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1. Introduction 
 

Functionally graded material (FGM) is a composite 

material comprising a blend of metal and ceramic, 

intentionally designed with varying volume fractions of the 

two materials across a structure's surfaces. The mechanical 

characteristics, which include Young's modulus, Poisson's 

ratio, shear modulus of elasticity, material density, and both 

thermal and moisture expansion, exhibit a gradual and 

uninterrupted variation across functionally graded (FG) 

plates. These attributes commonly involve engineering 

alloys such as aluminum, magnesium, titanium, copper, 

steel, and tungsten, alongside advanced structural ceramics  
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like alumina, zirconia, tungsten carbide, and silicon carbide 

(Birman and Byrd 2007, Mantari and Soares 2013, Carrera 

et al. 2008). Investigating the effects of moisture and 

temperature on the deformation and stress within various 

plate structures has garnered considerable scholarly 

attention, as demonstrated by the contributions of 

researchers including Ram and Sinha 1991, Patel et al. 

2002, Shen 2001, Rao and Sinha 2004, Benkhedda et al. 

2008, Lo et al. 2010, Wang et al. 2005, Cinefra et al. 2017, 

Pham et al. 2024, Shankar et al. 2017, Bot et al. 2022, 

Tounsi et al. 2023, Yuksel and Akbas 2021, Ebrahimi et al. 

2019, Zhang et al. 2023. This context underscores the 

importance of ongoing research in this field. Elastic 

foundation structures are widely used in modern 

engineering and present significant technical challenges in 

structural design. The interaction between the FG plate and 

the foundation is commonly represented by the Winkler 
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Abstract.  This investigation focuses on the static behavior of an advanced porous functionally graded (FG) plate with varying 

material composition, subjected to combined mechanical, thermal, and moisture loads while resting on a viscoelastic foundation. 

A modified first-order shear deformation theory (FSDT), enhanced by a shear distribution function, is employed to more 

accurately capture out-of-plane shear deformation. The variation of elastic properties through the plate’s thickness is described 

using a power-law distribution. The effects of temperature and moisture on the material properties are assumed to be linear and 

are incorporated into the analysis to evaluate their influence on the plate’s bending behavior. The viscoelastic foundation is 

modeled using three parameters: Winkler’s modulus, Pasternak’s shear coefficient, and a damping coefficient. The governing 

equations are derived using the principle of virtual displacement and solved analytically using the Navier method under simply 

supported boundary conditions. The nondimensional numerical results are validated through comparison with existing literature. 

A detailed parametric study is conducted to examine the effects of the gradient index, porosity index, temperature variation, 

moisture concentration, and damping coefficient on the bending response of the FG plate. The results demonstrate the complex 

interactions between these parameters and confirm the robustness and effectiveness of the proposed model in evaluating the 

mechanical performance of FG structures under realistic environmental and mechanical loading conditions. 
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model, also known as the one-parameter model, first 

introduced by Winkler in 1867. The Winkler model was 

further improved with the addition of a "shear spring" to 

create the "Pasternak model". The formula for the Pasternak 

(1954) elastic model has been adjusted to take into account 

the deflection caused by creep by incorporating a damping 

parameter (Kerr 1964). 

A multitude of theories have been employed to 

scrutinize plate behavior (Gupta and Talha 2015). The 

classical plate theory (Leissa 1973) stands out as an 

effective approach for thin plates. In the analysis of plate 

mechanics, it is observed that thicker plates necessitate the 

application of higher-order shear deformation theories. 

Specifically, Mindlin’s (Mindlin 1951) first-order shear 

deformation theory, proposed in 1951, and Reddy’s third-

order shear deformation theory are pertinent in this context. 

A significant amount of scholarly work has been dedicated 

to the examination of plates, particularly those made from 

functionally graded materials. Key contributions to this 

field include studies by Zghal et al. (2017), Tu et al. (2017), 

Li et al. (2020), Nguyen et al. (2015), Baseri et al. (2016), 

Arefi and Meskini (2019), Adim and Daouadji (2016), 

Ebrahimi and Habibi (2016), Rabhi et al. (2020), and Turan 

(2024). 

Numerous researchers have extensively examined and 

studied the behavior of imperfect functionally graded plates, 

especially those with inherent porosity, as a captivating 

topic in the literature (Arshid and Khorshidvand 2018, 

Barati 2018, Avcar 2019, Akbaş 2021, Rostami et al. 2020, 

Mohammadimehr et al. 2020, Ahmed et al. 2020, Rahimi et 

al. 2020, Beg et al. 2021, Huang and Tahouneh 2021, 

Madenci and Özkılıç 2021, Tlidji et al. 2021, Keleshteri and 

Jelovica 2021, Khorshidvand et al. 2014, Feyzi and 

Khorshidvand 2017, Cong et al. 2018, Ahmed et al. 2019, 

Hamed et al. 2020, Ebrahimi et al. 2020, Priyanka et al. 

2021, Cho 2023, Jain and Azam 2024, Çapar et al. 2024).  

The recent literature presents extensive research on the 

behavior of porous functionally graded material (FGM) 

plates using advanced shear deformation theories and 

meshfree methods. Sharma et al. (2024) investigated the 

impact of porosity on the stability of bidirectional FGM 

skew plates using a higher-order shear deformation theory 

(HSDT) combined with the radial basis function (RBF) 

approach, emphasizing the role of porosity in structural 

stability. Kumar et al. (2023a) conducted a geometrically 

nonlinear analysis of FG plates under patch loading, 

revealing the influence of gradient properties on flexural 

response. In another study, Kumar et al. (2023b) used the 

RBF collocation method to analyze the free vibration of 

elastically supported porous bidirectional FGM plates with 

different porosity distributions. Kumar et al. (2023c) 

proposed a new tangent HSDT for porosity-dependent 

buckling analysis of FGM sandwich plates on elastic 

foundations using a meshfree technique. Additionally, 

Kumar et al. (2022a) presented a meshfree bending analysis 

of porous rectangular FG plates resting on elastic 

foundations, while Kumar et al. (2022b) addressed flexure 

behavior under various transverse loads. Other notable 

works include vibration analysis of porous FGM sandwich 

plates using collocation methods (Kumar et al. 2022c), 

thermomechanical buckling simulations (Kumar et al. 

2022d, e), and buckling/free vibration studies incorporating 

new shear theories (Kumar et al. 2019a, b). Collectively, 

these contributions highlight the importance of advanced 

modeling approaches such as HSDTs, porosity modeling, 

and meshfree numerical methods in capturing the complex 

mechanical behavior of porous FG plates, offering valuable 

insights for the design of next-generation engineering 

structures. Khider et al. (2024) provide a comprehensive 

review on nonlocal porous FG nanobeams subjected to 

moving loads, highlighting recent advancements in dynamic 

analysis. Ahmed et al. (2021) examine the thermal and 

dynamic responses of FG porous piezoelectric plates using 

nonlocal theories. Al-Toki et al. (2021) investigate the 

effects of impulse and thermal loads on nonlocal porous 

graded beams, offering insights into their vibration 

characteristics. Hamad et al. (2019) focus on both static and 

dynamic analyses of strain gradient porous nano-crystalline 

shell structures. These studies underscore the importance of 

advanced modeling techniques such as nonlocal elasticity 

and strain gradient theories in accurately predicting the 

complex behavior of nanostructures exposed to dynamic 

and thermal environments. Hamed et al. (2019) conducted 

an analysis on the mechanical bending behavior of a flawed 

FG nanobeam with four different porosity distributions 

using nonlocal elasticity and Euler-Bernoulli beam theory. 

