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ABSTRACT: Porous materials are increasingly used in mechanical, aerospace, civil, biomedical, and
advanced engineering applications due to their low density, acceptable strength, high energy absorption,
and tunable mechanical properties. One key challenge in designing such materials is the accurate analysis
of bending and deflection behavior of porous thin structures, such as circular plates, which is essential
for avoiding structural failures. This study presents the elastic bending and static deflection analysis of
functionally graded porous circular plates with radially varying porosity distribution, subjected to uniform
compressive loading under both simply supported and clamped boundary conditions. The governing
equations are derived based on axisymmetric assumptions using the first-order shear deformation theory
and solved via both analytical (series solution) and numerical (finite element) methods. The results
show excellent agreement between the two approaches (mean error 0.04%) and with existing literature
data (mean error 0.05%), confirming the accuracy of the model. Parametric studies reveal that simply
supported plates exhibit approximately 2.5 times higher stress and 4 times larger deflection compared to
clamped ones. Furthermore, increasing the porosity coefficient by 10% leads to an average increase of
about 40% (for simply supported) and 36% (for clamped) in radial stress and central deflection. These
findings offer valuable insights for designing lightweight, strong, and efficient structural components in
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sensitive and performance-driven environments.

1- Introduction

Porous materials are solids containing voids filled with
gas or liquid, forming a two-phase structure. Their porosity
typically ranges from 20% to 90%, optimized for low weight,
flexibility, and microcrack resistance. They are classified by
pore geometry, manufacturing method, and application. Many
natural (wood), biological (bone), and synthetic (ceramics)
materials are porous. Advances in technology have expanded
their use in various engineering fields, including mechanical,
petroleum, and civil engineering, especially in structural
elements like beams, plates, and shells [1].

Khoshgoftar et al. [2] obtained deflection and stress results
for functionally graded cylinders with variable thickness under
non-uniform pressure using first-order shear deformation
theory (FSDT) and perturbation methods, highlighting the
influence of shear deformation. Khoshgoftar [3] extended
the analysis with a second-order shear deformation theory
(SSDT) for axisymmetric functionally graded thick shells
with variable thickness, providing comprehensive governing
equations and numerical comparisons with classical and first-
order theories. Khoshgoftar and Hajiveiseh [4] investigated
the buckling and bending behavior of functionally graded
porous plates using shear deformation theory, focusing on
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the effects of porosity distribution on mechanical responses.
Khoshgoftar and Akbari [5] analyzed mechanical buckling
of porous circular plates with radially graded porosity using
FSDT, employing an analytical semi-exact Fourier—Bessel
series method validated by finite element results.

Previous studies have not comprehensively addressed
the bending and deflection of radially porous circular
plates. This research provides the first detailed analysis of
such plates with radially varying porosity under uniform
vertical pressure, considering simply supported and clamped
boundary conditions. Using axisymmetric assumptions and
first-order shear deformation theory, the governing equations
are solved analytically (energy method) and numerically
(finite element method). Results show excellent agreement,
with mean and maximum errors below 0.1%. Clamped plates
exhibit stresses 60—65% lower and deflections 70-76% lower
than simply supported ones. Due to their manufacturability,
light weight, and strength, these plates are widely used in
aerospace, turbine disks, medical implants, energy absorbers,
heat exchangers, filters, and lightweight automotive parts.

2- Analytical Modeling
In this study, a circular plate made of radially functionally

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

333


https://dx.doi.org/10.22060/mej.2025.24176.7848
https://orcid.org/0009-0006-2310-0487
https://orcid.org/0000-0002-7942-6877

P. Akbari and M. J. Khoshgoftar, Amirkabir J. Mech. Eng., 57(3) (2025) 333-360, DOI: 10.22060/mej.2025.24176.7848

graded porous material with thickness h and radius R
is considered in a cylindrical coordinate system (r,0,z),
subjected to a uniformly distributed vertical pressure (Figure
1). The mechanical properties of the plate vary along the
radial direction. The Young’s modulus is assumed to be a
radial-dependent function, and the porous material used for
the circular plate is characterized by continuously varying
mechanical properties (Figure 2). These properties, such as
the elastic modulus, are considered as functions of the porosity
coefficient and the elastic modulus of the base material.
Assuming that the axis perpendicular to the midplane is the
z-axis, the elastic modulus E = E(r), shear modulus G=G(r),
and density p=p(r) are defined as follows (Figure 3):

