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Abstract

Cylindrical panels are one of the most essential structural members of engineering structures, with mechanical,
civil, aeronautical, and marine engineering applications. They are subjected to a wide range of vibrational loads.
This article presents a novel higher-order porosity distribution and a free vibration analysis for porous orthotropic
cylindrical panels resting on elastic foundations under higher-order shear deformation theory. It is assumed that
cylindrical panels are composed of porous materials with uniformly and non-uniformly distributed pores. The
porous panels' material properties are distributed in the thickness direction using specific functions. The equations
of motion are derived using Hamilton's principle based on trigonometrical shear deformation theory and solved
by performing the Galerkin solution procedure with simply supported edge conditions. The accuracy of the
obtained natural frequency equation is confirmed by comparing the results to those of previously published in
literature. Under comprehensive parametric studies, the influence of porosity coefficient, porosity distribution
patterns, radius-to-curve length ratio, orthotropy, and stiffness of elastic foundation parameters on the free
vibration response of porous orthotropic cylindrical panels are discussed in detail.
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1. Introduction

The investigation of structural components resting on elastic foundations has attracted much
attention from researchers because of their application in various engineering fields, such as
footings in building construction, pavements in roadways, and aeronautical engineering. A way
to solve the above problems is to incorporate the elastic behavior of foundations in the equations
of motion of structural components. Winkler and Pasternak's foundations are the two elastic
foundation approaches considered commonly in the literature. A Winkler foundation called a
one-parameter elastic foundation is represented as a separate spring. Pasternak added a shear
layer over the springs to improve the assumption [1].

The mechanical behavior of structural members is analyzed using classical plate (or shell)
theory, first-order shear deformation theory, and higher-order shear deformation theory. After
developing these theories, many parametric studies have been carried out on the vibration
problems of plates and shells resting on elastic foundations. Zamani et al. [2] analyzed the free
vibration response of laminated viscoelastic composite plates resting on a Pasternak viscoelastic
medium. The composite plate comprises a linear viscoelastic matrix and isotropic elastic fibers.
Duc et al. [3] investigated the nonlinear dynamic and vibration problems of spherical shells
made of FG material placed on an elastic foundation in the thermal environment. Material
properties are graded along the thickness using a sigmoid law. Zenkour and Radwan [4] studied
the free vibration of sandwich plates resting on Pasternak foundations based on hyperbolic shear
deformation theory. Using Reddy's third-order shear deformation theory, Quan and Duc [5]
presented the nonlinear vibration behavior of imperfect FG double-curved shells resting on an
elastic foundation. They modeled the temperature-dependent material properties through the
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thickness via a power-law rule. Park and Kim [6] analyzed the natural frequencies of FG
cylindrical fluid-filled shells. They assumed the shells partially rested on a Pasternak elastic
foundation and material properties vary along the thickness. Ninh and Bich [7] studied the
nonlinear vibration characteristics of toroidal shell segments with a ceramic-FG-metal layer
surrounded by an elastic foundation based on classical shell theory. Jung et al. [8] proposed a
refined-higher-order shear deformation theory for analyzing the free and forced vibration of FG
plates on elastic foundations. Depending on two power-law distributions, they graded the
material properties in the thickness direction. Kim [9] investigated the free vibration behavior
of FG cylindrical shell partially rested on elastic foundations with an oblique edge using first-
order shear deformation theory. The material properties are modeled across the thickness via a
four-parameter power-law. Asanjarani et al. [10] presented the influence of geometric
parameters and elastic foundations on the free vibration of two-dimensional FG truncated
conical shells based on the first-order shear deformation theory. The material properties are
graded in the thickness and length directions using a power-law distribution. Ahmed [11]
analyzed the free vibration characteristics of a non-homogeneous orthotropic elliptical
cylindrical shell resting on a non-uniform Winkler foundation. Bich et al. [12] studied the
nonlinear dynamic and vibration responses of imperfect eccentrically stiffened FG double-
curved shells placed on elastic foundation using first-order shear deformation theory. Thai et
al. [13] proposed a simple refined shear deformation theory for analyzing the bending, buckling,
and vibration behaviors of thick plates resting on the Pasternak foundation. Sobhy [14] focused
on the buckling and vibration of exponentially graded sandwich plates on an elastic foundation.
The sandwich plate is modeled as a fully ceramic core and exponentially graded face sheets.

Porous materials play a significant role in many fields, such as energy management, vibration
control, thermal insulation, and sound absorption. Porous materials such as porous metals,
ceramics, and polymer foams favor various engineering applications Kamranfard et al. [15].
These superior properties of porous materials have attracted the attention of researchers. Static
and dynamic behaviors of structural components made of porous materials have been studied
in recent years. Turan [16] studied the free vibration response of porous orthotropic laminated
plates with trigonometric porosity distribution via higher-order shear deformation theory.
Wang [17] analyzed the electro-mechanical vibration of FG porous plates with porosity
distribution in the thickness direction. Porous FG material properties are graded using a
modified power-law rule containing the porosity effects. Rezaei and Saidi [18] presented an
exact analytical approach based on the first-order shear deformation theory for free vibration
analysis of fluid-saturated porous annular sector plates. They graded the material properties in
the thickness direction using a cosine function. Kamranfard et al. [15] investigated the effects
of porosity and geometrical parameters on the critical buckling loads and natural frequencies of
moderately thick annular plates. Based on the refined shear deformation theory, Barati and
Zenkour [19] studied the electro-thermoelastic vibration of FG piezoelectric porous plates. The
material properties are varied along the thickness direction depending on the modified power-
law rule. Using first-order shear deformation theory, Barati [20] analyzed the natural
frequencies of FG porous nanoshells with porosities evenly and unevenly distributed in the
thickness direction. Wang and Wu [21] presented the free vibration response of FG porous
cylindrical shell under sinusoidal shear deformation theory. They considered two types of
graded porosity distribution patterns across thickness. Shojaeefard et al. [22] analyzed the
influence of porosity and gradation index on the free vibration and thermal buckling behavior
of micro temperature-dependent FG porous plates based on the first-order shear deformation
theory. Akbas [23] investigated FG porous plates' static and vibration analysis under first-order
shear deformation theory. Porosity-dependent material properties are graded in the thickness
direction via a power-law model with porosities. Rezaei and Saidi [24] discussed the porosity
effect on the thick plates' free vibration response using Reddy's third-order shear deformation
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theory. Material properties of porous plates are determined in the thickness direction using a
cosine function.