In a similar vein, Hadji et al. (2020) investigated how the 

porosity distribution model impacts the static response of a 

functionally graded beam, employing a novel HSDT 

formulation as the basis for their study. The topic of 

porosity distribution in these studies is of particular interest 

in understanding the structural behavior of these materials. 

The investigation conducted by Adim and Daouadji (2024) 

focuses on the effects of hygro-thermo-mechanical loading 

and the micromechanical model on the bending 

characteristics of functionally graded material (FGM) plates 

supported by Winkler and Pasternak elastic foundations.  

This research employs higher-order shear deformation 

theory to analyze the subject matter. Additionally, Daouadji 

and Benferhat (2016) previously conducted an analysis on 

the flexural bending of FGM plates, taking into account 

both ideal and flawed conditions under hygro-thermo-

mechanical stresses. Although there is a comprehensive 

body of literature regarding the bending behavior of FGM 

plates utilizing various theoretical frameworks and loading 

scenarios, the response characteristics of these plates 

situated on a viscoelastic foundation under nonlinear hygro-

thermo-mechanical influences remain largely 

underexplored. Therefore, the current study seeks to fill this 

gap by systematically examining the bending response of 

FGM plates resting on viscoelastic foundations subjected to 

hygro-thermo-mechanical loads, utilizing a higher-order 

integral shear deformation theory that incorporates only 

four variables. 

The objectives of this research are to analyze the 

bending behavior of functionally graded (FG) ceramic-

metal porous plates subjected to combined humidity and 

temperature variations while resting on a three-parameter 

elastic foundation; to develop and implement a simplified 

first- order shear deformation theory (FSDT) involving only  
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Fig. 1 A typical ceramic-metal plate specifically created 

for FGM, positioned over a viscoelastic foundation. 

 

 

four unknown displacement functions, thereby reducing 

computational effort compared to more complex models; to 

account for temperature- and moisture-dependent material 

properties in modeling imperfect FG plates; to derive the 

governing equilibrium equations using the principle of 

virtual work within the proposed theoretical framework; 

and to perform a comprehensive parametric study 

evaluating the influence of porosity, gradient index, and 

foundation parameters. The outcomes are compared with 

existing results for both perfect and imperfect FG plates to 

validate the model and demonstrate its effectiveness. The 

incorporation of a viscoelastic foundation makes the model 

relevant for applications involving layered systems, such as 

pavement structures, sandwich panels, and bio-inspired 

composite materials, where damping and foundation 

interactions play a critical role in structural stability and 

service life. 

 

 

2. Theoretical formulations 
 

The theoretical formulation considers a rectangular 

functionally graded porous (FGP) plate with precisely 

defined dimensions: length, width, and thickness. The plate 

is simply supported along its edges, and a Cartesian 

coordinate system (x, y, z) is used, where the x and y axes 

correspond to the in-plane dimensions (length and width), 

and the z axis represents the thickness direction, as shown 

in Fig. 1. The positions of the top and bottom surfaces of 

the plate are clearly defined, providing a consistent 

reference for the application of boundary conditions and the 

variation of material properties through the thickness. 

In this work, the power law distribution of the volume 

fraction is used to represent the change of material 

properties in FGMs. The porosity phases distribute 

uniformly over the entire cross section. This model was 

developed by Wattanasakulpong and Ungbhakorn (2014) 

where the porosity is constant across the thicknesses of the 

FG-plate. The Young’s modulus is represented as follows 

𝐸(𝑧) = (𝐸𝑐 − 𝐸𝑚)𝑉𝑐 + 𝐸𝑚 −
𝑥𝑖

2
(𝐸𝑐 + 𝐸𝑚) (1) 

and  𝑉𝑐(𝑧) = (
𝑧

ℎ
+

1

2
)
𝑝

 

𝑥𝑖 denotes the porosity fraction index, distributed 

equally in the metal and ceramic phases. c and m are related 

to the pure ceramic and metal plates, respectively.  

2.1 Field of displacement and deformations 
 

The displacement field and strains formulated in the 

present First-Order Shear Deformation Theory (FSDT) rely 

on particular foundational assumptions. These assumptions 

entail the separation of transverse displacement into 

components corresponding to bending and shear, alongside 

the division of in-plane displacements into their extension 

and bending constituents. Furthermore, it is noteworthy that 

the bending components of the in-plane displacements 

exhibit similarities to those delineated in Classical Plate 

Theory (CPT). Overall, the displacement field articulated 

within this theoretical framework is characterized by a 

thorough and generalized representation. 
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The displacements along the x and y coordinate 

directions of a point on the mid-plane of the plate are 

indicated by 0u  and 0v ; while the bending and shear 

components of the transverse displacement are denoted by 

bw and sw . The strains associated with the displacement 

field in Eq. (2(a)) are 
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(2b) 

In the traditional formulation of the First-order Shear 

Deformation Theory (FSDT), the shear strain is assumed to 

vary linearly throughout the material's thickness, 

necessitating the introduction of a shear correction factor. In 

contrast, the actual distribution of shear stress exhibits a 

parabolic profile across the thickness, diminishing to zero at 

both the upper and lower surfaces. This study proposes a 

new function for the distribution of shear to enhance the 

simplified FSDT. Consequently, this leads to the derivation 

of the shear strain vector as follows 

{
𝛾𝑐

𝑦𝑧

𝛾𝑐
𝑥𝑧

} = 𝑔(𝑧) {
𝛾𝑦𝑧
𝛾𝑥𝑧
} (3) 

The function required 𝑔(𝑧) describes how the transverse 

shear strains are distributed throughout the thickness of the 

plate. This shear distribution function is specifically 

selected to comply with the stress-free boundary conditions 

at both the upper and lower surfaces of the plate. 

Furthermore, the integration across the thickness parallels 
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the approach taken with the constant shear correction factor 

utilized in the First-Order Shear Deformation Theory 

(FSDT), which is represented by a value of 5/6. The shear 

distribution function used in this study differs from that of 

Zenkour (2006) by offering a simplified form within a 

modified first-order shear deformation theory (FSDT), 

involving only four displacement variables. While 

Zenkour’s model employs a higher-order hyperbolic 

function to avoid shear correction factors, our approach 

introduces a tailored shear function that enhances accuracy 

while preserving computational efficiency. Consequently, 

the shear distribution function may be defined as (Zenkour 

2006, Nguyen et al. 2019) 

𝑔(𝑧) =
5

4
𝑐𝑜𝑠 (

𝜋𝑧

ℎ
) (4) 

 

2.2 stress-strain relationships 
 
The material is isotropic at each point, The stress-strain 

relationships associated with the FG plates, specifically in a 

plane-stress condition, can be expressed as follows 

{
 
 

 
 
𝜎𝑥
𝜎𝑦
𝜏𝑦𝑧
𝜏𝑥𝑧
𝜏𝑥𝑦}

 
 

 
 

=

[
 
 
 
