.24335 1.35339 1.43931 1.30023 1.40792 1.34894 

TSDT [50] 1.24320 1.35333 1.43934 1.30011 1.40789 1.34888 

FPT [50] 1.24031 1.35072 1.43722 1.29729 1.40555 1.34637 

CPT [50] 1.26238 1.37521 1.46497 1.32023 1.43247 1.37150 

5 

Present 0.94621 1.04476 1.17398 0.98200 1.10904 1.03069 

Daikh et al. [49] 0.94616 1.04474 1.17398 0.98197 1.10902 1.03066 

SSDT [50] 0.94630 1.04481 1.17399 0.98207 1.14741 1.07445 

TSDT [50] 0.94598 1.04466 1.17397 0.98184 1.14731 1.07432 

FPT [50] 0.94256 1.04183 1.17159 0.97870 1.14467 1.07156 

CPT [50] 0.95844 1.05565 1.18867 0.99190 1.16195 1.08797 

S-FGM 

0 

Present 1.51725 1.50611 1.53052 1.50469 1.52925 1.52183 

Daikh et al. [49] 1.51724 1.50604 1.53048 1.50462 1.52921 1.52180 

SSDT 1.51728 1.50623 1.53060 1.50482 1.52933 1.52190 

TSDT 1.51722 1.50583 1.53035 1.50440 1.52907 1.52169 

FPT 1.52379 1.50763 1.53238 1.50712 1.53168 1.52522 

CPT 1.55809 1.53602 1.56035 1.53716 1.56069 1.55569 

1 

Present 1.24330 1.35337 1.43931 1.30019 1.39567 1.33344 

Daikh et al. [49] 1.24328 1.35336 1.43931 1.30017 1.39567 1.33343 

SSDT 1.24335 1.35339 1.43931 1.30023 1.40792 1.34894 

TSDT 1.24320 1.35333 1.43934 1.30011 1.40789 1.34888 

FPT 1.24031 1.35072 1.43722 1.29729 1.40555 1.34637 

CPT 1.26238 1.37521 1.46497 1.32023 1.43247 1.37150 

5 

Present 1.09909 1.28137 1.39815 1.19966 1.33271 1.23950 

Daikh et al. [49] 1.09907 1.28138 1.39817 1.19966 1.33272 1.23950 

SSDT 1.09912 1.28135 1.39811 1.19967 1.33270 1.23950 

TSDT 1.09902 1.28142 1.39825 1.19966 1.33276 1.23949 

FPT 1.09884 1.28277 1.40083 1.20027 1.33455 1.24045 

CPT 1.11152 1.30013 1.42211 1.21530 1.35362 1.25669 

 
Table 2. Effects of porosity on the non-dimensional frequencies of FG square sandwich plate (a/h = 10, k = 

2) 

P-FGM 

Porosity ξ 1–0–1 1–1–1 1–2–1 2–1–2 2–2–1 2–1–1 

Perfect 0 1.0616 1.1885 1.3024 1.1225 1.2439 1.1653 

Imperfect I 
0.1 0.9913 1.1296 1.2570 1.0563 1.1903 1.1024 

0.2 0.8935 1.0571 1.2044 0.9706 1.1247 1.0207 
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Imperfect II 
0.1 1.0370 1.1625 1.2813 1.0951 1.2201 1.1395 

0.2 1.0088 1.1338 1.2586 1.0643 1.1940 1.1105 

Imperfect III 
0.1 1.0377 1.1631 1.2818 1.0958 1.2207 1.1402 

0.2 1.0117 1.1366 1.2608 1.0673 1.1965 1.1134 

Imperfect IV 
0.1 1.0597 1.1754 1.2887 1.1125 1.2313 1.1557 

0.2 1.0577 1.1610 1.2740 1.1016 1.2177 1.1451 

S-FGM 

Perfect 0 1.1616 1.3119 1.4155 1.2427 1.3594 1.2798 

Imperfect I 
0.1 1.1132 1.2698 1.3810 1.1966 1.3208 1.2361 

0.2 1.0489 1.2193 1.3416 1.1392 1.2749 1.1815 

Imperfect II 
0.1 1.1407 1.2922 1.3989 1.2216 1.3413 1.2599 

0.2 1.1168 1.2706 1.3813 1.1983 1.3217 1.2378 

Imperfect III 
0.1 1.1412 1.2927 1.3993 1.2222 1.3418 1.2604 

0.2 1.1192 1.2727 1.3830 1.2006 1.3236 1.2400 

Imperfect IV 
0.1 1.1522 1.2981 1.4024 1.2299 1.3465 1.2676 

0.2 1.1415 1.2832 1.3885 1.2158 1.3326 1.2541 

 
 

7. Conclusions 
 

This study investigated the dynamic behavior of FG sandwich plates with different porosity 

types, sandwich configurations, and material gradations. The findings highlight that the presence 

of porosity significantly influences the structural response, with a higher porosity volume fraction 

leading to a reduction in natural frequency due to decreased stiffness. Among the porosity 

distributions examined, Imperfect IV exhibited the most favorable frequency characteristics, (e.g., 

for the 1-2-1 configuration at ξ =0.2, Imperfect IV showed a 5.8% higher frequency than Imperfect 

I), while Imperfect I showed the lowest. 

Comparative analysis of material gradations revealed that S-FGM outperforms P-FGM in terms 

of frequency response, For instance, at k=5 for the 1-2-1 configuration, the S-FGM frequency was 

approximately 19.1% higher than the P-FGM frequency (1.39815 vs. 1.17398). Similarly, for the 

2-1-2 configuration at k=5, S-FGM showed a 22.2% increase (1.19966 vs. 0.98200), making S-

FGM a preferable choice for applications requiring higher structural integrity. 

Additionally, among the various sandwich configurations, the 1-2-1 arrangement demonstrated 

the highest natural frequency (approximately 13.5% higher than 1-0-1 at k=1 for P-FGM), 

followed by 2-2-1, 1-1-1, 2-1-1, 2-1-2, and 1-0-1, indicating the influence of layer sequencing on 

vibrational performance. 

Increasing a/h from 2 to 20 leads to a frequency increase ofapproximately 300-350%, while a/b 

has a negligible effect(less than 2% variation). Increasing the porosity parameter ζ from 0 to 0.2 

reduces the natural frequency by 7-15% depending on the distribution type. Out of various 

porosity distributions, Imperfect IV yields the best results. A critical grading parameter (k≈4-5) 

has been identified beyond which thevariation in results is insignificant (less than 2%). It was 

found that for lower indices (k<1), P-FGM performs slightly better (2-5%) compared to S-FGM. 

Overall, these quantitative results provide valuable insights for designing FG sandwich plates with 

optimized frequency characteristics. 
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