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Abstract The present paper deals with the modal analysis of sigmoid functionally graded (S-FGM) rectangular
plate resting on elastic foundation by using the dynamic stiffness method (DSM). The DSM is formulated
based on the exact solutions of the governing differential equations, and thereby it results in the very accurate
computation of the natural frequencies. To obtain the DSM results for thicker plates, the study incorporates first-
order shear deformation theory (FSDT) which includes the important effects of transverse shear deformation
and rotatory inertia. The governing equations and the associated natural boundary conditions are derived using
Hamilton’s principle, and the solution is sought in the Levy form where two opposite edges of the plate are
simply supported. The present study also contributes by highlighting mistakes in the classical plate theory
(CPT)-based DSM formulation published in a recent work and presents a correct CPT-based mathematical
formulation. For both these cases, the frequency-dependent dynamic stiffness matrix of the S-FGM plate gives
rise to the transcendental eigenvalue problem, which is solved by using the Wittrick and Williams algorithm.
Comparison with the available literature establishes the accuracy of the method. In addition, a parametric study
is presented for various geometric and stiffness parameters of the elastically supported S-FGM plates using
both CPT- and FSDT-based formulations, and accurate frequency results are reported.

Keywords Free vibration - S-FGM plate - Elastic foundation - Classical plate theory - First-order shear
deformation theory - Dynamic stiffness method

1 Introduction

The paper focuses on the exact modal analysis of a sigmoid functionally graded (S-FGM) rectangular plate
resting on Winkler—Pasternak foundation by using the dynamic stiffness method (DSM). The present study
is of practical relevance as the functionally graded material is now considered to be an advanced class of
material used mainly in the design of structural components that are subjected to thermo-mechanical loads. In
the design of weight-sensitive structures in aerospace, naval, automotive, and other allied industries, the use
of both laminated composite material and functionally graded materials is almost inevitable as they provide
superior strength and stiffness properties in comparison with other conventional materials. However, laminated
structures often experience issues related to debonding and the development of residual stresses at the interfaces,
which eventually leads to the initiation of cracks within the material. To overcome the issue of debonding,
the idea of functionally graded material (FGM) had been conceived [1]. In general, FGM plates are produced
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by proper mixing of metal and ceramic constituents, effectively eliminating the concept of discrete layers
in laminates [2], which eventually produces a smooth variation of mechanical properties along the preferred
direction [3,4]. The metal constituents possess superior strength and fracture resistance, whereas ceramic
constituents provide high thermal resistance [5]. Furthermore, it offers the added benefit of tailoring the material
properties for specific requirements [6]. Due to superior mechanical, electrical, and thermal properties over
traditional materials, the structures made of functionally graded material have found their usages in many
industrial applications [7]. When operated in external environments, these FGM structures are subjected to
severe conditions resulting in excessive noise and vibration. Therefore, the vibration characteristics of FGM
materials must be thoroughly studied in order to design the structure properly.

Several micromechanical models based on power-law function (P-FGM) [8—11], sigmoid function (S-FGM)
[12-14], and exponential function (E-FGM) [15,16] are proposed for the estimation of spatial distribution of
material constituents along the thickness direction of the FGM plate. Based on these mathematical functions,
the effective material properties are determined. A thorough literature study reveals that the static and dynamic
analysis of FGM plates based on the power-law micromechanical model is quite significant in number, whereas
very few literature are available that carried out the analysis of FGM plate based on the sigmoid microme-
chanical model. In the sigmoid micromechanical model, the volume fraction is defined using two power-law
functions, one from the middle surface to the top surface and other from the bottom surface to the middle
surface. The separate functions for the distribution of the volume fraction in each half of the plate ensure the
smooth distribution of interfacial stresses and make it more applicable for layered FGM [17] structures. Note
that a study of free vibration behavior of S-FGM plate using a classical plate theory (CPT)-based dynamic
stiffness method has been attempted by Chauhan et al. in their recent paper [18]. However, a careful anal-
ysis reveals that the formulation presented in that paper is inappropriate and the reported numerical results
for S-FGM plates are incorrect. In this context, the main objectives of the present study are twofold: (i) To
highlight possible mistakes in the CPT-based dynamic stiffness (DS) formulation in recent work of Chauhan
et al. [18], and (ii) to present correct results using the dynamic stiffness formulations based on both CPT
and FSDT, i.e., the higher-order shear deformation theory. Using the FSDT, the present work advances the
previously published work [18], which includes the DS matrix formulation applicable to thicker S-FGM plates
by incorporating the important effects of transverse shear deformation and rotatory inertia.