 
𝐶11 𝐶12 0 0 0
𝐶12 𝐶22 0 0 0
0 0 𝐶44 0 0
0 0 0 𝐶55 0
0 0 0 0 𝐶66]

 
 
 
 

 

× 

{
 
 

 
 
𝜀𝑥 − 𝛼(𝑧) 𝛥𝑇 − 𝛽(𝑧) 𝛥𝐶
𝜀𝑦 − 𝛼(𝑧) 𝛥𝑇 − 𝛽(𝑧) 𝛥𝐶

𝛾𝑦𝑧
𝛾𝑥𝑧
𝛾𝑥𝑦 }

 
 

 
 

 

(5) 

where 

11 22 2

( )

1 ( )

E z
C C

z
= =

−
 

12 11( ) C z C=  

44 55 66

( )

2(1 ( ))

E z
C C C

z
= = =

+
 

(6) 

We consider the plate under a thermal field and moisture 

concentration varying linearly within the thickness, i.e., 

𝑇(𝑥, 𝑦, 𝑧) = 𝑇1(𝑥, 𝑦) +
𝑧

ℎ
𝑇2(𝑥, 𝑦)  and 𝐶(𝑥, 𝑦, 𝑧) =

𝐶1(𝑥, 𝑦) +
𝑧

ℎ
𝐶2(𝑥, 𝑦). 

 

 

3. Governing equations 
 

After the formulation of the strain and stress tensors, the 

principle of virtual work is utilized to formulate the 

governing differential equations. Initially, this principle 

involves calculating the integral of the product of the stress 

and the variation of strain within the xy domain. This is 

then followed by integration through the thickness of the 

plate, as illustrated in Eq. (7). 

∫ ∫[𝜎𝑥𝛿 𝜀𝑥 + 𝜎𝑦𝛿 𝜀𝑦 + 𝜏𝑥𝑦𝛿 𝛾𝑥𝑦 + 𝜏𝑥𝑧𝛿 𝛾𝑥𝑧
𝛺

ℎ/2

−ℎ/2

+ 𝜏𝑦𝑧𝛿 𝛾𝑦𝑧]  𝑑 𝛺 𝑑 𝑧

− ∫(𝑞 − 𝑓𝑒) 𝛿 𝑤 𝑑 𝛺
𝛺

= 0 

(7) 

In the Eq. (7), q represents the mechanical load applied 

in the transverse direction (z) of the plate, while fe denotes 

the force exerted by the foundation. The characterization of 

the force follows the viscoelastic Winkler-Pasternack 

model, as presented in Eq. (8). 

( )2 ,e w p tf k k c w x y
t

 
= −  + 

 
 (8) 

𝑘𝑤 ,𝑘𝑝  and 𝑐𝑡  represents Winkler parameter, the shear 

layer foundation stiffness and viscosity parameter, 

respectively. 

Substituting Eqs. (2) and (5) into Eq. (7) and integrating 

across the thickness of the plate, Eq. (7) can be expressed as 

∫[𝑁𝑥𝛿 𝜀𝑥
0 + 𝑁𝑦𝛿 𝜀𝑦

0 + 𝑁𝑥𝑦𝛿 𝜀𝑥𝑦
0 +𝑀𝑥
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𝑏
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𝑏  

+𝑆𝑦𝑧
𝑠 𝛾𝑦𝑧

𝑠 + 𝑆𝑥𝑧
𝑠 𝛾𝑥𝑧

𝑠 ] 𝑑 𝛺 − ∫(𝑞 − 𝑓𝑒) 𝛿 𝑤 𝑑 𝛺
𝛺

= 0 

(9) 

𝑁, 𝑀 and 𝑆 are stress resultants and can be expressed as 

follows 

( )
/2
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1
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s
xz dzzgSS   (10b) 

Substituting Eq. (5) into Eq. (10) and integrating across 

the thickness of the plate, the stress resultants are written as 

{
  
 

  
 
{
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and stiffness components are given as 
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The hygrothermal stress and moment resultants 𝑁𝑥
𝜃 =

𝑁𝑦
𝜃, 𝑀𝑥

𝑏𝜃 = 𝑀𝑦
𝑏𝜃 and 𝑀𝑥

𝑠𝜃 = 𝑀𝑦
𝑠𝜃 are defined by 
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

C
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The governing equations of equilibrium can be obtained 

from Eq. (9) by integrating the displacement gradients by 

parts and setting the coefficients 𝛿 𝑢0, 𝛿 𝑣0, 𝛿 𝑤𝑏 and 𝛿 𝑤𝑠 
zero separately. Thus one can obtain the equilibrium 

equations associated with the present theory 

𝛿 𝑢0:   
𝜕𝑁𝑥
𝜕𝑥

+
𝜕𝑁𝑥𝑦
𝜕𝑦

= 0 

𝛿 𝑣0:   
𝜕𝑁𝑥𝑦
𝜕𝑥

+
𝜕𝑁𝑦
𝜕𝑦

= 0 

𝛿 𝑤𝑏:  
𝜕2𝑀𝑥

𝑏

𝜕𝑥2
+ 2

𝜕2𝑀𝑥𝑦
𝑏

𝜕𝑥𝜕𝑦
+
𝜕2𝑀𝑦

𝑏

𝜕𝑦2
− 𝑓𝑒 + 𝑞 = 0 

𝛿 𝑤𝑠:  
𝜕2𝑀𝑥

𝑠

𝜕𝑥2
+ 2

𝜕2𝑀𝑥𝑦
𝑠

𝜕𝑥𝜕𝑦
+
𝜕2𝑀𝑦

𝑠

𝜕𝑦2
+
𝜕𝑆𝑥𝑧

𝑠

𝜕𝑥
+
𝜕𝑆𝑦𝑧

𝑠

𝜕𝑦
− 𝑓𝑒

+ 𝑞 = 0 

(15) 

Substituting Eq. (15) into Eq. (9), the governing 

equations can be expressed in terms of displacements ( 0u , 

0v , bw , sw ) as follows 

𝐴11𝑑11𝑢0 + 𝐴66𝑑22𝑢0 + (𝐴12 + 𝐴66)𝑑12𝑣0
− 𝐵11𝑑111𝑤𝑏
− (𝐵12 + 2𝐵66)𝑑122𝑤𝑏 = 𝑝1 

(16a) 

𝐴22𝑑22𝑣0 + 𝐴66𝑑11𝑣0 + (𝐴12 + 𝐴66)𝑑12𝑢0
− 𝐵22𝑑222𝑤𝑏
− (𝐵12 + 2𝐵66)𝑑112𝑤𝑏 = 𝑝2 

(16b) 

𝐵11𝑑111𝑢0 + (𝐵12 + 2𝐵66)𝑑122𝑢0
+ (𝐵12 + 2𝐵66)𝑑112𝑣0 + 𝐵22𝑑222𝑣0
− 𝐷11𝑑1111𝑤𝑏
− 2(𝐷12 + 2𝐷66)𝑑1122𝑤𝑏 

         − 𝐷22𝑑2222𝑤𝑏 = 𝑝3 

(16c) 

𝐴55
𝑠 𝑑11𝑤𝑠 + 𝐴44

𝑠 𝑑22𝑤𝑠 = 𝑝4 (16d) 