Furthermore, the literature has reported static and dynamic analysis of porous structural
components on elastic foundations in recent years. Structural members on the elastic foundation
are modeled depending on the Winkler and Pasternak interactions. Demir and Turan [25]
investigated the critical buckling load of porous orthotropic cylindrical panels resting on the
Winkler foundation. The porosity distribution is modeled in the thickness direction using a
cosine function. Kumar et al. [26] analyzed the effect of porosity parameters, porosity
distribution, and elastic foundation parameters on the natural frequencies of FG porous plates
with variable thickness based on first-order shear deformation theory. The porosity-dependent
material properties are graded using power-law, exponential-law, and sigmoid-law rules. Tran
et al. [27] analyzed the static and free vibration behavior of FG porous nanoshell resting on an
elastic foundation under extended four-unknown higher-order shear deformation theory. They
graded the porous FG material using uneven porosity and logarithmic-uneven porosity
distributions. Balak et al. [28] studied the free vibration response of an elliptical sandwich
microplate made of a saturated porous core and two piezoelectric face sheets. The microplate
is on the elastic foundation, and governing equations of the problem are derived using first-
order shear deformation theory. Pham et al. [29] focused on the static bending and hygro-
thermo-mechanical vibration behavior of porous FG sandwich double-curved shells on the
elastic foundation via the four-unknown shear deformation theory. The shells comprised a full
ceramic core and two porous face layers with uneven porosity distribution. Shahverdi and Barati
[30] proposed a general nonlocal elasticity model to analyze the vibration of porous nanoplates
resting on the elastic foundation. Material properties are modeled via a modified power-law and
Mori-Tanaka models containing the porosity effects.

By reviewing the above literature, the free vibration problem of porous orthotropic cylindrical
panels resting on elastic foundations has not yet been investigated. Therefore, it is of great
significance to fill the gaps in the study. Based on the trigonometrical shear deformation theory,
this paper focuses on the natural frequencies of porous orthotropic cylindrical panels resting on
the Pasternak foundation. Porous material properties such as Young's modulus, shear modulus,
and mass density vary across the thickness via trigonometric functions. The governing
equations of the problem are obtained using higher-order shear deformation theory and solved
via the Galerkin solution procedure. The numerical results calculated by the present frequency
equation indicate good convergence and accuracy by comparing with the literature results. The
effect of porosity coefficients, porosity distribution patterns, geometrical parameters,
orthotropy, and elastic foundation parameters on the free vibration response of porous
orthotropic cylindrical panels are discussed in detail.

2. Theoretical Formulations

Fig. 1 shows the configuration of the porous orthotropic cylindrical panel with geometrical
parameters: R is the curvature radius; s, a are the length of the curve and length in the y
direction, respectively; h is the thickness. The cylindrical panel resting on the elastic foundation
(EF) consists of two parameters (kg, k,,). In which k; is Pasternak stiffness, and k,,, is Winkler
stiffness.
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Fig. 1. Configuration of porous cylindrical panel resting on an EF

2.1. Determination of the Material Properties of the Porous Panel

This paper focuses on a non-uniform symmetric, a non-uniform asymmetric, and a uniform
porosity distribution. The non-uniform symmetric porosity distribution is denoted by ND1, the
non-uniform symmetric porosity distribution is abbreviated ND2, and UD indicates the uniform
porosity distribution. The porosity-dependent material properties of the porous panel, including
Young’s modulus E, shear modulus G, and mass density p are varied continuously from the top
surface (z = —0.5h) to the bottom (z = +0.5h) surface. The corresponding variations of
material properties are given by Eqs (1)-(3) for the NDs and UD.

ND;q:
3.45 mZ
(Ei' G]'p) = (EOi’ Go],Po)(l - [770, 7]0, T]S])TSUIZ (7),1, = 1,2,] = 12, 13, 23 (la)
ND»:
3.45 mZ
(Ei; Gj;P) = (Eop GOjJPO)(l - [710;770;773])751'71 (7) ,i=12;j=12,13,23 (1b)
UD:
(Eif Gj' P) = (EOi; Goj; pO)[ﬁO' ﬁO) 773]'1 = 1'2;j = 12' 13'23 (lc)

where 0 < 1y, Mo, Mo, Mo < 1 is the porosity coefficients and E,, G, and p, are corresponding
values of the material with no porosity (7, = 0). The porous panel's Poisson ratio (v;;) is
assumed to be constant along the panel thickness. Fig. 2 presents the difference between the
non-uniform symmetric porosity distribution (NDi) with the non-uniform asymmetric
distribution (ND>).