Therefore, the main focus of the present study is to study the free vibration analysis of the S-FGM plate
resting on the Winkler—Pasternak foundation using both CPT- and FSDT-based dynamic stiffness method.
Plates resting on elastic foundations have been used in many structural applications ranging from railroad
tracks to nuclear reactors. Initially, a Winkler model for railroad interaction was developed to investigate the
effect of underlying layers on plate vibration. In this model, several independent and unconnected springs are
placed beneath the structure to study the effect of elastic foundation [19,20]. However, the Winkler model
does not represent a realistic situation because of the independent and unconnected springs. Later, in Pasternak
model a shear layer is introduced to accommodate the longitudinal and lateral displacement of springs [21,22].
In recent times, the plate supported by the Winkler—Pasternak foundation increasingly found its application
in foundation engineering. Several researchers carried out the static and dynamic analysis of isotropic and
orthotropic plates resting on Winkler—Pasternak foundation. Xiang [23] presented the closed-form solution of
the pre-stressed simply supported plate resting on elastic foundation. Lam et al. [24] analyzed the static and
dynamic behavior of the plate using the Green function. Malekzadeh et al. [25] analyzed the free vibration of
plate, having continuous thickness variation and supported on a two-parameter foundation, using a FSDT-based
differential quadrature method. Baferani et al. [26] employed an analytical method for the free vibration analysis
of P-FGM plate based on third-order shear deformation theory. Jung et al. [27] presented a refined higher-order
shear deformation theory to analyze the vibration behavior of S-FGM plate resting on elastic foundation. There
are several other studies available in the literature which deal with the vibration analysis of plates resting on
elastic foundations. However, a careful survey of the past works reveals that a majority of these works adopted
different numerical methods such as the finite element method and the finite strip method [28—-30] for studying
the static and dynamic behavior of elastically supported plates. It must be noted that these numerical methods
require a large mesh size for the convergence of solutions, which in turn increases the computational cost.
Furthermore, these methods provide an approximate solution, especially at higher frequencies, due to several
assumptions made en route to the solution. On the contrary, the dynamic stiffness method can be adopted as a
solution methodology to obtain very accurate solutions with reasonable computational time [31-34] and this
method is the primary focus of the present work. DSM utilizes the closed-form solutions of the governing
differential equation while maintaining the accuracy and exactness of the result as opposed to FEM [35,36].
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In a nutshell, this study presents an exact dynamic stiffness matrix formulations based on both CPT and
FSDT and discusses the free vibration results for the elastically supported S-FGM plates in detail. The dynamic
stiffness matrix is derived for a Levy-type plate, where two opposite edges are simply supported. It must be
noted here that the CPT-based DS matrix formulation presented in the recent work of Chauhan et al. [18] is
inappropriate, and it leads to incorrect frequency results for the S-FGM plates resting on elastic foundations.
Therefore, the present work should be treated as a correction to the work of Chauhan et al. [18] to apply
the dynamic stiffness method for the free vibration analysis of elastically supported S-FGM plates. Over and
above, the present study further enriches the existing literature by introducing a FSDT-based dynamic stiffness
formulation, for the elastically supported S-FGM plates, which has broader applications than the CPT-based
formulation. Thus, the novelty of the present study lies in presenting, first time in the literature, mathematically
correct dynamic stiffness formulations based on both CPT and FSDT for the free vibration analysis of FGM
plates resting on Winkler—Pasternak elastic foundation. By implementing the exact DSM formulations, very
accurate frequency results are obtained for various values of geometric and stiffness parameters of the elastically
supported FGM plates and these results can serve as benchmark for any future comparative studies.

2 Scope and contributions of the present work

As discussed earlier, in this work, exact dynamic stiffness formulations based on both CPT and FSDT are pre-
sented for the free vibration analysis of S-FGM plate resting on Winkler—Pasternak foundation. The governing
differential equations and the boundary conditions are derived using Hamilton’s principle. Assuming Levy-
type BCs, a system of linear differential equations is obtained, which leads to the formation of the dynamic
stiffness matrix for a plate element. These element stiffness matrices are properly assembled to form the
frequency-dependent global dynamic stiffness matrix, which is solved by employing well-known Wittrick—
Williams algorithm [37,38]. Based on the feature of the Sturm sequence, the Wittrick—Williams algorithm
makes sure that all the natural frequencies within a given frequency range are computed without missing any
single frequency. Using this DSM approach, parametric studies have been carried out to obtain the natural
frequencies of S-FGM plate resting on elastic foundation by varying geometrical and stiffness parameters of
the plate. In short, the key contributions of the present work can be listed as follows:

e For the first time in the literature, separate dynamic stiffness matrix formulations based on the kinematic
variables of CPT and FSDT are presented for the S-FGM plate resting on Winkler—Pasternak foundation.

e Due to the transcendental nature of the dynamic stiffness matrix, Wittrick—Williams algorithm is employed
in the present work for the accurate computation of natural frequencies for the elastically supported S-FGM
plate.

e Some incorrect frequency results in the published literature [18] are highlighted. The possible reasons for
the incorrectness are also discussed in detail.

e New set of results are obtained for both uniform and non-uniform S-FGM plate resting on elastic foundation
by varying different plate parameters and elastic foundation coefficients. These results are presented in
both tabulated and graphical forms, and a number of important conclusions are drawn.

With this note, the mathematical details for the DSM formulation are presented below for the vibration
analysis of S-FGM plate resting on elastic foundation.