Where 

ji

ij
xx

d



=

2

, 
lji

ijl
xxx

d



=

3

,  

mlji

ijlm
xxxx

d



=

4

, 
i

i
x

d



= , ).2,1,,,( =mlji  

(17a) 

and 

𝑝1 =
𝜕𝑁𝑥

𝑇

𝜕𝑥
+
𝜕𝑁𝑥

𝐶

𝜕𝑥
,  𝑝2 =

𝜕𝑁𝑦
𝑇

𝜕𝑦
+
𝜕𝑁𝑦

𝐶

𝜕𝑦
,  

 𝑝3 = 𝑓𝑒 − 𝑞 +
𝜕2(𝑀𝑥

𝑏𝑇+𝑀𝑥
𝑏𝐶)

𝜕𝑥2
+
𝜕2(𝑀𝑦

𝑏𝑇+𝑀𝑦
𝑏𝐶)

𝜕𝑦2
 

(17b) 

𝑝4 = 𝑓𝑒 − 𝑞 (17c) 

 

 

4. Analytical solution 
 

This study aims to obtain the exact solution of Eqs. (16) 

for a simply supported plate. The boundary conditions 

relevant to this type of plate can be referenced in the works 

of Thai and Vo (2013). The Navier solution is applied to 

account for mechanical, thermal, and moisture loads (𝑞, 𝑇𝑖 
and 𝐶𝑖), and it is expressed as a double Fourier series. 
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where a/ = , b/ = ,  

Following the Navier method, we suppose the following 

solution form for 0u , 0v , bw  and sw  that respects the 

boundary conditions, 

,
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 (19) 

where 𝑈 , 𝑉 , 𝑊𝑏 , and 𝑊𝑠  are arbitrary coefficients to be 

determined. One obtains the following equation 

    ,PK =  (20) 

where    t

sb WWVU ,,,=  and  K  is the symmetric 

matrix defined by 

 



















=

44342414

34332313

24232212

14131211

kkkk

kkkk

kkkk

kkkk

K  (21) 

in which 

𝑘11 = −(𝐴11𝜆
2 + 𝐴66𝜇

2) 

𝑘12 = −𝜆 𝜇 (𝐴12 + 𝐴66) 
(22) 
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𝑘13 = 𝜆 [𝐵11𝜆
2 + (𝐵12 + 2𝐵66) 𝜇

2] 

𝑘14 = 0 

𝑘22 = −(𝐴66𝜆
2 + 𝐴22𝜇

2) 

𝑘23 = 𝜇 [(𝐵12 + 2𝐵66) 𝜆
2 + 𝐵22𝜇

2] 

𝑘24 = 0 

𝑘33 = −(𝐷11𝜆
4 + 2(𝐷12 + 2𝐷66)𝜆

2𝜇2 + 𝐷22𝜇
4 + 𝑘𝑤

+ 𝑘𝑝(𝜆
2 + 𝜇2) + 𝑐𝑡𝜔𝑓) 

𝑘34 = −(+𝑘𝑤 + 𝑘𝑝(𝜆
2 + 𝜇2) + 𝑐𝑡𝜔𝑓) 

𝑘44 = −(𝐴55
𝑠 𝜆2 + 𝐴44

𝑠 𝜇2 + 𝑘𝑤 + 𝑘𝑝(𝜆
2 + 𝜇2)

+ 𝑐𝑡𝜔𝑓) 

(22) 

The components of the generalized force vector 

 

 

   t
PPPPP 4321 ,,,=  are given by 

𝑃1 = 𝜆 [(𝐴
𝑇𝑡1 + 𝐵

𝑇𝑡2) + (𝐴
𝐶𝑐1 + 𝐵

𝐶𝑐2)], 
𝑃2 = 𝜇 [(𝐴

𝑇𝑡1 + 𝐵
𝑇𝑡2) + (𝐴

𝐶𝑐1 + 𝐵
𝐶𝑐2)], 

𝑃3 = −𝑞0 − ℎ(𝜆2 + 𝜇2) [(𝐵𝑇𝑡1 + 𝐷
𝑇𝑡2)

+ (𝐵𝐶𝑐1 + 𝐷
𝐶𝑐2)], 

𝑃4 = −𝑞0 

(23) 

where 
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−

−
=
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2
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1
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,,

h
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TTT dzzzz
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2


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=

h

h

CCC dzzzz
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(24) 

in which 

Table 1 non-dimensional deflections of FGM square (b = a) plates under hygro-thermo-mechanical loading. (q0 = 

100, t1=c1=0) 

p 𝑘𝑤 𝑘𝑝 𝑡2 𝑐2 

𝑎 ℎ⁄ = 5 𝑎 ℎ⁄ = 10 𝑎 ℎ⁄ = 20 

Sayyad and Ghugal 

(2019) Present 
Sayyad and Ghugal 

(2019) Present 
Sayyad  and Ghugal 

(2019) 
Present 

0 

100 0 
0 0 0.2350 0.2426 0.2122 0.2142 0.2062 0.2068 

10 100 1.8390 1.8386 0.6251 0.6281 0.3107 0.3112 

0 100 
0 0 0.0434 0.0437 0.0426 0.0427 0.0424 0.0424 

10 100 0.3404 0.3315 0.1256 0.1253 0.0638 0.0639 

100 100 
0 0 0.0416 0.0419 0.0409 0 .0410 0.0407 0.0407 

10 100 0.3262 0.3176 0.1208 0.1202 0.0612 0.0613 

1 

100 0 
0 0 0.2862 0.2947 0.2607 0.2630 0.2540 0.2546 

10 100 2.4129 2.4078 0.8115 0.8150 0.3936 0.3942 

0 100 
0 0 0.0450 0.0452 0.0443 0.0444 0.0441 0.0441 

10 100 0.3806 0.3692 0.1383 0.1375 0.0683 0.0683 

100 100 
0 0 0.0430 0.0432 0.0424 0.0425 0.0422 0.0423 

10 100 0.3630 0.3532 0.1320 0.1317 0.0654 0.0654 

2 

100 0 
0 0 0.3007 0.3101 0.2732 0.2757 0.2659 0.2666 

10 100 2.5118 2.5058 0.8483 0.8520 0.4118 0.4125 

0 100 
0 0 0.0453 0.0455 0.0446 0.0447 0.0444 0.0445 

10 100 0.3786 0.3680 0.1386 0.1382 0.0688 0.0688 

100 100 
0 0 0.0434 0.0436 0.0427 0.0428 0.0425 0.0426 

10 100 0.3623 0.3520 0.1327 0.1323 0.0659 0.0659 

5 

100 0 
0 0 0.3154 0.3258 0.2854 0.2883 0.2774 0.2782 

10 100 2.6252 2.6176 0.8892 0.8931 0.4308 0.4316 

0 100 
0 0 0.0456 0.0459 0.0449 0.0450 0.0447 0.0448 

10 100 0.3800 0.3684 0.1400 0.1395 0.0695 0.0695 

100 100 
0 0 0.0436 0.0438 0.0430 0.0431 0.0428 0.0429 

10 100 0.3634 0.3523 0.1340 0.1335 0.0665 0.0665 

∞ 

100 0 
0 0 0.3519 0.3614 0.3224 0.3251 0.3146 0.3154 

10 100 2.9516 2.9351 1.0017 1.0052 0.4872 0.4878 

0 100 
0 0 0.0463 0.0465 0.0458 0.0458 0.0456 0.0456 

10 100 0.3888 0.3892 0.1422 0.1466 0.0706 0.0706 

100 100 
0 0 0.0443 0.0449 0.0437 0.0437 0.0436 0.0435 

10 100 0.3716 0.3730 0.1360 0.1380 0.0675 0.1381 
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5. Results and discussion 
 

This section presents and analyzes multiple numerical 

examples aimed at examining the bending behaviors of 

simply supported FG plates supported by three-parameter 

elastic foundations. The proposed model is compared 

against these examples. The composition of the plate is 

presumed to consist of Titanium and Zirconia, drawing 

upon the material characteristics detailed by Mudhaffar et al. 