The typical mechanical properties of porous material in terms of mass density can be given as
follows [31]

Emax/Emin = (,Dmax/pmin)2 (2)

Accordington, =1 — E;/E,; andny, = 1 — p/p,, the following relation can be obtained using
Eq. (2):

mo=1-y1-n0, 5 =1/fo (3a)
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Without loss of generality, the UD and ND, porous panels’ masses are set to be equal, and the
relationship between 7j, and 1, can be estimated using the following equation:

Ao = —2.7379n8 + 6952975 — 7.0465n¢ + 3.5157n3 — 0.9543n2 — 0.43567,
+0.9949

(3b)

0.5 - L]
0.4 1 - 1 n=01 n=03 n=05
03 - AN \& ~#—NDI —=-NDI —#—NDI
0.2 —e—ND2 —e-ND2 —e—ND2
0.1

z 0 . .
0.7 40 WNQ.00  144.00  169.00
0.2 1 = ) E (GPa)
-0.3 1
-0.4 1
0.5 -

(b)

Fig. 2. (a) Three types of the porosity distribution patterns of porous material, (b) variation of
Young’s modulus (E;) of the non-uniform symmetric and non-uniform asymmetric porosity
distributions along the thickness direction

2.2. Kinematic Relations

This section contains the derivation of the cylindrical panel's kinematic relations. A cylindrical
panel's displacement fields can be expressed based on the higher-order shear deformable plate
theory as follows:

U (x,¥,2,t) = u (x,y,t) — zuz , + p(2) L (x, y, t)
u, (x,y,2,t) = uy(x,y,t) — zuz, + ¢(2)I,(x, y,t) (4)
uz(xi y' Z, t) = ug(x,y, t)

where u; and u, are longitudinal and transverse displacements of the mid-surface, respectively;
us is the deflection through the z-axis. I, and I}, are the rotations of the cross-section about the

y- and x-axis, respectively. ¢(z) represents the shape function of shear deformation theory. The
following equation defines the nonzero strains of the panel:

Exx = Exx — ZE4x + P(2) 4y, £y = €5y — 25, + P(2)e5, (5)
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Yoy = Vay — ZVay + (Ve Yz = @D (%, Y, 0, ¥y, = @(2)I,(x, ¥, 1)

where

0 _— D -0 _— 0 —

Exx = Urx — U3R, Eyy = Uy, Yoy = Uy + Uz x
1 _ 1 _ 1

Exx = u3,xx' gyy - u3,ny£xy - 2u3,xy

2 _ 2 2 6
Ex = L &y = Iyyr &y = Iy + 1« ©

¢(2) = $,(2),R =1/R

In this paper, the following shape function is considered by Ebrahimi et al. [32]:

(¥4

P(2) = % (nsin (7) + hcos (%)) - #zﬂz (7)

2.3. Equations of Motion

Here, Hamilton’s principle can be performed to reach the Euler—Lagrange equations of a porous
orthotropic cylindrical panel. This principle can be defined in the following form:

t

f(c?us + Sup — Sy )dt = 0 (8)
t1

where dug, Suy and Suy are strain energy, elastic foundation’s potential energy, and kinetic
energy, respectively. The variation of strain energy can be expressed as

0

Sus = f (OuxBexx + 0yy8yy + TuyOViy + Tz 0¥z + Ty, 81y, ) AV
v

a b
B f f NyxG€2y + Ny 89y + Ny 6V + My Sty + My, 885, + My, 8y,
+Px 85y + PyySegy + PoySviy + Nygein + Nyye5,,
0 0

)
> dxdy

In Eq. (9), the axial forces, bending moments, higher-order moments, and shear forces can be
defined as:

0.5h
(Ni'MirPi) = f (17Z' ¢(Z))O-i'i = XX, Yy,
—0.5h
0.5h (10)
(N;, M;,P) = f (Lz,¢(2)7,j =xy,
—0.5h
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0.5h

Ny = f (2)T, k =xz,yz

—0.5h

The variation of the elastic foundation’s potential energy can be determined as:
a b
= f f (kwu3 - ks(u3_xx + ug,yy)) dus dxdy (11)
00

The first variation of kinetic energy can be expressed as:

Suy, = f p (U 8T, + 1,6, + U, 01,) AV
b

a b
=1, f(uldul + 11,81, + U3013)dxdy + 1 f f(u&xaug,x + 15,813, )dxdy
00

——=

(12)

+

00
a b

I, f f (lexOLx + I, 61,, )dxdy
00

In all the equations, the dot-superscript denotes the differentiation with respect to time, and the
mass inertias used in the above equations are given in the following form:

0.5h

Uo L1 1) = f (1,22, [p(2)]P)dz (13)

—0.5h

By substituting Egs. (9), (11), and (12) into Eq. (8) and setting the coefficients of du,, du,,
dus, 6Ty, and 4T, to zero, the Euler-Lagrange equations of porous orthotropic cylindrical
panels can be obtained as:

Nyxx + Nyyy = lolly (14a)
Nyyx + Nyy s, = Iyiiy (14b)
RNyy + My zx 4 2Myy iy + My, 5 — ks + kg(Us o + Us yy)
= Ipliz — 11(u3,xx + uB,yy) (14¢)
Pexx + Peyy = Nuz = LI (14d)
Peyx+ Py — Ny, = LI, (14¢)

The inertial forces Iyii; and [yii,are assumed to be negligible in light of the assumption of
(uq,uy) K us. By deriving Egs. (14a) and (14d) with respect to x, and Eqgs. (14b) and (14e¢)
with respect to y gives us:
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Nxx,xx + ny,xy =0

(15a)
Ny xy + Nyyyy =0 (15b)

RNy + My + 2Moy ey + My, — byt + leg (s e + Uz yy )
= loliz — 11(u3,xx + uB.yy) (19
Pexjex + Peyxy = Nz = Il x (15d)
Peyxy T Pyyyy = Nyzy = 121:3/,3’ (15¢)

2.4. Stress-Strain Relations

The stress-strain relations of a porous orthotropic cylindrical panel can be written as the
following equation using Hooke’s law.

