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In this research, free vibration characteristics of functionally graded metal foam doubly curved panels reinforced with graphene platelets and with porosities have been surveyed. Halpin Tsai's approach is utilized for extracting the effective Young modulus of porous metal foam nanocomposite and also the effective density of nanocomposite porous doubly curved shell panel is estimated by using an extended rule of mixture. The FSDT hypothesis is utilized for determining the displacement field and the Finite element and Hamilton principle are utilized for deriving the mass and stiffness matrices of the structure. Finally, the influences of several variables such as porosity distribution, porosity coefficient, GPL dispersion pattern, the weight fraction of Nanofillers, and span angles on the free vibrations characteristics of doubly curved shell panels with FG porosities and reinforced by graphene platelet have been reported in detail.
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1 INTRODUCTION
Composite materials, including functionally graded materials (FGMs), play a pivotal role in various industries due to their unique combination of properties, such as high strength-to-weight ratio and corrosion resistance (Hucke, 1971; Shen and Bever, 1972; Mahamood et al., 2017). The importance of composites lies in their ability to provide enhanced performance compared to traditional materials. To ensure their effectiveness, researchers employ rigorous evaluation methods to assess material properties. These methods include mechanical testing, non-destructive testing, and advanced analytical techniques (Voigt, 1889; Hill, 1965; Halpin and Tsai, 1969; Mori and Tanaka, 1973; Wakashima and Tsukamoto, 1991). Understanding and optimizing these properties are crucial for developing lightweight and durable structures in the aerospace, automotive, and construction industries. Researchers study composite structures (Wattanasakulpong and Chaikittiratana, 2015; Sobhani et al., 2021; Civalek et al., 2022) even in nanoscience (Saffari et al., 2017; Penna et al., 2021; Penna et al., 2022; Lovisi, 2023; Penna, 2023) to push the boundaries of material science, aiming for innovations that improve efficiency, sustainability, and overall performance in diverse applications (Dastjerdi et al., 2020a; Dastjerdi et al., 2020b).
Nowadays, scholars are evaluating the performance of structures that are made of polymeric and metallic nanocomposite in practical applications subjected to various loadings. Also, some of these structures have been employed in various industries like aerospace, marine, automobile, etc. One of the most important characteristics of these structures is their low weight in connection with high stiffness. On the other hand, adding the nanoparticles to the matrix (polymer or metal) does not change the weight of the structure considerably but it can more significantly increase its stiffness. It is mentioned that these nanoparticles may decrease the stiffness of structures. Since, the nanoparticles have a high level of energy and if their weight fraction is more than a certain amount in the matrix, the nanoparticles stick together and agglomeration will occur. There are many investigations about determining the maximum weight fraction of various nanofillers. Two famous examples of nanoparticle reinforcement which recently attracted the attention of researchers are carbon nanotubes (CNTs) and graphene platelets (GPLs). Since many studies have been conducted into structures that are reinforced with these nanoparticles, studies are considered which are related to the free vibration characteristics of shell-type structures reinforced by GPLs. Babaei et al. (Mollaei et al., 2023) presented free vibrations of functionally graded graphene reinforced composite (FG-GPL RC) cylindrical shell panels employing three-dimensional FEM. Hamilton principle was applied to obtain the governing equations. Amirabadi et al. (Amirabadi et al., 2022) employed third-order shear deformation theory (TSDT) combined with generalized differential quadrature (GDQ) procedure