G(r)zGo[eeu’r*] (1)

According to the first-order shear deformation theory
(FSDT), the general displacement field at any cross-section
is assumed as follows:

u(r,0,z) =uy(r,0) + z¢,(r,0)
v(7,0,2) =vy(r,0) + zgy(r,0) )
w(r,0,z) =wy(r,0)

In these equations, u, v, and w, represent the
displacements on the mid-plane, while ¢ _and ¢, are the
rotations about the r and 0 axes, respectively. Considering
the axisymmetric nature of the problem, Equation (2) can be

simplified as follows:
r,z)=0 3)

The governing equations of the problem are derived using
the energy method as follows.

5p: UM g =0
or @)
ow,: —LO’Q’) -rP=0
or
3- Results

In this study, the applied pressure P is considered to be 1
MPa, and the reference Young’s modulus E; corresponds to
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Fig. 1. Cross-sectional view of the radially porous cir-

cular plate in the rz plane for different values of the

porosity coefficient:(a) for negative values of porosity

coefficient (e0<0);(b) for positive values of porosity co-
efficient (¢0>0).

that of 42CrMo4 alloy steel, with E =210 GPa and a yield
strength of 800 MPa. The results obtained are valid for any
material possessing this elastic modulus. Tables 1 present the
numerical results of the maximum dimensionless transverse
stress and deflection of ahomogeneous circular plate subjected
to uniform vertical compressive loading, based on the First-
Order Shear Deformation Theory (FSDT). These results are
provided for plates with simply supported conditions, and are
obtained using both analytical and finite element methods. A
good agreement between the two approaches is observed. As
can be seen, increasing the thickness-to-radius ratio leads to
a reduction in the maximum transverse stress and deflection,
indicating improved structural stiffness.

Figure 2 illustrates the variation of the dimensionless
radial stress along the radius of a functionally graded porous
circular plate with a simply supported edge, for various
porosity coefficients. It is observed that increasing the
porosity coefficient reduces the structural strength of the
plate, leading to higher stress values.

4- Conclusions

This paper investigates the bending and deflection
of radially porous circular plates under uniform vertical
pressure, using first-order shear deformation theory for
simply supported and clamped boundary conditions.
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Table 1. Numerical results of the maximum transverse
stress and deflection of a homogeneous circular plate
under uniform vertical compressive loading, based on
the First-Order Shear Deformation Theory (FSDT),
for a simply supported edge condition: comparison be-
tween analytical and finite element methods.

Max Bending Max Deflection
Stress

h/R FEM Present FEM Present
0.02 1.47273 1.47321 4.1410 4.14257
0.04 0.36818 0.36833 0.51840 0.51855
0.06 0.16367 0.16369  0.15396 0.15400
0.08 0.09204  0.09207 0.06514 0.06518
0.1 0.05891 0.05892 0.03349 0.03351

Material properties vary gradually along the radius based
on the porosity coefficient, making the plate’s outer
edge either the strongest or weakest region. Increasing
the porosity coefficient reduces stiffness, raising radial
stress and deflection. As the thickness-to-radius ratio
grows, bending stress and deflection decrease, and the
influence of porosity lessens. Analytical (series solution)
and numerical (finite element) results agree closely, with
average errors below 0.05% and maximum errors near
0.1%, confirming model accuracy. Stresses and deflections
in simply supported plates are roughly 2.5 and 4 times
those in clamped plates, respectively. Each 10% increase
in porosity coefficient raises radial stress and deflection
by about 40% (simply supported) and 36% (clamped).
Positive porosity coefficients (stronger edges) yield higher
stresses and deflections, while negative coefficients
(weaker edges) reduce them. Thus, negative porosity
coefficients are recommended to reduce weight while
improving bending resistance and stiffness.