Oxx = €11€xx + 9125yyi O-yy = €12&xx + ezzgyy; Tyz = e44yyz; Txz = €55Vxzs

(16
Txy = e66yxy )
where
. Ey _vaby B ¢
11 1— VigVoq »©12 1-— VipVaq ) ©22 1— VigVoq »C44 23, ©55 13» (17)
€s6 = G12
Substituting Egs. (5), (6), and (16) into Eq. (10) gives the following equation:
Nyy = AUy x + AgpUsy — BigUs g — BioUsyy + Ciily + G2l
Ny = AjpUy 5 + AxoUyy — BiaUs xx — BooUsyy + Ciolhx + Co305, (18a)
Nyy = AgelUyy + AgeUzx — 2BeUs xy T Coplyy + Coolyx
M,y = Biiuyx + BioUpy — DiqUsgxx — DipUsyy + Eqq D + Eqol,
My, = BiaUyx + BoaUyy — DigUsz ey — DaplUsyy + Eiplyx + Ejaly (18b)
M,y = BegU1,y + BogUzx — 2DgeUs xy + Egelyy + Egely x
Py = Ciquyx + CipUpy — EqqUs x — EipUsyy + Fi Dy + Fipl ),
Py = Ciauy x + CooUyy — EjpUs ey — Exqusyy + Fialix + Fooly (18c)
Py = CeelUyy + CoglUzx — 2EqeUsxy + Foolyy + Foolyx
Nxz = DSSI—;C
Ny, = Dysl}, (18d)
in which
0.5h
[Ai'Bi'Ci' DilEilFi] = f [1,Z,¢(Z),ZZ,Z¢(Z), [¢)(Z)]2]eidz,i = 11,12,22,66 (19)
—0.5h
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0.5h

D] = f[<p(z)]2e,-dz,j=44,55

—0.5h

2.5. Governing Equations

The inertial forces caused by T, and I}, rotations in Egs. (15d) and (15¢) are minimal, so they

are negligible. Substituting Eq. (18) into Eq. (15) gives the following partial differential
governing equations:

A11Uy exx T AgeUsxyy T (A + A66)u2,xxy — By Ug xxxx — (B2 + ZBee)us,xxyy

(20a)
+ Clll—;c,xxx + CﬁGI},xyy + (C12 + 666)Fy,xxy =0
(Agx + Aee)unyy + AzUzyyy + AssUsz xxy — (Byz + 2366)”3,xxyy — Byousyyyy
+ (C12 + Cﬁe)l},xyy + CZZFy,yyy + Cﬁery,xxy =0 (2Ob)

Bi1Ug yxx + (B12 + 2366)(ul,xyy + uZ,xxy) + Byouy yyy — D11Us xxxx
—2(Dy, + 2D66)u3,xxyy — Dyouszyyyy + Eq1ly xxx
+ (E12 + 2E66) (Teyy + Dyexy) + E22ly 9y (200)
+ E(A11u1,x + A1oUzy — BiqUgxx — BiaUsyy + Gl x + C12Fy,y)
— kyuz + ks(uB,xx + u3,yy) —Lus+ 1 (ﬁ3,xx + u3,yy) =0
Ci1Ug xxx T Coplly xyy + (Ci2 + C66)u2,xxy — EjqUz ey — (Eqp + 2E66)u3,xxyy
+ Fus e + Folexyy + (Fiz + Foo) Dy xy = Dsslie = 0 (20d)

(Ciz + C66)u1,xyy + CoUszyyy + CopUa xxy — (Eiz + 2E66)u3,xxyy — EjoUsyyyy

+ (F12 + F66)[;c,xyy + FZZFy,yyy + F66[;I,xxy - D44Fy'y = 0 (206)

3. Solution Technique

Here, an analytical solution of the governing equations for free vibration of a porous orthotropic
cylindrical panel with simply supported edges is presented. The boundary conditions for simply
supported edges are given as follows:

Uz =My, =1,=0at x=0,a
U3 =M,,=I,=0at y=0,b 21)

The displacement fields are presented in the following form to satisfy the above boundary
conditions:

Uy = uy;c0 s(A,x) sin(A,y) et u, = uyysin (Ax)cos (A,y)eiet )
Uz = U,33Si n(ll.X') Si n(}lzy) el'(ut, I—;C = Uy4COS (/11X)Sl‘n (/'lzy)ei(ut
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T, = usssin (A;x)cos (A,y)e™*

where (U;q, Uyp, Usz, Uy, Uss) are the unknown coefficients (4; = mn/s, 1, = nm/a).
Substituting Eq. (22) into Eq. (20) and then utilizing the Galerkin solution procedure leads to:

Kiquqq + Kipupy + Kisugs + Kiguas + Kisuss = 0
Ky uyy + KppUyy + Kpzugs + Kyl + Kosuss = 0
K31ty + Kaplpp + K3stigs + Ksattys + Kasuss — K3zw?ugs = 0 (23)
Kyquqq + KapUoy + Kyztzs + Kyaiyy + Kysiss = 0
Ksquyy + KspUyy + Ksggs + Ksalyy + Kssss = 0
where