3 Materials and method

In this section, material property variations within the S-FGM plate are described followed by the detailed
mathematical formulation for both CPT- and FSDT-based dynamic stiffness approach.

3.1 The plate geometry and the material property description

The length, width, and thickness of the functionally graded rectangular plate element, as shown in Fig. 1, are L,
b, and h, respectively. As mentioned earlier, the functionally graded materials are made up by varying volume
fraction of the material constituents along the thickness direction which also causes change in mechanical
properties of the plate. In this study, the idealized mathematical model termed as sigmoid law (S-FGM) has
been used to describe the variation of material properties in the thickness direction of the plate.
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Fig. 1 A functionally graded rectangular plate element supported on elastic foundation showing both the geometric midsurface
and the physical neutral surface

The volume fractions of the material constituents along the thickness direction in S-FGM plate are defined
as:

Vi) =1-3(555)"; for0<z<h/2

Vi(z) = % (%)%, for —h/2<z<0 M

Here, 0 < p < oois aparameter, known as sigmoid-function exponent (or sigmoid volume fraction index), and
determines the proportion of ceramic and metal in the thickness direction of the plate. The material constituents
vary as one proceeds from bottom to top of the plate. As a function of z-coordinate, the equivalent material
properties are calculated using the rule of mixture:

X1(@) = Vi@ X+ [1 = Vi) Xm; for0<z=<h/2 2
X2(z2) = Vp(@)Xe + [1 = Vp()]Xp; for —h/2<2<0

Here, X, and X, refer to the material property (e.g., Young’s modulus (E), density (p), Poisson’s ratio (u),
etc.) values of the pure ceramic and pure metal, respectively. Interestingly, the behavior of the plate changes
from homogeneous isotropic to bimetallic plate as the value of p increases from 0 to co. The homogeneous
isotropic plate will take the average property of the material constituents, whereas the bimetallic plate consists
of ceramic constituent at the top half and metallic counterparts at the bottom half.

3.2 Governing equations derivation

Hamilton’s principle is used for the derivation of the governing equations and the natural BCs, which is
expressed as:

n
5/ (T — P —Vyp)dt =0. 3)
141
Here, T stands for the kinetic energy and expressed as
1
T = -/ /p(az + 0% + w?)dzdA, (4)
2 AJz

where p represents the equivalent mass density (see Eq. (2)) of the plate, and (*) denotes the time derivative.
In Eq. (3), P denotes the potential energy which is expressed as

1 T
P=- o' edzdA, )
2 AJz
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Fig. 2 a Displacement field variable and rotation within the plate element. b Notation and the direction used for the forces and
moments

where

T T
o' = [oxx Oyy Oxy Oyz oxz]land e’ = [eyy Eyy Vxy Vyz Yzl (6)
The stress—strain constitutive relation used for the development of governing differential equation and natural
boundary conditions is mentioned in Appendix A. In Eq. (3), V. represents the potential energy associated
with the presence of elastic foundation and expressed as:

V= kyw? + k ow)? awzddA 7
o= af [t en () 4 () ) v

where k, and k, are the Winkler and Pasternak stiffness coefficients of the elastic foundation, respectively.

In the subsequent sections, the formulations considering the displacement field based on CPT and FSDT
are discussed. First, the dynamic stiffness matrix is developed considering the kinematic variables according to
CPT and subsequently for FSDT. Figure 2 shows the notations and sign conventions used for the displacement
and force components within the plate in a Cartesian coordinate system. For mathematical simplicity, without
compromising on the correctness of the method, the concept of physical neutral surface is used for defining
the displacement components.

3.3 Concept of physical neutral surface

Due to the variation in the material stiffness along the thickness direction, the transverse motion and the in-
plane displacements are, in general, coupled in FGM plate [39], which increases the complexity of the dynamic
stiffness formulation. Abrate [40] observed that by aptly shifting the reference plane from plate’s mid-surface
to a new reference surface known as physical neutral surface [41], the stretching-bending coupling in the FGM
plate can be avoided. The physical neutral surface position, defined by zpns = z — 20 [39], is determined by
using the concept that the resultant force in the axial direction is zero. Here, zg is the distance between the
plate’s geometric mid-surface and the physical neutral surface (see Fig. 1). It can be shown that the net axial
force will be zero when the first moment of the material stiffness (i.e., Young’s modulus) about the reference
surface is zero. Mathematically, we write

h/2—z9 h/2
/ ansE(ans)dens = / (z —z0)E(z)dz =0, ®)
—h/2—z9 —h/2
which leads to,
ML E@zdz [ Ev@zdz + [0, Ea(2)zdz
ZO = =
M E@dz [y Ev@dz+ [0, Ea(2)dz ©

_ h(E.— Ep) [l_ 1 }
S 2EAEN 2 (p+D(p+2)
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3.4 Development of dynamic stiffness matrix based on classical plate theory (CPT)

Taking reference at the physical neutral surface, the displacement field based on the classical plate theory is
expressed as:

dwg dwo
u = _ansg = _(Z - ZO)W
dwg dwg
UV = —Zpns ay = —(Z — ZO)W (10)

w = wo(x, y, 1)