to predict the free vibration behavior of rotating FG- GPL conical shells for various boundary conditions. Dynamic characteristics of FG-GPL shells with piezoelectric patches assuming nonlinear behavior for electro-elastic coupling were presented by Rao et al. (Rao et al., 2018). Nguyen Van Do and Hyung Lee (Van Do and Lee, 2020a) evaluated static bending and natural frequencies of FG-GPL RC cylindrical shell panels employing FSDT and utilizing the isogeometric method. Applying classical shell theory and the Rayleigh-Ritz technique, the free vibration response of sandwich FG-GPL cylindrical shells was studied by Permoon, Farsadi, and Askarian (Permoon et al., 2023). Dynamic characteristics of an FG-GPL conical structure applying Jacobi-Ritz solution were presented by Zhao et al. (Zhao et al., 2023). Free vibration characteristics of rotating 2D FG-GPL conical shells supporting an elastic medium employing FSDT were presented by Amirabadi et al. (Amirabadi et al., 2021). Mohammadi et al. (Mohammadi, 2023) applied isogeometric procedure and higher order shear deformation theory (HSDT) to evaluate free vibrations of trapezoidally corrugated FG-GPL RC laminated cylindrical panels. Mohammadi, Shojaei, and Kiani (Mohammadi et al., 2023) presented an isogeometric method for free vibrations of FG-GPL panel-type structures based on the Kirchhoff–Love shell hypothesis. Liu et al. employing an analytical model (Amirabadi et al., 2023) presented 3D buckling and free vibration behavior of pre-stressed FG-GPL RC cylinders. Dong et al. (Dong et al., 2022) combined GDQM and trigonometric expansion analysis to evaluate the vibration behavior of FG-GPL RC conical shells assuming the ring as a frequency controller based on FSDT. Dong et al. (Dong et al., 2018a) performed an investigation about the influences of rotation and axial force simultaneously on the geometrically nonlinear free vibrations of FG-GPL RC cylinders applying Donnell's theory and an analytical solution. Based on HSDT, the natural frequency characteristics of FG-GPL cylindrical and spherical shell-type panels by employing isogeometric solution were presented by Nguyen Van Do and Hyung Lee (Van Do and Lee, 2020b). Liu et al. (Liu et al., 2021) used three-dimensional elasticity assumptions and an analytical layer-wise solution for the investigation of free vibration characteristics of FG GPL spherical shells. Traveling wave evaluation of a rotating FG-GPL RC cylinder for several boundary conditions according to Donnell shell theory was conducted by Qin et al. (Qin et al., 2019). Utilizing FSDT as a theory and using GDQM as a solution, natural frequencies of FG-GPL cylinders resting on various types of elastic foundations for different BCs were presented by Sobhani et al. (Sobhani et al., 2023a). Sobhani and Avcar (Sobhani and Avcar, 2022) examined various nanofiller materials' effects on the free vibration of cylindrical shells employing FSDT and using GDQM as a numerical solution.
Free vibrations characteristic of FG-GPL doubly curved shell structures have been studied in few articles. The differences between these works are usually in methodology. In detail, Wang et al. (Wang et al., 2018) introduced an analytical model for obtaining natural frequencies of FG doubly curved panels reinforced by GPLs based on HSDT. Free vibration responses of FG GPLs doubly curved shells based on HSDT were presented by Adamian (Adamian et al., 2020). Employing FSDT and Ritz solution, free vibrations of FG-GPL doubly curved panels were presented by Esmaili et al. (Esmaeili et al., 2022). In another investigation by considering the same hypothesis and solution, they (Esmaeili and Kiani, 2022) studied thermal induced vibration responses of GPL RC doubly curved panels. Free vibrations of FG-GPL RC doubly curved shell-type structures in thermal conditions employing Reddy’s HSDT and using an analytical model were developed by Shen et al. (Shen et al., 2019). Sobhi, Ashraf, and Zenkour (Sobhy and Zenkour, 2019) proposed an analytical model for free vibration analysis of FG-GPL RC doubly-curved panels supported on elastic foundations based on an HSDT.