sa sa
K1 = 4 (AA1 + L1 3446); Kip = 7/1%’12 (A2 + Aee);
Kis = — —(24By; + 222(Byy + 2Beg)); Kia = — (A3Cyy + 1, 22Ces);
13 = (21B11 + 2343 (Baz + 2Beg)); Kig = -~ (A1C11 + 21 43C56);
4 4
sa sa
Kis = 7/1%/12(6‘12 + Cos); Kon = 7’11’1%(‘412 + Age);
sa sa
Ky, = T(/ﬁ/less + )IgAzz)i Ky3 = —Z(A%A%(Blz +2B4) + /’VZLBZZ);
sa sa
Ksy = 1/11/1%(612 + C6); Kas = 1 (i2;Ce6 + A3C52);
sa, . 2 B
K31 = T(/’llBll + /11/12(312 + 2B66) - AlAllR);
sa 2 3 D
K32 = T(AllZ(BIZ + 2366) + AZBZZ - AZA12R);
sa D
K33 = _Z(A"{Dll + ZA%A%(Dlz + 2D66) + AAZLDZZ - (/’{%Bll + A’%BIZ)R + kW
sa . (24)
+ k(22 + A%)); K3, = Z(/EEM + L A5(Erp + 2Eg) — /11611R);
sa 2 3 D
K35 = T(Allz(Elz + 2E66) + /—LZEZZ - AZC12R);
= sa sa
K33 = _T(lo + 11(/& + /1%)); Ky = Z(/ﬁcll + ’11’1%666);
sa sa
Kyp = 7/1%/12(6‘12 + Ceo); Kuz = _Z(’Yl}Ell + 2423 (E1z + 2E66));
sa . 5 Sa 2
K44 = T (2,1F11 + 2’12’2F66 + AlDSS)I K45 = 7/11/12(}?12 + F66);
sa sa
Ks, = 1/11/1%(612 + C6); K52 = 1 (52;Ce6 + A3C52);
sa 242 4 sa 2
Kes = —Z(Al/lz(Elz + 2E¢e) + A3E;,); Koy = 7/11/12(}712 + Fee);

sa 5 3
Kss = T (/11/12]:66 + A3F, + /12D44)

By obtaining the determinant of the coefficient matrix of the following equation and setting this
multinomial to zero, we can obtain Eq. (26):
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K1 Ky Ki3 Kis Kis] (un
Ky1 Ky K3 Kys Kys||uz:
K31 Kiz Ks3— ?Kss Kzy Kas|{Uss =0 (25)
Ky Ky K3 Kis Kys| | Uas
K51  Ks; Ks3 Ksi Kssl \Uss

K3 a3, + K3pa3; + (K33 - w2ﬁ33)a33 + K34a34 + K3sa35 = 0 (26)

where a3;(j = 1,2,..,5) are cofactors of the matrix in Eq. (25) and are presented in Appendix
A. The porous orthotropic cylindrical panel’s natural frequency can be obtained as follows:

w = \/(K310531 + K3z035 + K33a33 + K303, + Kssass)/kmam (27)

4. Numerical Results and Discussions

In this section, the results are validated by comparing the obtained results with those of isotropic
plates resting on the Pasternak foundation reported by Akhavan et al. [33] in Table 1 and those
of porous isotropic cylindrical panel presented by Talebizadehsardari et al. [34] in Table 2.
Then, the effect of porosity coefficients, porosity distribution patterns, orthotropy, geometrical
parameters, and EF stiffness on the natural frequencies of porous orthotropic cylindrical panels

resting on EF will be investigated. The non-dimensional parameters can be given as the relation
in Eq. (28):

@ = ws?y/poh/Dy; Dy = E1h®/12(1 — vi5v4y); ky = kws*/Do; ks = kss?/Dg (28)

By studying Tables 1-2, it is found that the non-dimensional natural frequencies obtained in the
present study are in good agreement with the results reported in the literature and thus validate
the proposed solution method.

Table 1. The fundamental frequency @ for isotropic (v4, = v,; = 0.3) square plate (R — 0).

~ ~

ky, kg

Akhavan et al. [33] Present
s/h (0,0) (10%,10%) (103,10%) (0,0) (10%,10%) (103,10?%)
5 17.5055 24.3074 56.0359 17.1126 23.9139 55.5262
10 18.0840 25.6368 57.3969 19.0415 25.5961 57.3444
1000 19.7391 26.2112 57.9961 19.7426 26.2138 57.9973

Table 2. The fundamental natural frequency @ = (wa?/h)+/p/E for the UD cylindrical panels (E =
70 GPa,v = 0.3,p = 2702kg/m3,h =02m,R =193 m,s = 1.011 m,a = 1 m).

Mo Talebizadehsardari et al. [34] Present
0 5.3650 5.3598
0.2 5.1815 5.2104
0.4 4.9651 5.0314

4.1. Natural Vibration Analysis
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The following study analyzes the natural vibration of the porous orthotropic cylindrical panel
with three porosity distribution patterns. The material properties of the orthotropic cylindrical
panel are selected as Ey; = 53.78 GPa, Ey, = 17.93 GPa, Gy1, = Gy13 = 8.96 GPa, Gy,3 =
3.45 GPa, v, = 0.25, p, = 1900 kgm™3.

Table 3 and Fig. 4 report the non-dimensional fundamental natural frequencies of porous
orthotropic cylindrical panels with various porosity coefficients, EF stiffness, and porosity
distribution patterns at s/h =50, s/a =1, R/s = 5. The fundamental natural frequency
decreases with increasing porosity coefficient for all porosity distribution patterns. The
enormous and minor frequencies are obtained for ND> and ND; patterns. The most significant
porosity effect is obtained in ND; cylindrical panels. With increasing porosity coefficient from
0 to 0.9, the ND; pattern effect on the fundamental natural frequencies increases as (27%),
(16%), and (7.5%) for no foundation, Winkler foundation, and Pasternak foundation,
respectively. With an increasing porosity coefficient from 0 to 0.9 at no foundation case, the
ND: pattern effect on the fundamental natural frequencies increases (12%) and (16%) compared
to the UD and ND; patterns.