(2021). 

Ceramic (Zirconia, ZrO2): GPa  0.1171 =E , 3/1= ,  

)/10(11.7 6
1 C= − ,  01 = . 

Metal (Titanium, Ti-6Al-4V): GPa  2.662 =E , 3/1=

,  )/10(3.10 6
2 C= − ,  33.02 =  

 

 

The reference temperature and moisture concentration 

are set at room temperature C 250 =T  and 0%0 =C . It 

is assumed, unless stated otherwise, that the pressure is 

1000 =q GPa, 10/ =ha , 01 =t , 01 =c . Numerical 

results are presented in terms of dimensionless stresses and 

deflection. The different dimensionless parameters used are 



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

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xzxz 
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𝑘𝑤𝑎

4

𝐷0
𝑘̄𝑝 =

𝑘𝑝𝑎
2

𝐷0
      

𝐶𝑇 =
𝑐𝑡𝑎

4

103𝐷0
𝐷0 =

𝐸𝑏ℎ
3

12(1−𝜈2)
 

Table 1 delineates the quantitative findings obtained 

from the four-variable first order theory employed in this 

investigation, elucidating the correlation between the 

current theoretical framework and various advanced shear  

Table 2 non-dimensional deflections of FGM square (b = a) plates resting on a viscoelastic foundation and under 

hygro-thermo-mechanical loading (q0 = 100, t1=0, c1=0) 

𝑃 

 
𝑘𝑤 𝑘𝑝1 𝑡2 𝑐2 

𝑎 ℎ⁄ = 5 𝑎 ℎ⁄ = 10 𝑎 ℎ⁄ = 20 

𝑐𝑡 𝑐𝑡 𝑐𝑡 

0.05 0.1 0.05 0.1 0.05 0.1 

Mudhaffar 

et al. (2021) 
Present Mudhaffar 

et al. (2021) 
Present 

Mudhaffar 

et al. (2021) 
Present Mudhaffar 

et al. (2021) 
Present Mudhaffar 

et al. (2021) 
Present 

Mudhaffar  

et al. (2021) Present 

0 

100 0 
0 0 0.2268 0.2287 0.2146 0.2164 0.2028 0.2033 0.1930 0.1935 0.1965 0.1966 0.1873 0.1874 

10 100 1.7290 1.7334 1.6362 0.2820 0.5941 0.5962 0.5654 0.5673 0.2815 0.2959 0.2953 0.2820 

0 100 
0 0 0.0432 0.0432 0.0427 0.0428 0.0422 0.0422 0.0418 0.0418 0.0420 0.0419 0.0415 0.0415 

10 100 0.3293 0.3279 0.3258 0.3244 0.1238 0.1239 0.1225 0.1226 0.0631 0.0631 0.0624 0.0625 

100 100 
0 0 0.0414 0.0414 0.0410 0.0410 0.0405 0.0405 0.0401 0.0401 0.0403 0.0402 0.0399 0.0398 

10 100 0.3157 0.3143 0.3124 0.3110 0.1187 0.1189 0.1176 0.1177 0.0605 0.0606 0.0599 0.0600 

1 

100 0 
0 0 0.2724 0.2744 0.2550 0.2568 0.2462 0.2467 0.2319 0.2324 0.2392 0.2393 0.2257 0.2258 

10 100 1.9441 2.2425 1.8202 2.0985 0.6850 0.7647 0.6453 0.7202 0.3503 0.3705 0.3305 0.3496 

0 100 
0 0 0.0446 0.0446 0.0441 0.0441 0.0439 0.0438 0.0434 0.0433 0.0436 0.0436 0.0432 0.0431 

10 100 0.3185 0.3650 0.3150 0.3610 0.1220 0.1359 0.1207 0.1345 0.0639 0.0675 0.0632 0.0668 

100 100 
0 0 0.0427 0.0427 0.0423 0.0423 0.0420 0.0420 0.0416 0.0415 0.0418 0.0418 0.0414 0.0413 

10 100 0.3049 0.3494 0.3017 0.3457 0.1169 0.1302 0.1157 0.1289 0.0612 0.0647 0.0606 0.0640 

2 

100 0 
0 0 0.2855 0.2877 0.2665 0.2684 0.2573 0.2579 0.2418 0.2423 0.2498 0.2499 0.2351 0.2352 

10 100 1.9736 2.3256 1.8421 2.1695 0.7029 0.7970 0.6604 0.7487 0.3627 0.3866 0.3414 0.3639 

0 100 
0 0 0.0450 0.0450 0.0445 0.0445 0.0442 0.0442 0.0437 0.0437 0.0440 0.0439 0.0435 0.0434 

10 100 0.3108 0.3638 0.3073 0.3597 0.1207 0.1366 0.1194 0.1351 0.0639 0.0680 0.0632 0.0672 

100 100 
0 0 0.0430 0.0430 0.0426 0.0426 0.0423 0.0423 0.0419 0.0419 0.0421 0.0421 0.0417 0.0416 

10 100 0.2974 0.3481 0.2942 0.3444 0.1156 0.1308 0.1144 0.1294 0.0612 0.0651 0.0605 0.0644 

5 

100 0 
0 0 0.2989 0.3012 0.2781 0.2801 0.2682 0.2688 0.2514 0.2519 0.2600 0.2601 0.2441 0.2442 

10 100 2.0090 2.4204 1.8693 2.2509 0.7225 0.8330 0.6771 0.7805 0.3753 0.4034 0.3524 0.3788 

0 100 
0 0 0.0453 0.0453 0.0448 0.0448 0.0445 0.0445 0.0440 0.0440 0.0443 0.0442 0.0438 0.0437 

10 100 0.3044 0.3642 0.3010 0.3601 0.1199 0.1379 0.1186 0.1364 0.0639 0.0686 0.0632 0.0679 

100 100 
0 0 0.0433 0.0433 0.0429 0.0429 0.0426 0.0426 0.0422 0.0421 0.0424 0.0424 0.0420 0.0419 

10 100 0.2912 0.3484 0.2881 0.3447 0.1148 0.1320 0.1136 0.1306 0.0612 0.0657 0.0606 0.0650 
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deformation theories. Furthermore, the impact of the 

volume fraction exponent ratio (p) alongside the effect of an 

 

 

elastic foundation on the dimensionless deflection 

characteristics of functionally graded material (FGM)  

Table 3 non-dimensional deflections and stresses of FGM rectangular plates (b/a= 3) subjected to pure 

mechanical load and resting on a visco-elastic foundation. (a/h=10, q0=100, t1=t2=0, c1=c2=0, 𝑘𝑤 = 100, 𝑘𝑝 =