Applying the Hamilton’s principle, as described in Sect. 3.2, the governing differential equation is developed
for the S-FGM plate resting on elastic foundation as

Dsfgm(wo,xxxx + 2w0,xxyy + wO,yyyy) + Iowo + kywo — kp(wO,xx + wO,yy) =0 (1)
The natural boundary conditions are:

Vi [_Dsfgm(wo,xxx + 2 - M)wO,xyy) + kpr,x](Sw

(12)
Myx @ —Dstgm(wo, xx + Hwo,yy)dPy

Here, Dsfo is the flexural rigidity, and Iy is the transverse inertia of the S-FGM plate and their expressions
are given in Appendix B.
The solution which satisfies the simply supported BCs at y = 0 and y = L is given by:

o0
wo(x, y, 1) = Y Wy (x)e' sin(any), (13)
m=1
where o, = mnm/L; (m = 1,2, ......... , 00). This leads to an ordinary differential equation expressed as:

d4Wm(x)_<2a2 N kp >d2Wm(x) ( s ke apky  Io?
dx* " Dsfgm dx? " Dsfgm Dsfgm Dsfgm

) Wp(x)=0.  (14)

Depending on the nature of the roots, two distinct cases are possible:

Case 1.
k k2 low? k
(o st)s (i
2 Dstom 4D Dsfgm ~ Dstgm

sfgm

In this case, all the four roots are real (¢1,,, —t1m, t2m> —t2m)

k k2 Tow? k
fim = (%%14-217 >+ ( P
\ Dsfgm \ 4Dsfgm Dsfgm Dsfgm
(16)
k k2 lo?  k
[Zm = (arzn + 2 P ) _ ( 2P + 0 _ w
\ Dsfgm \ 4Dsfgm Dsfgm Dsfgm
The solution for the case where all the roots are real is expressed as:
Win(x) = Ay cosh(ty,x) + Az sinh(ty,x) + A3y cosh(ta,x) + Ay sinh (22, x) (17
Case 2.
k k2 low?  k
<a,2,,+ L >< A . (18)
2Dsfgm 4Dsfgm Dsfgm Dsfgm



Dynamic stiffness method for exact modal analysis 4473

In this case, two real and imaginary roots are possible (t1,,, —t1m, if2m, —it2m)

k k2 Ipw? k
Hm = (OC,%1 + P ) + 5 + 0w _ -
\ 2Dsfgm 4Dsfgm Dsfgm Dsfgm
(19)
k k2 Ipw? K
tom = | — |2 + —p> + P+ -
m \ ( m 2Dqtgm 4D521‘gm Dsfgm Dsfgm
The solution for this case is:
Wi (x) = Ay cosh(tyx) + Aoy sinh(t1,,x) + A3y cOS(t2mX) + Adpm Sin(t2, X) (20)

The dynamic stiffness matrix for case 2 is developed here. The formulation of dynamic stiffness matrix for case
1 follows exactly similar procedure, and it is omitted here. Once the displacement wq is known, the expressions
for the rotation ¢y, shear force V,, and the bending moment M, are developed. Rotation:

¢ym = cI>ym sin(o, y)

: . 20
= —[Aimtim Sinh(t1Xx) + Aoy tim cosh(tux) — Azmtom Sin(f2,X) + Aamtom cos(f2mX)]
Shear force:
3w, dw,, dw,,
Ve = = Dutm (v e ZWW) TS
3 2 kptim '\ .
= _Dsfgm Alp Hm — 2 - M)amtlm + sinh(#1,x)
Dsfgm
3 2 kptim
+Ao \ 1, — 2 — o, tim + cosh(f1,,x) (22)
Dsfgm
3 2 kptom \ .
+A3z, Dy — 2 - M)athm + sin(t2,x)
Dsfgm

k,tr
—Adm (fz3m — Q= W tm + Dp m) COS(tsz)}

sfgm
Bending moment:
Myy,, (x,y) = Myy,, sin(ap,y)
= —Dstom [A1m (17, — po,) cosh(t1nx) + Aoy (3, — perp,) sinh(t,x) (23)
— A3 (13, + peip,) cos(tomX) — Aam (3, + par) sin(tomx) |

Now, the displacement BCs are:

Atx=0: W, =W, ®, =,
m ’J Ym N}l (24)
Atx=b: Wy, =W, &, =,
Similarly, the force BCs:
Atx =0: Vip = —Vi, My, = —M;,
xm 1 XX 1 (25)

Atx=b: Viy = Vo, My, = Mo.

Substituting Eq. (24) into Egs. (20) and (21) yields the following matrix for the displacement components.

W) 1 0 1 0 Alm
q)yl 0 —Im 0 —Dm Aoy
~ = 26
D, Ch, Sh (6)) $2 Aszm (26)

W» —tmShy  —tmCny  mS2  —tmCa] [ Adm
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1.€.,
86 = XeAe’ (27)

where Cj,, = cosh(t;,,b) and Sy, = sinh(#;,,b) withi = 1, 2. Again, substituting Eq. (25) into Eq. (22) and
(23) yields the following matrix relation for the force components.