Table 3. Variation of cylindrical panel's non-dimensional fundamental natural frequency with different
foundation parameters, porosity coefficient, and distribution patterns.

~

ko, fs
0,0 60,0 60,4
ne UD ND, ND, UD ND, ND, UD ND, ND,

0 17.904 17.904 17.904 19.507 19.507 19.507 21.434 21.434 21.434
0.1 17.651 17.453 17964 19.320 19.139  19.562 21318 21.154 21.484
0.2 17.383 16.977 17.935 19.125 18.758 19.535  21.201 20.872 21.460
03 17.095 16.471 17.816 18.921 18.362 19426 21.085 20.588 21.361
04 16.786 15.932 17.606 18.708 17.952 19.233  20.970 20.306 21.185
0.5 16.447 15.355 17.300 18.481 17.528 18.954 20.858 20.032 20.932
0.6 16.070 14.735 16.895 18.240 17.096 18.585  20.751 19.777 20.599
0.7 15.644 14.067 16.382  17.980 16.663 18.120  20.655 19.561 20.180
0.8 15.131 13.352 15.750 17.689 16.260 17.550 20.576 19.434 19.670
09 14415 12.626 14984 17.329 15983 16.867 20.543 19.540 19.063

22.0
21.0
20.0
19.0
18.0 9
17.0
16.0
15.0
14.0
13.0
12.0

&)

(0,0)—&- UD —6—NDI —%=ND2
(60,0)——UD —& -NDI =X ~ND2
(60,4) —-UD —8—NDI —&—ND2

00 0.1 02 03 04 05 06 07 08 09
Mo
Fig. 4. Variation of non-dimensional fundamental frequency versus porosity coefficients for
various elastic foundation stiffness

In the same case, the most significant ND; pattern effect is (5.2%) compared to the UD pattern
at n, = 0.5. Depending on the rising porosity coefficient from 0 to 0.9, the Winkler foundation
effect on the fundamental natural frequencies increases (11.3%), (17.6%), and (3.6%) for UD,
ND:, and ND» patterns, respectively. In the same case, the influence of the Pasternak foundation
increases (22.8%), (35%), and (7.5%) for UD, ND:, and ND; patterns, respectively.
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Figs. 5 and 6 indicate the variation of the dimensionless fundamental natural frequency of
porous orthotropic cylindrical panel resting on the Winkler and Pasternak foundations for
different porosity coefficients and three porosity distributions at (s/h = 50, s/a =1, R/s =
5). It is known that the growth of Winkler and Pasternak stiffness leads to increasing in
dimensionless fundamental frequency for all porosity coefficients. Moreover, it is found that
the effect of porosity on fundamental frequencies is more considerable with no elastic
foundation. In other words, the influence of porosity decreases with increasing foundation
stiffness. With an increasing Winkler foundation stiffness from 0 to 150 at ny = 0.6, the
porosity effect diminishes as (7.4%), (10.5%), and (1.4%) for UD, ND:, and ND: patterns,
respectively. With an increasing Pasternak foundation stiffness from 0 to 15 at ny = 0.8, the
porosity effect decreases as (6.8%), (17.2%), and (4.7%) for UD, ND; and ND: patterns,
respectively. With an increasing Pasternak foundation stiffness from 0 to 15 at ny = 0.8, the
ND; pattern effect on the fundamental natural frequencies diminishes as (6%) compared to the
UD pattern. It decreases by (8.5%) and then increases by (6.6%) compared to the ND; pattern.
Depending on the increase in the foundation stiffness, the effect of the elastic foundation on the
dimensional fundamental frequencies increases as expected.

21.7
20.9
20.1
19.3
18.5
17.7
16.9 %
16.1 4
1534 0.6 —8—UD —e-NDI —A -ND2

14.5 L] L) L] L] L) L] L} L) L] L) 1
0 15 30 45 60 75 90 105 120 135 150

k
w
Fig. 5. Variation of non-dimensional fundamental frequency versus Winkler elastic
foundation stiffness for various porosity coefficients

&)
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23.0 4

21.0 4

S

17.0 ¥ 0.4 ——UD —a-NDI =xX-ND2
0.8 ——UD —e-NDI —A-ND2

15.0 L] L} L] L] L} L] L] L) L] L] L]
0.0 1.5 3.0 45 6.0 75 9.0 10.512.013.515.0

ks
Fig. 6. Variation of non-dimensional fundamental frequency versus Pasternak elastic
foundation stiffness for various porosity coefficients

Fig. 7 and Table 4 show the influence of in-plane orthotropy on the free vibration behavior of
porous orthotropic cylindrical panel resting on elastic foundation with respect to three porosity
distributions at (s/h = 50, s/a = 1, R/s = 5). With an increasing orthotropy ratio from 5 to
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60 at no foundation case, the porosity effect increases by (2.4%) and (5.4%) for NDi and ND>
patterns, respectively. It remains constant at (8%) for the UD pattern. With an increasing
orthotropy ratio from 5 to 60 at the Pasternak foundation case, the porosity effect diminishes
by (1.6%) and (3.6%) for UD and ND: patterns, respectively. It increases by (1.7%) for the ND;
pattern. With an increasing orthotropy ratio from 5 to 60 at the Pasternak foundation case, the
ND: pattern effect on the fundamental natural frequencies diminishes by (1.5%) compared to
the UD pattern. It decreases by (3.3%) and then increases by (2%) compared to the ND» pattern.
Depending on the rising orthotropy ratio from 5 to 60, the Pasternak foundation effect on the
fundamental natural frequencies increases (28%), (34.5%), and (28%) for UD, ND:, and ND>
patterns, respectively.