100) 

𝑃 
TC

 
Theory 𝑤 𝜎𝑥 xy  

xz  

0 

0 

CPT Mudhaffar et al. (2021) 0.08201 0.05035 0.07193 – 

Mindlin (1989) 0.08228 0.04890 0.06986 0.03293 

Reddy (2000) 0.08228 0.04919 0.06972 0.04116 

Mudhaffar et al. (2021) 0.08226 0.04920 0.07009 0.04356 

Present 0.0823 0.0488 0.0698 -0.0430 

0.05 
Mudhaffar et al. (2021) 0.08061 0.04821 0.06867 0.04268 

Present 0.0806 0.04786 0.06837 -0.04217 

0.1 
Mudhaffar et al.(2021) 0.07901 0.04726 0.06732 0.04184 

Present 0.07902 0.04691 0.06702 -0.04134 

1 
Mudhaffar et al. (2021) 0.05829 0.03486 0.04966 0.03087 

Present 0.05829 0.03460 0.04943 -0.03049 

1 

0 

CPT Mudhaffar et al. (2021) 0.08399 0.04683 0.05353 – 

Mindlin (1989) 0.08418 0.04546 0.05198 0.02572 

Reddy (2000) 0.08417 0.04574 0.05190 0.03214 

Mudhaffar et al. (2021) 0.08417 0.04575 0.05217 0.03403 

Present 0.08418 0.04539 0.05192 -0.03362 

0.05 
Mudhaffar et al. (2021) 0.08244 0.04480 0.05109 0.03333 

Present 0.08244 0.04445 0.05085 -0.03293 

0.1 
Mudhaffar et al. (2021) 0.08077 0.04390 0.05006 0.03265 

Present 0.08078 0.04356 0.04982 -0.03226 

1 
Mudhaffar et al. (2021) 0.05924 0.03220 0.03672 0.02395 

Present 0.05924 0.03194 0.03654 -0.02366 

2 

0 

CPT Mudhaffar et al. (2021) 0.08437 0.04655 0.04931 – 

Mindlin (1989) 0.08457 0.04515 0.04781 0.02303 

Reddy (2000) 0.08457 0.04539 0.04770 0.02951 

Mudhaffar et al. (2021) 0.08456 0.04541 0.04794 0.03131 

Present 0.08457 0.04504 0.04772 -0.03076 

0.05 
Mudhaffar et al. (2021) 0.08281 0.04447 0.04695 0.03066 

Present 0.08281 0.04411 0.04673 -0.03012 

0.1 
Mudhaffar et al. (2021) 0.08113 0.04357 0.04600 0.03004 

Present 0.08113 0.04321 0.04579 -0.02951 

1 
Mudhaffar et al. (2021) 0.05943 0.03192 0.03370 0.02201 

Present 0.05943 0.03165 0.03354 -0.02162 

5 

0 

CPT Mudhaffar et al. (2021) 0.08471 0.04780 0.04714 – 

Mindlin (1989) 0.08491 0.04630 0.04568 0.02085 

Reddy (2000) 0.08491 0.04652 0.04549 0.02735 

Mudhaffar et al. (2021) 0.08491 0.04655 0.04574 0.02910 

Present 0.08491 0.04616 0.04553 -0.02845 

0.05 
Mudhaffar et al. (2021) 0.08314 0.04558 0.04479 0.02849 

Present 0.08315 0.04520 0.04459 -0.02786 

0.1 
Mudhaffar et al. (2021) 0.08145 0.04465 0.04388 0.02791 

Present 0.08146 0.04428 0.04368 -0.02729 

1 
Mudhaffar et al. (2021) 0.05960 0.03268 0.03211 0.02043 

Present 0.05960 0.03240 0.03196 -0.01997 
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rectangular plates is examined comprehensively, taking into 

account the influences of temperature and humidity. The 

findings are juxtaposed with those forecasted by Sayyad 

and Ghugal (2019). 
The number of primary variables in this improved 

theory is lower compared to other higher-order shear 
deformation plate theories. this theory provides a better 
understanding of the hygro-thermo-mechanical behavior of 
the materials and structures under study. This new approach 
aims to address some of the limitations of the conventional 
FSDT, offering more accurate results while simplifying 
certain aspects of the calculating process. In conclusion, 
The theory put forward is not only precise but also fairly 
simple, establishing itself as an essential resource for 
anticipating the hygro-thermo-mechanical bending 
responses of functionally graded material (FGM) plates 
resting on Winkler or Pasternak elastic foundations. 

 
 

Table 2 compellingly demonstrates how sinusoidal loads 

influence the central nondimensional deflection of a square 

functionally graded material (FGM) plate that is supported 

by a viscoelastic foundation, while varying the material 

gradient index (p). This insight is crucial for understanding 

the performance and stability of such plates under different 

loading conditions. The results reveal that the Winkler 

viscoelastic foundation results in higher deflection 

compared to the Pasternak foundation. Moreover, the 

deflection is greater when the plate is exposed to hygro-

thermal loads than under purely mechanical loading. It is 

also observed that increasing the damping coefficient 𝐶𝑇of 

the viscoelastic foundation reduces the deflection. For all 

types of loading, the deflection noticeably decreases as the 

damping effect increases. Additionally, as the gradient 

index rises—thereby reducing the plate's stiffness—Under  

Table 4 Influence of gradient index on non-dimensional deflections and stresses of FGM rectangular plates (b/a= 

3) resting on a viscoelastic foundation and under linear hygro-thermo-mechanical load. (a/h=10,q0=100,t1= 

0,t2=10,c1 =0,c2=100) 