W 0 —R 0 Ry 7 [Aum
Mfi‘,xl _ —L 0 Lo 0 Aoy (28)
A2 RiSh,  RiCpy RS2 —RyCo | | Asp
My, LiCyy LiSp, —L2Sy —LyCo] | Agm
1.€.,
F. = Y A., (29)
where .
tim : .
R; = —Dsfom (tfm - 2- y,)a,%ltl-m + #@) and L; = —Dsfgm(tl%n — ;wz,zn) withi =1, 2.

Finally, the dynamic stiffness matrix, K¢, for a single-plate element is obtained by combining Eqs. (27) and
(29) as

Fe = Kede, (30)
where
Ke = Y X, (31)
In expanded form, one can write
K EIZ EIS EM N -
Ky K K> [Kiles)  [Kiles

K. = = .
¢ Sym K33 Kz [[K slesy [K fs](z*z)}
Kus

=

(32)

The explicit expression for each term of Eq. (32) is not mentioned here due to their larger algebraic expressions.

3.5 Development of dynamic stiffness matrix based on FSDT

Taking reference at the physical neutral surface, the kinematic variables for defining motion of the rectangular
plate element are expressed according to the first-order shear deformation theory (FSDT) as [35]:
U= ZpnsPy(x, y, 1) = (2 — 20)9y(x, y, 1),
U=_ans¢x(x7 V1) = —(z2 —20)Px (x, y, 1), (33)
w = wo(x, y,1).

Here, u, v, and w denote the displacement components within the FGM plate in the respective direction,
and ¢, and ¢, are the rotations of the transverse normals along y— and x—axis, respectively. Now, through
the application of the Hamilton’s principle, the following three coupled partial differential equations for the
transverse motion of the FGM plate are obtained:
A\s(wo,yy + wo,xx + ¢){X - ¢x1y) — kywo + kp(wo,xx + wO,yy) = Ipuwyo
Ditem($y ., + (1 — 10)/2y ,, — (14 1)/ Dpx,,) — Ag(wox + by) = Dby (34)
Dstem (1 = ) /D) s, + @x,, — (L + 1) /D)y ) + As(wo,y — @) = L,
The natural boundary conditions are given as:
Oy : Zs(wo,x + ¢y) + kpr,x,
M, : Dsfgm(‘lsy,)( - ,U«(Px,y) (35)
My - Dsfgm((1 - M)/z)((ﬁxY - d)y\v)
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The sign conventions used for defining the displacements and forces are shown in Fig. 2. In these equations,
Dgton is the bending stiffness; Ay is the coefficient of extensional stiffness; Ip and I, are the transverse
and rotational inertia of the plate. Mathematical expression of the stiffness and inertia terms is provided in
Appendix B.

The solution of Eqs. (34) and (35) will be expressed for Levy form of BCs, where two distinct sides of the
plate at y = 0 and y = L are simply supported (S) and the remaining other two sides at x = 0 and x = b can
be either clamped (C), simply supported (S), or free (F).

Solutions that automatically satisfy the Levy-type BCs, i.e., the simply supported condition at both y = 0
and y = L edges, are expressed as:

o
wo(x, y, 1) = Y Wy (x)e' sin(any),

m=1

By(x.y. 1) =Y Dy, (X)e' sin(amy). (36)

m=1

o
Bu(x, 3, 1) = Y Dy, (X)€" cos(@my),
m=1
where o represents the angular frequency of the plate, and a,,, = 7~ withm =1, 2,3, 4, ....00.
Three coupled ordinary differential equations are obtained after substituting Eq. (36) into Eq. (34), and they
can be expressed in matrix form as shown below:

XS(AZ—a,2,,)+10w2—ku,v+kp(A2 —012) ;{\'A A\Sam W, 0
*A\s‘ Dsfom (Az - ((lziﬂ)) 0‘,2,1) - A\s + IZCU2 (Hz—imDsfgmam A |:<I>:Z:| = |:O:| s
A\sam - (Hz—u> Dstgmaty A Dyfom (“EM A% - 0‘31) - Zs + ho? @y, 0
(37)
where A = % is a differential operator.
The determinant of Eq. (37) leads us to the following differential equation (Eq. (38)):
(AS+ p1a* + pra? + p3)o =0. (38)
Here, © represents W, or ®,, or ®,, ,and pi, p2, and p3 are
—2
p1 = QA" — DsggmBagkp + ki) (=1 + ) + (I2kp (=3 + 1) + Dggmlo(—1 + )
+ As(=3a, Dtam(—1 + 1) — (=3 + @)k — "))/ (Dstgm (A + kp) (=1 + 1)),
P2 = (oty, D3y Btk p + 2ku) (=1 + (1) + Ditem (207, (Ikp (=3 + 1) + Dsgmlo(—1 + 1)
— hky(=3 + 0)@” + L(=2hkp + DsggmIo(—3 + p)o* — 2A;2arp, Dygem + kp — hhao?) 39)
+ As (Dstamotp ke p (=3 + 1) + ki (=3 + ) + 3y, Dsgam (=1 + ) + (412k,
— Diggm(lo + 20, 1) (=3 + p)@” — 2130%))) /(D (As + kp) (=1 + 1)),
p3 = A, + oy, Dyggm(1 — 12) — 210 (g kp + Ky — Iow?) (@tp, Degom — 1roo”)
+ Ay (e Dtgm + 0t kp + ku — (o + g 1)) /(D (As + kp) (=1 + ).
Substituting a trial solution in form of €% in Eq. (38), the following auxiliary equation is obtained.
8+ p18* + pa8® + p3 =0, (40)