Table 4. The effect of orthotropy on the cylindrical panel's non-dimensional fundamental natural
frequency with different foundation parameters, porosity coefficient, and distribution patterns.

Mo = 0 N9 = 0.5
ky, ks
0,0 100,0.4 0,0 100,0.4
E,/E, UD UD UD ND, ND, UD ND, ND,
5 15.360 18.540 14.110 13.095 14.625 18.079 17.320 17.936
10 12.963 16.609 11.908 10.936 12.087 16.419 15.751 15.935
15 12.011 15.877 11.033 10.071 11.071 15.796 15.163 15.179
20 11.490 15.487 10.555 9.597 10.514 15.465 14.853 14.777
25 11.156 15.241 10.248 9.295 10.157 15.258 14.659 14.526
30 10.922 15.070 10.033 9.084 9.907 15.114 14.526 14.352
35 10.746 14.943 9.871 8.927 9.721 15.007 14.429 14.224
40 10.607 14.844 9.744 8.804 9.575 14.924 14.353 14.125
45 10.494 14.763 9.640 8.706 9.458 14.856 14.293 14.045
50 10.400 14.696 9.553 8.624 9.360 14.800 14.243 13.980
55 10.319 14.639 9.479 8.555 9.277 14.752 14.201 13.924
60 10.248 14.589 9.414 8.495 9.205 14.710 14.165 13.877
19.0 0 = 0; -
18.0 4 /.?JES,IGW) = (100,0.4) ’g,%:,;i)s ’
17.0 4 —e-UD —e—NDI —e—ND2 (0,0)

16.0 —o-UD —e-NDI —e—ND2 (100,0.4)
15.0 .
14.0
13.0
12.0
11.0
10.0
9.0
80 +—1—"—m43m=T—7m—r—/—TT
5 10 15 20 25 30 35 40 45 50 55 60

E\/E;

Fig. 7. Variation of non-dimensional fundamental frequency versus in-plane orthotropy ratios

)

To indicate the effects of the radius-to-curve length ratio on the dimensional fundamental
frequency of porous orthotropic cylindrical panel resting on a Pasternak foundation for three
porosity patterns, Fig. 8 and Table 5 present the fundamental frequencies versus the radius-to-
curve length ratio for both perfect (n, = 0) and porous (n, = 0.8) panels. It is seen that
dimensional fundamental frequencies diminish depending on the increasing radius-to-curve
length ratios. The difference between NDs and UD patterns’ frequency values increases with
an increase in the radius-to-curve length ratio for the Pasternak foundation case. Also, the
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difference between NDi and ND; patterns’ frequencies increases depending on the increasing
radius-to-curve length ratio for both no foundation and Pasternak foundation cases. With an
increasing radius-to-curve length ratio from 0.5 to 5 at no foundation case, the porosity effect
increases by (9%) and (13.5%) for ND; and ND; patterns, respectively. It remains constant at
(15.5%) for the UD pattern. With an increasing radius-to-curve length ratio from 0.5 to 5 at the
Pasternak foundation case, the porosity effect decreases by (3.5%) and (0.5%) for UD and ND;
patterns, respectively. It increases by (6.3%) for the ND- pattern. With an increasing radius-to-
curve length ratio from 0.5 to 5 at the Pasternak foundation case, the ND; pattern effect on the
fundamental natural frequencies increases by (11%) and (4%) compared to the UD and ND-
patterns, respectively. Depending on the rising radius-to-curve length ratio from 0.5 to 5, the
Pasternak foundation effect on the fundamental natural frequencies increases (17%), (36%),
and (23%) for UD, ND:, and ND- patterns, respectively.

Table 5. The effect of R/s ratio on the cylindrical panel's non-dimensional fundamental natural
frequency with different foundation parameters, porosity coefficient, and distribution patterns.

Mo =0 N0 =0.8
ke, ks
0,0 75,0.5 0,0 75,0.5
R/s UD UD UD ND, ND, UD ND, ND,
0.5 13.141 15.907 11.105 9.930 11.932 15.357 14.638 14.924
1.0 11.232 14.370 9.492 7.813 9.372 14.234 13.293 12.968
1.5 10.842 14.067 9.162 7.355 8.749 14.016 13.029 12.526
2.0 10.702 13.960 9.044 7.187 8.497 13.939 12.935 12.351
2.5 10.636 13.910 8.989 7.108 8.366 13.903 12.892 12.261
3.0 10.601 13.882 8.959 7.065 8.289 13.884 12.868 12.209
3.5 10.579 13.866 8.940 7.039 8.238 13.872 12.854 12.174
4.0 10.565 13.855 8.929 7.022 8.203 13.864 12.844 12.150
4.5 10.556 13.848 8.920 7.010 8.177 13.859 12.838 12.133
5.0 10.549 13.843 8.915 7.002 8.157 13.855 12.833 12.119
: (ks, k) = (75,0.5) (ks k)
15.8 &~ —e-UD —e—NDI —e—ND2 (0,0)
14.8 —o-UD —o-NDI —e—ND2 (75,0.5)
13.8 —e—E —B - -8
~ 12.8 - —e —0- —0— —0— —o0— —9— -9
W 18 4N o =02
108 R\ "= e Tob=00
78 ® ° ® o —o
6.8 + T T T T — — 1
05 10 15 2.0 25 3.0 35 40 45 50
R/s
Fig. 8. Variation of non-dimensional fundamental frequency versus radius-to-curve length
ratios

5. Conclusions

The paper studies the free vibration of porous orthotropic cylindrical panels resting on an elastic
foundation within the higher-order shear deformation theory. Three types of porosity
distributions are considered. Mechanical properties of the porous panel are modeled in the
thickness direction based on specific functions. The equations of motion are derived by using
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Hamilton’s principle. The Galerkin solution method is used to solve governing partial
differential equations. It is indicated that the vibration responses of porous orthotropic
cylindrical panels are significantly affected by various parameters such as elastic foundation
stiffness, porosity coefficients, porosity distribution patterns, and geometrical parameters.