𝑃 𝐶𝑇 Theory 𝑤 𝜎𝑥 xy  
xz  

0 

0 
Mudhaffar et al. (2021) 0.17266 -0.50297 0.17581 -0.40819 

Present 0.1730 -0.5018 0.1744 0.4056 

0.05 
Mudhaffar et al. (2021) 0.16918 -0.50505 0.17285 -0.41004 

Present 0.1695 -0.5039 0.1714 0.4074 

0.1 
Mudhaffar et al. (2021) 0.16584 -0.50705 0.17000 -0.41181 

Present 0.1661 -0.5059 0.1686 0.4091 

1 
Mudhaffar et al. (2021) 0.12234 -0.53307 0.13294 -0.43484 

Present 0.1226 -0.5318 0.1316 0.4319 

1 

0 
Mudhaffar et al.(2021) 0.18457 -0.51268 0.15698 -0.46946 

Present 0.1849 -0.5099 0.1559 0.4646 

0.05 
Mudhaffar et al. (2021) 0.18076 -0.51475 0.15462 -0.47099 

Present 0.1811 -0.5120 0.1535 0.4661 

0.1 
Mudhaffar et al. (2021) 0.17711 -0.51673 0.15236 -0.47247 

Present 0.1774 -0.5140 0.1513 0.4676 

1 
Mudhaffar et al. (2021) 0.12990 -0.54239 0.12310 -0.49156 

Present 0.1301 -0.5395 0.1221 0.4865 

2 

0 
Mudhaffar et al. (2021) 0.18511 -0.50165 0.13522 -0.46362 

Present 0.1855 -0.4984 0.1339 0.4535 

0.05 
Mudhaffar et al. (2021) 0.18128 -0.50371 0.13305 -0.46504 

Present 0.1816 -0.5005 0.1318 0.4549 

0.1 
Mudhaffar et al. (2021) 0.17760 -0.50569 0.13096 -0.46640 

Present 0.1780 -0.5024 0.1297 0.4563 

1 
Mudhaffar et al. (2021) 0.13010 -0.53120 0.10403 -0.48399 

Present 0.1304 -0.5278 0.1028 0.4736 

5 

0 
Mudhaffar et al. (2021) 0.18646 -0.48782 0.12494 -0.46400 

Present 0.1868 -0.4838 0.1234 0.4500 

0.05 
Mudhaffar et al. (2021) 0.18259 -0.48994 0.12285 -0.46661 

Present 0.1829 -0.4859 0.1213 0.4513 

0.1 
Mudhaffar et al. (2021) 0.17887 -0.49198 0.12085 -0.48305 

Present 0.1792 -0.4879 0.1193 0.4525 

1 
Mudhaffar et al. (2021) 0.13089 -0.51829 0.09501 -0.45993 

Present 0.1311 -0.5141 0.0935 0.4686 
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the same loading conditions, deflection decreases with an 
increase in the plate’s geometric ratio (a/h), and the 
influence of the viscoelastic foundation is more significant 
for thicker plates. 

Table 3 examines how the gradient index (p) affects the 
deflection and stresses in an FGM plate under pure bending, 
while keeping the Winkler and Pasternak 
coefficientsunchanged. When the viscoelastic foundation 
damping is set to zero, the deflection results align well with 
both classical plate theory and previous literature, as shown 
in the Table 3. Increasing the gradient index leads to a 
higher central deflection and a reduction in both 
longitudinal and shear stresses. Furthermore, increasing the 
viscoelastic damping coefficient (𝐶𝑇) results in significant 
reductions in both deflection and stresses, demonstrating the 
crucial role the viscoelastic foundation plays in the plate's 
design performance. 

Table 4 shows the effect of linear hygro-thermal loads 
combined with mechanical loading on a rectangular FGM 
plate supported by a viscoelastic foundation. The deflection 
and stresses are higher compared to the case of pure 
bending presented in Table 4. This indicates that  
environmental factors impact the material's durability as 
well as the induced stresses and deflection. Additionally, it 
is observed that as the material index p increases, the 
deflection increases while the stresses decrease. 

 

 
Furthermore, increasing the damping coefficient of the 
viscoelastic foundation reduces both deflection and stresses, 
as illustrated in Fig. 2. 

The influence of porosity on the non-dimensional 

deflections of functionally graded material (FGM) square 

plates on a viscoelastic foundation under combined hygro-

thermo-mechanical loading is discussed in this section. 

Table 5 illustrates the impact of xi, thermal and moisture 

loads, kw and kp on non-dimensional deflections of FG 

porous plate. As moisture and thermal parameters increase, 

so does w , while higher Winkler Pasternack foundation 

parameter lead to a decrease. Moving on to Table 6, the 

effects of p, xi on the displacement and stresses of FG non-

porous and porous plate under linear hygro-thermo-

mechanical load are displayed. The stresses induced by FG 

porous plate are notably lower compared to FG non-porous 

plate. Additionally, higher xi contributes to greater w  due 

to increased moisture absorption, and higher thermal loads 

result in increased w . Stresses in FG porous plate are 

generally lower than FG non-porous plate due to pore 

presence. Furthermore, higher p and xi lead to decreased 

stresses. The interplay of these factors determines stress 

distribution and magnitude in the plate. This comprehensive 

analysis underscores the influences of various factors on. 

Table 5 Influence of porosity on the non-dimensional deflections of FGM square (b = a) plates resting on a 

viscoelastic foundation and under hygro-thermo-mechanical loading.(q0 = 100, t1=0,c1=0 ,CT=0.1) 

𝑃 𝑘𝑤 𝑘𝑝1 𝑡2 𝑐2 

𝑎 ℎ⁄ = 5 𝑎 ℎ⁄ = 10 𝑎 ℎ⁄ = 20 

xi XI XI 

0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3 

0 

100 0 
0 0 0.2164 0.2284 0.2420 0.2572 0.1935 0.2049 0.2177 0.2322 0.1974 0.1986 0.2112 0.2254 

10 100 1.6397 1.4118 1.1934 0.9860 0.5673 0.5166 0.4691 0.4255 0.2821 0.2776 0.2749 0.2745 

0 100 
0 0 0.0428 0.0433 0.0437 0.0442 0.0418 0.0423 0.0429 0.0434 0.0415 0.0421 0.0426 0.0432 

10 100 0.3244 0.2674 0.2157 0.1695 0.1227 0.1068 0.0924 0.0795 0.0625 0.0588 0.0555 0.0525 

100 100 
0 0 0.0411 0.0415 0.0419 0.0423 0.0402 0.0406 0.0411 0.0416 0.0399 0.0404 0.0409 0.0414 

10 100 0.3111 0.2563 0.2066 0.1623 0.1177 0.1024 0.0886 0.0762 0.0600 0.0564 0.0532 0.0504 

1 

100 0 
0 0 0.2568 0.2745 0.2948 0.3186 0.2324 0.2495 0.2695 0.2931 0.2258 0.2428 0.2626 0.2862 

10 100 2.0986 1.8514 1.6126 1.3842 0.7203 0.6688 0.6214 0.5790 0.3497 0.3493 0.3521 0.3590 

0 100 
0 0 0.0442 0.0447 0.0452 0.0457 0.0434 0.0440 0.0445 0.0452 0.0432 0.0438 0.0444 0.0450 

10 100 0.3610 0.3014 0.2472 0.1986 0.1345 0.1178 0.1027 0.0898 0.0668 0.0629 0.0595 0.0564 

100 100 
0 0 0.0423 0.0428 0.0432 0.0437 0.0416 0.0421 0.0426 0.0432 0.0414 0.0419 0.0425 0.0430 

10 100 0.3458 0.2885 0.2365 0.1899 0.1289 0.1129 0.0983 0.0853 0.0641 0.0631 0.0569 0.0540 

2 

100 0 
0 0 0.2684 0.2879 0.3105 0.3373 0.2423 0.2611 0.2832 0.3098 0.2352 0.2538 0.2757 0.3022 

10 100 2.1695 1.9165 1.6714 1.4361 0.7488 0.6970 0.6495 0.6074 0.3640 0.3647 0.3691 0.3782 

0 100 
0 0 0.0445 0.0450 0.0455 0.0461 0.0437 0.0443 0.0449 0.0455 0.0435 0.0441 0.0448 0.0454 

10 100 0.3598 0.2997 0.2452 0.1962 0.1351 0.1183 0.1030 0.0893 0.0673 0.0634 0.0599 0.0568 

100 100 
0 0 0.0426 0.0431 0.0436 0.0441 0.0419 0.0424 0.0430 0.0435 0.0417 0.0422 0.0428 0.0434 

10 100 0.3445 0.2868 0.2345 0.1875 0.1295 0.1133 0.0986 0.0854 0.0645 0.0607 0.0573 0.0543 