Again, substituting n = 82 into Eq. (40) reduces it into a cubic polynomial.

n° + pin* + pan + p3 = 0. (41)
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The three roots of Eq. (41) are given by

1 n+ t
nm=-z P1+;/ f 3 L= )
3
1 1+ I — 0
m=—z|p+o 5 */_ Y */_ (42)
1 3/l‘1+\/_ 3l‘1—\/5
n3 —§

3-1 iv3+1
h=—73— b="73— (43)
t=2p; —9pip2+27ps. b =1 —4f>, f=pi—3pa.
Now, the solution of the system of the ordinary differential equations can be written as
W (x) = F1e™* + Foe ™™ 4+ F3e™?* + Fpe™ ™ + Fs5e™3 + Fge "3
D, (x) = G1e"" + Gae ™™ 4 Gz 4+ Gae " + Gse™ 4 Gee ™ (44)
D, (x) = Hie"™'"" + Hye ™" + Hze™** + Hye "> + Hse™* + Hge "3,

with,

where m; = /i, and F1 — Fs, G| — Gg, H| — Hg are integration constants. These constants are interrelated to
each other, and the relation among the constants is found by substituting Eq. (44) into Eq. (37). Simultaneously,
solving all the equations and equating each of the term to zero yields the equation in terms of one set of constants,
i.e., (G1 — Gg). The relation between constants is expressed as:

=MNG1, F, =-MANGy, HH=1'1G, Hb =-T1Gy,
F3 =AG3, Fy =—-MA2Gy, H3;=17G3, Hy =-12Gy, (45)
F5s = A3Gs, F¢ = —A3Ge, Hs =13Gs, Hs = —I3Gg,

The extended expressions of A; and I'; in terms of material properties are given in Appendix C. Once the
relation among the constants (Eq. (45)) is found, the solutions of the system of ordinary differential equation,
i.e., Eq. (44), can only be expressed in terms of six integral constants. The solutions in terms of only six integral
constant can be expressed as:

Wi(x) = A1G1e™* — A1Gre ™™ 4+ ArG3e™* — AyGae ™ + A3Gs5e™ — A3Gge ™,
O, (x) = G 4+ Gaem " + Gz 4 Gaem " + Gse™ 4 Ggem ", (46)
®, (x) = T1G1e™* —T1Gre™™* +T5G3¢™ —Gge ™ +T3Gs5e™* — T3Gge ™,

Similarly, the expression for forces and moments is found by substituting Egs. (36) and (46) into Eq. (35).
Thus, we get

Ox,, (x,¥) = Oy, (x) sin(a y)
= (Aimy(Ay +kp) + A)G1e™™ + (Aymy (A, +kp) + A)Goe ™ + (Aama (A + k)
+ A)G3e™ + (Agma(Ay + k) + Ag)Gae ™™ + (Asma(A; + kp) + Ag)Gse™
+ (Aamg(AA +kp) + A)Goe ™) sin(am ),
My, (x,y) = Myy,, (x) sin(cm )
= Dsfgm((uamrl +m)Gre™”" — (o Ty 4+ m)Gae ™™ + (net, 'y + mo) Gze™*
— (ol +m2)Gae ™™ 4 (noty I's + m3)Gse™™ — (o, I's + m3)Gee™ ™) sin(ay y),
My, (x, y) = Myy,, (x) cos(amy)
= Dytam((1 — w)/2)((T1m1 — @) G 1™ + (Cimy — o) Gae ™™ + (Damy — o) G3e™*
+ (Tomy — ) Gae 2" + (T3m3 — ay,) Gse™ + (D3msz — ay,) Gee ™) cos(ay, y).