This subject is a less-explored area in vibration analysis, and including porosity introduces
complexities related to structure-foundation interactions. Incorporating an elastic foundation
beneath the panels adds a layer of realism to the analysis. The interaction between the panel
and the foundation significantly influences the panel's vibration response, making the study
relevant for practical engineering applications. The utilization of shear deformation theory is a
distinctive approach. This theory considers the effects of transverse shear deformation, which
is particularly important for thin and composite structures like cylindrical panels. Its integration
adds precision to the results compared to classical plate theories. This subject bridges structural
mechanics, soil-structure interaction, and material science concepts. The novelty lies in
combining these diverse fields to analyze a complex system's behavior comprehensively. The
outcomes of this study can have implications for various engineering fields, such as aerospace,
civil engineering, and mechanical engineering. Optimizing the design of structures with these
characteristics could lead to improved performance and efficiency.

Numerical results show that:

e The ND; cylindrical panels’ dimensional fundamental frequencies are more significant
than the ND; ones.

e The effect of the ND pattern on the fundamental frequencies is more significant than the
other patterns.

e The elastic foundation effect on the fundamental frequencies increases with the rising
porosity coefficient.

e The influence of porosity on the dimensionless frequencies decreases with increasing
elastic foundation stiffness.

e The effect of porosity on the fundamental frequencies of cylindrical panels resting on the
Pasternak foundation decreases with increasing orthotropy and radius-to-curve length
ratios for UD and ND; patterns. It increases for the ND; pattern.

e The influence of porosity on the fundamental frequencies of cylindrical panels with no
foundation increases with increasing orthotropy and radius-to-curve length ratios for
ND1 and ND: patterns. It remains constant for the UD pattern.

e The difference between ND: and ND> cylindrical panels’ frequencies increases
depending on the increasing radius-to-curve length ratio.

Appendix A

31 = K12Ko3(KaaKss — KusKss) + K12 K3 (KosKsa — KpuKss) + KipKs3 (K24 Kys — KosKas)
+K13Ky5(K22Ks4 — K24Ks3) + Ki3K4a (KosKsy — Koo Kss) + Ki3Kap (K24 Kss — Kp5Ksa)
+K14K53(KysKsy — KazKss) + K14Kpp (KasKss — KysKs3) + Ki4Ko5(Kao Ks3 — Ky3Ks))
+K15Ks3(K22Kaa — K24Ky2) + KisKu3(KouKsy — Koo Kss) + KisKo3(Kyo Ksa — KyusKs)) AD
35 = —K11K33(K4aKss — KysKsy) — Ki1Ky3(KosKss — KaKss) — Ki1Ks3 (KpuKas — Kps5Kas)
—Ki13K45(K21Kss — K2uKs1) — Ki3Kaa(KosKsq1 — K31 Kss) — Ki3Ka1 (K24Kss — Kp5Ks4)
—K14K73(KasKs1 — Ka1Kss) — K14Kp1 (Ka3Kss — KysKs3) — Ki4Ko5 (K4 Kss — K43Ksq)
—Ki15K71 (KaaKs3 — KuzKss) — KisKa1 (Ko3Kss — K34 Ks3) — Ki5Ks1 (K24Kas — K33Ky4) A2
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33 = Ki1Ko5 (KaaKss — KusKsy) + K11 Ky (KosKsa — KpuKss) + Ki1 K52 (K24 Kas — Ko5Kas)
+K12K71 (KasKss — KaaKss) + Ki2Kp4(Ky1 Kss — KysKsq) + K12 Ko5(KaaKs1 — K41 Kss)
+K14K41 (Ka5Ksy — K32 Kss) + K14 K1 (Kao Kss — KysKsp) + Ki4Ks1 (K22 Kas — Kp5Kyo)
+K15K41 (K22Ks4 — K2uKs3) + KisKp1 (KgaKsy — KaoKsa) + Ki5Ks1 (K24 Kap — K22Ky4)
(A3)
34 = —K11K4p (K5Ks3 — K3Kss) — Ki1Ko5 (KagKss — KusKs3) — Ki1Ksp (Ko3Kas — KpsKy3)
—K12K71 (KasKs3 — KusKss) — K12Ks1 (KosKa3 — Ko3Kas) — Ki2Ky1 (K3Kss — Kp5Ks3)
—Ki13K41 (K35Ksy — K32Ks5) — Ki3Kp1 (Kao Kss — KysKsy) — Ki3Ks1 (K22 Kas — Kp5Kyo)
—Ki15K71 (KazKsy — KapKs3) — Ki5Ks1 (Ko3Kay — K35Kaz) — Ki5Ka1 (K22 Ks3 — Kp3Ks5)
(A4)
35 = K11K55 (Ka3Kss — K4aKs3) + K11 Ky (K30 Ks3 — Kp3Kss) + Ki1 K52 (Ko3Kas — K74 Kas)
+K12K41 (K23Ks4 — K24Ks3) + K12Kp1 (KaaKs3 — Ky3Kss) + Ki2Ks1 (K24 Kaz — K3Ky4)
+K13Ks51(K22Kaa — K24Ky2) + Ki3Kp1 (Kap Kss — KyaKsz) + Ki3Ka1 (K24 Ksy — K72Ks4)
+K14Ky1 (K22Ks3 — K33Ks5) + K14Kp1 (KasKsy — KyoKs3) + Ki4Ks1 (Ko3Kap — Kz2Kys) AS)
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