5 

100 0 
0 0 0.2802 0.3012 0.3258 0.3550 0.2520 0.2721 0.2958 0.3247 0.2442 0.2640 0.2875 0.3159 

10 100 2.2509 1.9911 1.7386 1.4952 0.7806 0.7282 0.6800 0.6375 0.3789 0.3804 0.3857 0.3961 

0 100 
0 0 0.0448 0.0453 0.0459 0.0464 0.0440 0.0446 0.0452 0.0458 0.0438 0.0444 0.0450 0.0457 

10 100 0.3602 0.2997 0.2447 0.1954 0.1365 0.1194 0.1039 0.0900 0.0679 0.0640 0.0604 0.0572 

100 100 
0 0 0.0429 0.0437 0.0438 0.0443 0.0422 0.0427 0.0433 0.0438 0.0420 0.0425 0.0431 0.0437 

10 100 0.3447 0.2867 0.2340 0.1867 0.1307 0.1143 0.0994 0.0861 0.0651 0.0612 0.0578 0.0547 
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deflection and stresses, emphasizing the complex behavior 

of FG porous plates under different conditions 

Fig. 3 illustrates the significant variation of normal 

stress values within the plate, clearly indicating a transition 

from distinctly negative values present at the lower region 

 

 

 

of the plate to notably positive values encountered at the 

upper region. Fig. 4 conducts an in-depth analysis of how 

the viscoelastic foundation damping coefficient 

significantly influences the distribution patterns of the non-

dimensional in-plane shear stress throughout the thickness  
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Fig. 2 Aspect ratio (a/h) influence on the non-dimensional deflection of FGM square plate under linear hygro-thermo-

mechanical load and resting on a viscoelastic foundation w  

-0,04 -0,03 -0,02 -0,01 0,00 0,01 0,02 0,03 0,04 0,05

-0,50

-0,25

0,00

0,25

0,50

 x

b=3*a, P=5, q
0
=100

t
1
= t

2
=0

c
1
=c

2
=0

Kw = 100,   Kp=100   

 

 

z/h

 Ct=0

 Ct=0.05

 Ct=0.1

 Ct=0.2

 Ct=1

(a)

 

-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6

-0,50

-0,25

0,00

0,25

0,50

 x

b=3*a, P=5, q
0
=100

t
1
=0, t

2
=10

c
1
=0,c

2
=100

Kw = 100,   Kp=100   

 Ct=0

 Ct=0.05

 Ct=0.1

 Ct=0.2

 Ct=1

 

 

z/h

(b)

 
Fig. 3 Non-dimensional variation of in-plane normal stress x  across the thickness of FGM rectangular plate resting on a 

viscoelastic foundation 
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Fig. 4 Non-dimensional variation of xy  across the thickness of FGM rectangular plate resting on a viscoelastic foundation 
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Fig. 5 Non-dimensional variation of transverse shear stress xz  across the thickness of FGM rectangular plate resting on a 

viscoelastic foundation 

Table 6 Influence of porosity on non-dimensional deflections and stresses of FGM rectangular plates (b/a = 3) 

resting on a viscoelastic foundation and under linear hygro-thermo-mechanical load. (a/h = 10, q0 = 100, t1 = 0, t2 

= 10, c1 = 0, c2 = 100, 𝑘𝑤 = 100   𝑘𝑝 = 100) 

𝑃 XI 𝑤 𝜎𝑥 xy  
xz  

0 

0 0.1661 -0.5059 0.1686 0.4091 

0.1 0.1487 -0.3947 0.1381 0.3189 

0.2 0.1330 -0.2947 0.1117 0.2378 

0.3 0.1191 -0.2063 0.0892 0.1660 

1 

0 0.1774 -0.5140 0.1513 0.4676 

0.1 0.1593 -0.4026 0.1217 0.3741 

0.2 0.1430 -0.3025 0.0960 0.2898 

0.3 0.1286 -0.2140 0.0739 0.2150 

2 

0 0.1779 -0.5024 0.1297 0.4563 

0.1 0.1597 -0.3911 0.1011 0.3633 

0.2 0.1432 -0.2910 0.0764 0.2796 

0.3 0.1286 -0.2023 0.0553 0.2054 

5 

0 0.1792 -0.4880 0.1193 0.4525 

0.1 0.1608 -0.3772 0.0915 0.3593 

0.2 0.1442 -0.2776 0.0675 0.2755 

0.3 0.1294 -0.1892 0.0471 0.2011 
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of the functionally graded (FG) plate. It is observed that 𝜏̄𝑥𝑦 

reaches its peak values at both the top and bottom surfaces 

of the plate, showcasing the critical regions where stress 

concentration occurs. In Fig. 5, the detailed analysis of the 

transverse shear stress 𝜏̄𝑥𝑧 reveals that its maximum value 

occurs right at the center of the plate, while it interestingly 

remains zero at both the upper and lower surfaces. This 

characteristic behavior is achieved without the necessity of 

a shear correction factor, which effectively highlights a key 

advantage afforded by the present shear deformation theory. 

Furthermore, the data suggest that an increase in the 

damping coefficient (𝐶𝑇) leads to a notable decrease in the 

transverse shear stress experienced by the plate, reinforcing 

the relationship between material properties and stress 

distributions under varying conditions. 

 

 

6. Conclusions 
 

This research investigated the bending response under 

combined hygro-thermo-mechanical conditions of advanced 

functionally graded ceramic-metal plates, which were 

supported by a viscoelastic foundation characterized by 

three parameters. The analysis employed a straightforward 

first-order shear deformation theory. An analytical solution 

was obtained using the Navier method. Notable influences 

of temperature and moisture content were identified. 

Furthermore, the role of the viscoelastic foundation on plate 

deflection and stress levels was deemed critical. The 

incorporation of the viscoelastic foundation markedly 

decreases the central deflection. The parametric analysis 

highlighted the overall influence of various parameters such 

as pore distribution, material grading, and loading 

conditions on the mechanical performance of these 

structures. This study aims to elucidate the complex 

interplay between these factors and their collective impact 

on the structural integrity of graded plates. various factors 

on the bending response of functionally graded materials 

(FGM) plates. Across all loading conditions, an increase in 

the viscous damping coefficient leads to a reduction in 

deflection. Ultimately, the conclusions drawn from this 

article aim to improve the design efficiency of advanced 

FGM plates by taking into account the effects of these 

factors. An important advantage of the proposed 

methodology lies in its balance between simplicity and 

accuracy. By reducing the number of displacement 

variables without compromising the quality of results, the 

model offers an efficient yet reliable tool for analyzing 

complex environmental and structural interactions. The 

analytical solution obtained via the Navier method ensures 
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Fig. 6 Aspect ratio (a/h) influence on the non-dimensional deflection w of FGM square plate under linear hygro-thermo-

mechanical load and resting on a viscoelastic foundation 
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both precision and computational efficiency, making it 

well-suited for practical applications in aerospace, 

mechanical, civil, and marine engineering, where 

lightweight and thermally stable structural components are 

essential. Additionally, future research will focus on 

optimizing the design parameters to enhance the 

performance of functionally graded material sandwich 

plates in practical applications (Amiri et al. 2024, 

Alimoradzadeh and Akbas 2023, Adim and Daouadji 2024, 

Turan 2024). 
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