(47)
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Once the expression for displacements and forces is obtained, general BCs in terms of algebraic form are used,
which can be formulated as:

Atx =0: W, =Wy, @), =, d,, =,
Atx =b: Wy = W, @), = &, @, =, (48)
Atx =0 me = _Nél, Mxxm = —Mxxl, Mxym = _MXYI (49)

Atx =b: Qy, = 02, Myy, = Myy,, Myy, = Myy,

The sign convention used for denoting displacements and force components is shown in Fig. 2. By applying
BCs for displacements (i.e., substitution of Eq. (48) into Eq. (46)), the following matrix relation is obtained:

— ~

Wi Ay —A A —A2 A3 —A3 G
3, 1 1 1 1 1 1 G»
o, _| It —I' I —In I3 —I3 Gs3 50)
W2 = Alemlb _Alefmlb Azemzb _Azefmzb A3€m3b _A3e7m3b G4 (
(’I‘Sy emlb efmlb emzb efmzb em3b efm3b G5
n
Dy, Flemlb —Fleimlb ermgb —erimzb F3€m3b —Fgeﬂmb Ge
1.e.,
8 = XcGe. (1)

By applying the force and moment BCs, (i.e., substitution of Eq. (49) into Eq. (47)), the following relationship
is obtained:

1
¢
]

L —X —X —X3 —X -X3 —X3 Gi
Mo —n i -0 Y -3 Y3 G2
My, | _ | —2% ~Z ~Z, ~Z,  ~Zy  —Z G o
Ox, o Xlermb X]efmlb Xzemzb Xzefmzb X3em3b X3€7”13b Ga (
My, Yiemb  —YieTmb  yyemb  _y,emmib yzemib  _yze-msb | | Gs
~xy2 Zlemlb Zlé’_mlb Z2€m2b Zze—mzb Z3€m3b Z3€_m3b Ge
ie.,
Fe = YeGe, (53)

where X; = (Aim;(As +kp) + A;), ¥i = Dyggm(@m Ty +m;), Zi = Dygam((1 = 1)/2)(Tim; — ), with
i=1,2,3.

Lastly, the dynamic stiffness matrix, denoted by K., for a single FGM plate element is derived from Egs.
(51) and (53) as

F. = K.$., (54)
where
K. = YXC L. (55)

In matrix form,

K. K3 K3y Ky Kig z[[ﬁfé](&ﬁ) [Ef\s](_%*a)]. (56)
(K5 1as3)  [K&13s3)
Sym [y

The explicit expression for each term of the symmetric dynamic stiffness matrix, Ke, is not mentioned here
due to their larger algebraic expressions.
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Global dynamic stiffness matrix

(KT IK,']

| KL
[Kst ] [K“Z]

(K7,
K]

K | 1K |1 (K]

[ Knuﬂ 1
[Kltn
(K"K

[K,"]

Node 1
ey
Node 2
(e
Node 3
ode n
Node n+1]

\ \ \ R Y

(KT [K] | K (K, | K>

KT | K] KT | TK] (KT K

Element dynamic stiffness matrices

Fig. 3 A pictorial representation of assembly process of DSM

4 Procedure for the computation of modal characteristics of S-FGM plate

It is apparent that the dynamic stiffness matrix derived above is frequency dependent and transcendental in
nature. Therefore, an appropriate procedure is to be followed to compute the frequency values accurately. This
section briefly discusses the procedure adopted in the present study to compute natural frequencies and mode
shapes of the S-FGM plate. Appropriate boundary conditions are enforced on the global dynamic stiffness
matrix, which is obtained after assembling individual dynamic stiffness matrix of the plate segment. Thereafter,
the Wittrick—Williams (W—W) algorithm is used for the computation of natural frequencies of S-FGM plate.

4.1 Assembly procedure

This section discusses the procedure used in DSM to assemble the individual dynamic stiffness matrix of each
plate segment to form a global dynamic stiffness matrix. The assembly procedure used in DSM is quite similar
to that of the assembly procedure used in FEM. In the place of point nodes in FEM, line nodes are used in
DSM. A pictorial depiction of the assembly procedure of DSM is presented in Fig. 3.

It should be noted that DSM results are generally mesh independent, which means that even with a single
element for uniform geometry a convergent result can be obtained. In the case of non-uniform geometry,
however, very few elements are required to obtain convergent results which reduces the computational cost
significantly.



Dynamic stiffness method for exact modal analysis 4479

A trial frequency w* is chosen to compute the global dynamic stiffness matrix Kﬁ

y s Applying Gauss

Ku K - E Sy i’“ elimination and converting K ) Ifh
= = symmetric DS matrix into 0 Ky K,
KA= l.(f" upper triangular matrix K
g s = = 4 = X5 = KgAU= o = i = Y
SYM K.'(.l-l)(n—l) fc{n-l)l 0 0 0 0 g(‘n—llﬂ) fz('n—)h
Ko 0 0 0 0 0 K

The number of negative terms on the leading diagonal of K2V is defined as sign counts(Kg”)

The number of natural frequencies which are lower than the trial frequency is given by Jo + s(K3")
Where, Jo is the number of natural frequencies which are lower than the trial frequency
of single element clamped on opposite sides

The bisection method is used to bracket any natural frequencies between its upper and lower bounds to
any required accuracy.