The weight of the structure is too prominent in the aerospace industry and the low weight of the structure can be useful for other applications where saving energy is important. One of the ways to decrease the weight of a structure is BY creating pores in it; the stiffness of the structure also will decrease. To compensate for the decrease in stiffness of the structures, these structures can be reinforced with nanoparticles. Hence, scholars have examined the various types of structures which were fabricated by FG porous material reinforced by nanoparticles. Due to there being many investigations in this field, we review the articles which are related to the vibration behavior of shell structures made of FG porous material reinforced by GPLs. In detail, Bahaadini et al. (Bahaadini et al., 2019) proposed an analytical model for obtaining natural frequencies of FG-GPL RC conical shells with FG porosities employing Love’s first approximation assumptions. Ye and Wang (Ye and Wang, 2021) employed the Galerkin method to study the resonance phenomenon in an FG- GPL cylinder with FG porosities based on Donnell’s nonlinear assumptions. Wang et al. (Wang et al., 2019) conducted an investigation into the nonlinear vibrations of a porous cylinder reinforced with GPLs nanofillers by employing the Galerkin approach and Donnell nonlinear hypothesis. Moradi Dastjerdi and Behdinan (Moradi-Dastjerdi and Behdinan, 2021) presented an axisymmetric meshless model according to moving least squares approximations for obtaining the stress waves in porous cylindrical shells reinforced by GPL nanofillers exposed to thermal conditions. Nonlinear free vibrations of FG-GPL imperfect cylinders with FG porosities employing FSDT were performed by means of an analytical model by Salehi et al. (Salehi et al., 2023). Nejadi et al. (Nejadi et al., 2021) presented a GDQM numerical model as a semi-analytical formulation for free vibrations of sandwich cylinders based on FSDT and by assuming porosity and GPL sense on transfering fluid flow. Zhou et al. (Zhou et al., 2021) employ Reddy theory and the standard Lagrange model to illustrate free vibrations of FG GPL cylinders with FG porosities under supersonic load. Ton-That et al. (Ton-That et al., 2021) reported the nonlinear forced vibrations of FG-GPL cylinders with FG porosity effects by applying nonlinear Donnell assumptions and the Galerkin solution. Ebrahimi et al. (Ebrahimi et al., 2019) presented an analytical model for free vibration analysis of FG –GPL cylinders with FG porosities employing the FSDT as a theory. Pourjabari et al. (Pourjabari et al., 2019) analytically reported the free and forced vibrations characteristic of the FG-GPL cylinders in a micro sense employing modified strain gradient theory. Free vibrations of FG-GPL cylinders considering various FG porosity patterns were presented by Barati and Zenkour (Barati and Zenkour, 2019). Kiarasi et al. (Kiarasi et al., 2021) utilized FEM as a numerical solution and two-dimensional axisymmetric elasticity as an accurate theory to study the free vibrations of FG-GPL RC joined conical–cylindrical structure considering FG porosities. Zhang et al. (Zhang et al., 2023) examined free vibrations characteristic of FG-GPL joined hemispherical–cylindrical–hemispherical structure with FG porosities by using 3D elasticity based on FEM. Cho (Cho, 2023) applied FSDT and two-dimensional FE solution to present free vibration characteristics of FG –GPL cylindrical panels with FG porosities. Twinkle and Pitchaimani (Twinkle and Pitchaimani, 2021) examined the influence of FG-GPL reinforcement and FG porosities on the free vibrations and stability of porous GPL-reinforced cylindrical shell panels according to HSDT and utilizing Galerkin solution. Salehi et al. (Salehi et al., 2023) proposed a novel analytical model for geometrically nonlinear vibrations of FG-GPL RC imperfect cylinders with FG porosities employing FSDT. A novel analytical model for investigating the traveling wave vibrations of rotating FG GPL joined conical-cylindrical structures considering FG porosities applying Donnell’s assumptions was reported by Chai and Wang (Chai and Wang, 2022).