Fig. 2. Variation of dimensionless stress along the radial

direction at z=h/2 for a radially porous circular plate

with simply supported edge under different porosity co-
efficients for h/R=0.1.
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Fig. 1. A radially porous circular plate in cylindrical coordinates under uniform
compressive loading.
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Fig. 2. View of a radially porous circular plate in cylindrical coordinates in the rz plane.
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Fig. 3. Cross-sectional view of a radially porous circular plate in the rz plane for different values of
the porosity coefficient:(a) for negative porosity coefficients (e, < 0), (b) for positive porosity coef-
ficients (e, > 0).
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Fig. 4. Radial distribution of Young’s modulus in the porous circular plate for different porosity
coefficients.
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1. Total potential energy
2. Elastic strain energy

3. Uniform distribution vertical pressure potential energy
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Fig. 5. Homogeneous circular plate with simply supported edge under uniform vertical pressure in

cylindrical coordinates modeled in Abaqus.
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Table 1. Numerical results of maximum vertical stress and deflection of a homogeneous circular plate
under uniform vertical pressure loading based on the first-order shear deformation theory for plates with
simply supported edges: comparison between analytical and finite element methods.

Max Bending Stress (6:=60)

Max Deflection (W)
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Table 2. Numerical results of maximum vertical stress and deflection of a homogeneous circular plate
under uniform vertical pressure loading based on the first-order shear deformation theory for plates with
clamped edges: comparison between analytical and finite element methods.

Max Bending Stress (6:=60) Max Deflection (W)
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Table 3. Comparison of dimensionless deflection of a thick homogeneous circular plate with clamped
edges using the analytical method versus other available results for v= 0.3 and Er = 0.464.
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Table 4. Comparison of dimensionless deflection of a thick homogeneous circular plate with simply
supported and clamped edges using the analytical method versus other available results for v = 0.288

and Er = 0.396.
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Fig. 6. Variation of nondimensional stress at the center of a radially porous circular plate at z=h/2
versus thickness-to-radius ratio for simply supported boundary condition with different porosity
coefficients.
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Fig. 7. Variation of nondimensional deflection versus thickness-to-radius ratio at the center of a

radially porous circular plate at z=h/2 for the simply supported boundary condition with different
porosity coefficients.
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Fig. 8. Variation of nondimensional stress versus thickness-to-radius ratio at the center of a radi-
ally porous circular plate at z = h/2 for the clamped boundary condition with different porosity
coefficients.
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Fig. 9. Variation of nondimensional deflection versus thickness-to-radius ratio at the center of a
radially porous circular plate at z=h/2 for the clamped boundary condition with different porosity

coefficients.
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Fig. 10. Variation of nondimensional stress along the radius of a radially porous circular plate at z=
h/2 for the simply supported boundary condition with different porosity coefficients, at thickness-
to-radius ratio h/R=0.1.
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Fig. 11. Variation of nondimensional deflection along the radius of a radially porous circular plate
at z = h/2 for the simply supported boundary condition with different porosity coefficients, at
thickness-to-radius ratio h/R = 0.1.
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Fig. 12. Variation of nondimensional stress along the radius of a radially porous circular plate at z=
h/2 for the clamped boundary condition with different porosity coefficients, at thickness-to-radius
ratio h/R =0.1.
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Fig. 13. Variation of nondimensional deflection along the radius of a radially porous circular plate
at z = h/2 for the clamped boundary condition with different porosity coefficients, at thickness-to-
radius ratio h/R = 0.1.
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Fig. 14. Bending of a homogeneous circular plate with simply supported edges under uniform vertical load-

ing along the z-direction in cylindrical coordinates for h/R = 0.06. (a) Vertical stress of the plate (b) Vertical
displacement (deflection).
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Fig. 15. Bending of a homogeneous circular plate with clamped edges under uniform vertical loading along the
z-direction in cylindrical coordinates for h/R=0.08h/R = 0.08. (a) Vertical stress of the plate (b) Vertical displace-
ment (deflection).
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