 The above literature review shows that in the most of investigations, structures with simple shapes and governing equations like cylindrical and conical shells have been considered, and free vibrations of porous metal foam FG-GPL doubly curved panels have not been investigated so far. In this investigation, FSDT as a theory and FEM as a numerical solution are applied to investigate the natural frequency characteristics of porous FG-GPL metal foam doubly curved panels. Four distinct porosity distributions combined with five different GPL dispersion functions are assumed through the thickness of the structures. The porosity distributions are assumed with symmetric, asymmetric, and uniform patterns through the thickness of the structure. Two distributions of porosity are employed for a symmetric pattern. In one of them, the pores are mainly concentrated at the upper and lower surfaces of the doubly curved shell panel and in the other, the concentration of pores at the upper and lower surfaces of the structure is too low. In asymmetric porosity distribution, the number of pores at the structure’s thickest point is low and the number of pores gradually increases from the structure’s least to most thick points. Five distinct GPL dispersion functions are supposed via the thickness of the shell panel: GPLX, GPLO, GPLA, GPLV, and GPLUD. The effect of various variables including porosity distribution, porosity coefficient, GPL dispersion pattern, weight fraction of GPLs, and span angles on the free vibration characteristics of FG porous nanocomposite structure have been studied. In Section 2, the effective mechanical properties of the structure are presented by proposing the Halpin-Tsai model and extension rule of mixture. Then, in Section 3, the finite element procedure and Rayleigh-Ritz method are utilized for extracting the stiffness and mass matrix of FG porous doubly curved panel reinforced with GPLs.Finally, in Section 4 the numerical results of the natural frequencies of the structures are presented and discussed in detail. The most prominent finding results are presented in the conclusion section.
2 GOVERNING EQUATIONS OF POROUS FG-GPL RC DOUBLY CURVED SHELL PANEL
2.1 Description of the Geometry
Figure 1 denotes the geometrical parameters of the FG porous metal foam doubly-curved panel reinforced by GPLs, where h is the thickness of the shell structure, R1 and R2 are the radiuses of curvature, [image: image] and [image: image] represent the span angles of a doubly curved shell, respectively. Also, four distinct porosity patterns combined with five GPL dispersion functions are depicted in Figure 1.
[image: Figure 1]FIGURE 1 | The schematic of FG porous nanocomposite doubly curved shell panel.
2.2 Obtaining the equal mechanical properties of FG porous doubly curved panel reinforced with graphene platelet:
Four different porosity functions are supposed via the thickness of the doubly curved panel. (See Figure 1) and their relation to changing mechanical properties including Young modulus and density along the structure thickness is shown in Eqs 1–4. Besides, five GPL dispersion functions through the thickness of a doubly curved panel are shown in Figure 1; Eq. 16 (Anirudh et al., 2019; Li and Zheng, 2020; Moradi-Dastjerdi and Behdinan, 2020; Zhao et al., 2020).
Nonlinear symmetric porosity function 1:
[image: image]
where [image: image] = z/h
Nonlinear symmetric porosity function 2:
[image: image]
Nonlinear asymmetric porosity function 3:
[image: image]
Uniform porosity pattern 4:
[image: image]
΄Where [image: image], [image: image], and [image: image] are the corresponding material properties of nanocomposite doubly curved panels reinforced with GPL nanofillers but without internal cavities. Also, [image: image], [image: image], and [image: image] (the amounts of them are between zero and one) represents the coefficients of porosity for distribution functions 1, 2, 3, and 4, respectively. [image: image], and [image: image] are related to the mass density coefficient for patterns 1, 2, 3, and 4, respectively.
Mass density and modules of elasticity for open-cell metal foam such as used in this research are dependent as presented in the below Eq. (Gibson and Ashby, 1982; Ashby et al., 2000; Asgari et al., 2022).
[image: image]
Eq. 4 is utilized to denote the dependency between the mass density and porosity coefficients for each porosity function as following relations:
[image: image]
For comparing the stiffness of different distributions, the analyses should be implemented for the shells with identical masses. Hence, it is supposed that the mass of doubly curved shell panels with different porosity functions and nanofiller dispersion functions are similar:
[image: image]
Based on Eq. 7, the amounts of [image: image] and [image: image] may be evaluated with a known value of [image: image]. Details of these coefficients are presented in Table 1. When [image: image] reaches 0.6, [image: image] (=0.9612) is near to the upper bound. This justifies the selection of [image: image] ∈ [0,0.6] hereafter.
TABLE 1 | Porosity coefficients for various patterns (Dong et al., 2018b; Yang et al., 2018).
[image: Table 1]The Young’s modulus of the doubly curved panel fabricated by metallic nanocomposite without porosity based on the Halpin-Tsai micromechanics model (Choi and Lakes, 1995; Liu, 1997; Arshid et al., 2020; Arshid et al., 2021; Ebrahimi et al., 2021) is calculated as the following:
[image: image]
in which
[image: image]
[image: image]
[image: image]
[image: image]
The mechanical properties of GPLs are shown with subscripts of GPL. Additionally, the subscripts of m are utilized for showing the corresponding mechanical properties of matrix material. The volume amount of nanofillers is indicated with [image: image]. [image: image], [image: image], and [image: image] symbols are hired for showing the length, width, and thickness of nanofillers, respectively (Arshid et al., 2020; Zhao et al., 2020; Ebrahimi et al., 2021).
According to the rule of mixture, mass density and Poisson's ratio of the shell are obtained as below Eqs (Guo et al., 2021; Babaei, 2022):
[image: image]
[image: image]
Accordingly, the shear modulus of the shell is expressed below:
[image: image]
Also, the [image: image] for various GPL dispersion functions varies through the shell’s thickness and may be obtained by using the below Eq (see also Figure 1):
[image: image]
Where [image: image], and [image: image] denote the upper limit of the [image: image], and subscript i =1, 2, 3, and 4 denote corresponding parameters for porosity functions 1, 2, 3, and 4 within each pattern. [image: image] is the total volume amount of nanofillers and it is obtained by substituting the GPLs weight fraction [image: image] into Eq. 16. Hence, [image: image], and [image: image] may be obtained by Eq. 18 (Esmaeili et al., 2022).
[image: image]
[image: image]
2.3 FSDT shell theory equations
FSDT shell theory is hired to present the displacements of doubly curved shell panels as follows:
[image: image]
In Eq. 2, u, v, and w, are displacements along the x, y, and z axes, respectively, while [image: image], [image: image], and [image: image] are the same displacements at the mid-plane of the shell. Also, [image: image] and [image: image] are normal transverse rotations around y and x, respectively. Hence, the strain field of the doubly curved shell panel is as follows:
[image: image]
where
[image: image]
Therefore, the matrix form of Eq. 21 will be as:
[image: image]
where
[image: image]
[image: image]
[image: image]
where
[image: image]
The constitutive relations of a porous FG-GPL doubly curved shell panel are:
[image: image]
By integrating the stress field along the thickness direction, resultant moment and force will be:
[image: image]
In Eq. 24, K is the shear correction factor and equals 5/6.
Simplified form of Eq. 24 is as follows: 
[image: image]
where:
[image: image]
The strain and kinetic energies of the doubly curved panel may be presented as the below Eqs.
[image: image]
where:
[image: image]
Replacing Eqs 27, 28 Hamilton’s principle, we have:
[image: image]
2.4 FEM solution of governing equations:
In this section, for solving the governing motion equations of the shell, the graded FE method is used. In conventional FEM, the material property is constant through the element. In GFEM, to treat the material heterogeneity, in addition to the displacement field, the material properties of the FG-GPL porous doubly curved structure could also be determined from their nodal values. This approach leads to a smooth change of the properties along the structure and also obtains more precise results than discretizing the structure into elements with constant properties. By using the interpolation functions of cubic ten nodded triangular element, the displacement field, and material properties of individual element [image: image] in terms of the nodal displacement vector q, nodal elasticity modulus [image: image] and mass density [image: image] and shape function matrix [image: image] are as:
[image: image]
where [image: image] are the approximation functions and presented in the Appendix. [image: image], [image: image], [image: image], [image: image] and [image: image] are nodal DOFs, [image: image] and [image: image] are respectively vectors containing elasticity modulus and mass density of each node, and are as:
[image: image]
Substituting Eqs 30, 31 in Eq. 29 can be rewritten as
[image: image]
where [image: image].
[image: image]
Rearranging Eq. 33, the FE model of porous FG-GPL RC doubly curved panel element will be as follows:
[image: image]
Where in Eq. 34 and mass matrix of element, [I] may be evaluated as:
[image: image]
where [image: image] are
[image: image]
By assembly of mass, stiffness, and force matrices of each element, the FE motion equations of the FG-GPL RC doubly curved panel are as
[image: image]
The natural frequency problem of the structure may be derived by the solution of the eigenvalue model as follows:
[image: image]
where [image: image] is the circular natural frequency and q is the mode shapes of free vibrations.
The shell is fully clamped at its all edges as:
[image: image]
3 NUMERICAL RESULTS AND DISCUSSION
In this part, natural frequencies of FG-GPL porous doubly curved shell panels examined by changing the volume weight fraction of nanofillers, nanofiller dispersion pattern, porosity distribution, and porosity coefficient are investigated in detail. The shell is fully clamped on its four edges.
3.1 Validation
To validate the obtained results of the present research, the first six natural frequencies of isotropic homogenous doubly curved shell panels with clamped edges are extracted employing commercial FEM software ANSYS-WORKBENCH, and the results are compared with the results of the present research. Therefore, one may consider e0=0 and [image: image] . Also, the dimensions and material properties of the shell are chosen as the following: Geometry: R1=0.225 m, R2=0.4 m, h=0.025m, [image: image] and Mechanical properties: E=200 GPa, [image: image]
A comparison of the results of the present research with natural frequencies of ANSYS WORKBENCH is presented in Table 2, and it indicates excellent concordance between the results.
TABLE 2 | Comparison of results of present research with natural frequencies of ANSYS WORKBENCH.
[image: Table 2]3.2 Natural frequencies of FG porous doubly curved shell panel reinforced by GPLs
The influence of coefficients of porosity and distributions of porosity, GPL pattern, and weight fraction of nanofillers and span angles on the natural frequency characteristics of an FG-GPL porous doubly curved shell panel is investigated in this section. Therefore, the below material properties and dimensions are employed:
Geometry: R1=0.225 m, R2=0.4 m, h=0.025m, [image: image].
Material property: [image: image] = 130GPa, [image: image] = 8960 kg/m3, [image: image] = 0.34 for copper28, and [image: image] = 1.01 TPa, [image: image] = 1062.5 kg/m3, [image: image] =0.186 , [image: image] = 1.5 μm, [image: image] = 2.5 μm, [image: image] = 1.5 nm for GPLs (Arshid et al., 2020; Zhao et al., 2020; Ebrahimi et al., 2021).
Table 3 describes the influences of nanofiller patterns on the free vibrations of the porous FG-GPL doubly curved shell panel ([image: image], PD1,e0=0.2, [image: image]). As it is obvious in this table, the maximum and minimum fundamental frequencies belong to GPLX and GPL-UD, respectively. Concentrating more nanofiller near the upper and lower surfaces of the doubly curved shell panel will result in more stiffness of the shell and consequently higher natural frequencies will be obtained. In addition, for uniform dispersion of nanofillers along the thickness of the structure, the minimum stiffness of the shell and also the lowest natural fundamental frequencies will be created. Also, the results of this table indicate that fundamental frequencies for GPL-A and GPL-V have approximately the same values. Comparing the results of Table 3 shows that the maximum difference between the fundamental frequencies with the change of nanofiller distributions is about 13%. In addition, the results of this table denote that by increasing the span angle [image: image] from 60 [image: image] to 150 [image: image] the natural frequency of the shell rose considerably, by 30%. This is due to the fact that by increasing the span angle, the ratio of stiffness to the mass of the shell increases. The influences of various porosity distributions are reported in Table 4 ([image: image], GPLX,e0=0.2, [image: image]). The maximum and minimum fundamental frequencies are estimated for PD1 and PD3, respectively. This means that PD1 provides higher rigidity for the shell while PD3 leads to a lower stiffness of the doubly curved shell panel. Comparing the results of Table 4 shows that the maximum difference between fundamental frequencies considering the effect of porosity distributions is about 43%. Also, the results of this table denote that when the distribution of pores is symmetric and their size is more around the mid-pane of the shell, the stiffness of the shell is greater and for the asymmetric distribution of pores, the stiffness of the shell will be lower. The impacts of the weight fraction of nanofillers on the natural frequencies of the porous FG-GPL structure ([image: image], GPLX, e0=0.2, PD1) is reported in Table 5. By changing the weight fraction of nanofillers from 0 to 1%, the fundamental frequencies of doubly curved shell panels considerably increase (approximately 80%). The impact of porosity coefficient on the free vibrations characteristics of porous FG-GPL doubly curved shell ([image: image], GPLX, [image: image], PD1) are indicated in Table 6. This table denotes that by increasing the porosity of the shell, the fundamental frequencies of FG-GPL porous doubly curved shell panels for PD1 decrease by approximately 22%. This is due to the fact that both the mass and stiffness of the structure decrease as the size of pores increases, the decrease of the mass of the shell is more remarkable than its stiffness. Comparing the results of Tables 3–6 illustrates that the natural frequencies are less influenced by GPL distribution than other parameters affecting the frequency of the shell. The first six free vibrations mode shapes of porous FG-GPL doubly curved shell panels for different span angles [image: image], and [image: image] are shown in Figures 2–4. As it can be seen in these figures, it is obvious that by increasing the span angle of the doubly curved shell panel, higher free vibration mode shapes with more strain energies are obtained.
TABLE 3 | Natural frequencies of FG- porous doubly curved panel reinforced by graphene nanoparticles for various span angles and GPL pattern ([image: image], PD1,e0=0.2, [image: image]).
[image: Table 3]TABLE 4 | Natural frequencies of FG- porous doubly curved panel reinforced by graphene nanoparticles for various span angles and porosity distribution ([image: image], GPLX,e0=0.2, [image: image]).
[image: Table 4]TABLE 5 | Natural frequencies of FG- porous doubly curved panel reinforced by graphene nanoparticles for various span angles and weight fraction of nanofiller ( [image: image], GPLX, e0=0.2, PD1).
[image: Table 5]TABLE 6 | Natural frequencies of FG- porous doubly curved panel reinforced by graphene nanoparticles for various span angles and porosity coefficients ([image: image], GPLX, [image: image], PD1).
[image: Table 6][image: Figure 2]FIGURE 2 | The first six mode shapes of FG-GPL porous doubly curved panel (GPLX, [image: image], PD1, e0=0.2, R1=0.225 m, R2=0.4 m, [image: image]).
[image: Figure 3]FIGURE 3 | The first six mode shapes of FG-GPL porous doubly curved panel (GPLX, [image: image], PD1, e0=0.2, R1=0.225 m, R2=0.4 m, [image: image]).
[image: Figure 4]FIGURE 4 | The first six buckling mode shapes of FG-GPL porous doubly curved panel (GPLX, [image: image], PD1, e0=0.2, R1=0.225 m, R2=0.4 m, [image: image]).
4 CONCLUSION
Free vibration characteristics of FG porous metal foam doubly curved shell panel reinforced by GPLs nanofillers have been surveyed in this research. Four distinct porosity functions and five GPL distributions are considered across the shell thickness. Applying FSDT and employing FEM based on the Hamilton principle, the governing motion equations of the shell are derived. The effects of GPL patterns, the weight fraction of nanofillers, porosity coefficient, and pattern and span angles on the free vibration responses of FG-GPL doubly curved panels with FG porosities have been examined. The main results are as:
a) Maximum and minimum fundamental frequencies are obtained for GPL-X and GPL-UD, respectively.
b) The fundamental frequencies of GPL-A and GPL-V are approximately identical.
c) The maximum and minimum fundamental frequencies of the shell have been obtained for PD1 and PD3.
d) By changing [image: image] from 0 to 1%, the fundamental frequencies of the structure remarkably increase (approximately 80%).
e) By growing the size of the porosity of the structure, the fundamental frequencies of the shell decrease by 22%.
f) The natural frequencies are less influenced by GPL distribution than other parameters (about 13%).
g) By increasing the span angle [image: image] from 60 [image: image] to 150 [image: image], the fundamental frequencies remarkably are enhanced by 30%.
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