Fig. 4 Wittrick—Williams algorithm for the computation of the natural frequency

4.2 Application of Levy-type boundary conditions

In Levy form of BCs, two distinct sides of the FGM plate, at y = 0 and y = L, are simply supported, whereas
two remaining sides of the plate, at x = 0 and x = b, can be either clamped (C) or simply supported (S) or
free (F). In this study, the penalty method is used to apply these Levy-type boundary constraints. The penalty
method allocates a large stiffness to the appropriate term of the leading diagonal of the global dynamic stiffness
matrix for the purpose of neutralizing the specific degree of freedom. To be specific, following three cases are
considered here.

e For ‘Free (F)’ edge: No variable needs to be penalized.
e For ‘Simply supported (S)’ edge: For CPT, W, is penalized; for FSDT, W, and ®,, are penalized.
e For ‘Clamped (C)’ edge: For CPT, W,, and @, are penalized; for FSDT, W,, ®,, and ®,, are penalized.

Here, the letter ‘x’ signifies the line node on which the appropriate penalty is to be enforced in order to apply
the required boundary constraints.

4.3 Procedure to compute natural frequencies and mode shapes

The assembled global dynamic stiffness matrix is transcendental in nature which leads to the transcendental
eigenvalue problem. The well-known Wittrick—Williams algorithm [37,38] is used to solve such a transcen-
dental eigenvalue problem. The W—W algorithm ensures that no natural frequency, even the coincident one,
is missed in a given frequency range. The procedure for the implementation of W—W algorithm and the
development of modeshape is described in many previously published literature [35,36]. Just for the sake of
completeness, W—W algorithm is summarized in Fig. 4.

5 Results and discussion

In this section, the natural frequency results for the S-FGM plate resting on elastic foundation for various plate
geometries and stiffness parameters are discussed. First, the natural frequencies obtained using DSM based
on both CPT and FSDT are validated with the published results. In the subsequent section, the discrepancies
in the obtained results and the published results [18] are highlighted. The possible reasons for the mismatch
in these results are also discussed. Thereafter, various inferences are made for the free vibration behavior of
plates using line diagrams and modeshapes plots.
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Table 1 The material property description of S-FGM plate, adopted from [18]

Material constituents Material density Young’s modulus Poisson’s ratio
Constituents (kg/m3) (GPa) %

Alumina: Al,O3 pe = 3800 E. =380 0.3
Aluminum: Al pm = 2707 E,, =70 0.3

For better understanding of the results, the following two non-dimensional forms for the natural frequency
parameters are used in this study: @ = wh/pm/Em,® = wb*/(pch/De) with D. = E.h3/(12(1—p?)). And,
the non-dimensional form for the elastic foundation parameters is used as: K, = ky,b*/D. and K p=k pb2 /De.
The material properties considered for the constituents of S-FGM plate are mentioned in Table 1.

5.1 Comparison with the published results

In this subsection, the natural frequencies results are compared with that of existing literature wherever possible.
Table 2 shows the comparison of the natural frequency results of the S-FGM plate obtained using DSM to that
of the results mentioned in Kumar and Jana [14]. Kumar and Jana [14] studied the free vibration behavior of
the S-FGM plate using a CPT-based DSM approach. It can be seen that the CPT-based DSM computed results
agree perfectly with the published results. Table 2 also contains the natural frequency results of the S-FGM
plate using FSDT-based DSM. It is noted that the natural frequency results obtained using DSM based on
kinematic variables of FSDT are lesser as compared to that of CPT-based DSM results. This is because FSDT
includes the effect of the transverse shear deformation on the vibration of the plate, whereas CPT neglects the
transverse shear effect.

For the validation of present analysis results, particularly for the case of plate resting on elastic foundation,
the results reported in Baferani et al. [26] have been considered. In that reference the results are reported for
FGM plate with power-law (P-FGM) material model. For comparison purposes, we also consider the same
material model as given in [26] and the comparison is shown in Table 3. It can be noted that Baferani et al. [26]
obtained the accurate natural frequency values of the P-FGM plate resting on Winkler—Pasternak foundation
using third-order shear deformation theory. In Table 3, the DSM computed natural frequency results of the
square P-FGM plate resting on elastic foundation are compared, with that available in [26], for varying plate
thickness ratio (4/b), and varying elastic foundation parameters. It can be seen that the FSDT-based DSM
results and the published results are in very good agreement.

Table 4 presents a comparison between the dimensionless fundamental frequency of a SSSS S-FGM plate
placed on an elastic foundation and the corresponding values reported in the work of Jung et al. [27]. The
comparison considers different coefficients of the elastic foundation (i.e., K,, and K ) and volume fractions
(p) of material components. The fundamental frequencies of the S-FGM plates are evaluated using DSM
based on CPT and FSDT. It can be seen that the results obtained using DSM are in good agreement with the
published result. As expected, it can been observed that the present CPT and FSDT-based DSM results are
higher than that of the results reported in Jung et al. [27] which are based on higher-order shear deformation
theory (HSDT).

The above three comparative studies establish that the present method has the capability to compute the
natural frequency results very accurately for the FGM plates resting on Winkler—Pasternak foundation. We
now proceed to highlight some incorrect results in a recently published paper and discuss the possible reasons
for this incorrectness.

5.2 Comments on incorrectly published results

It is emphasized here that Chauhan et al. [18] have attempted to present a CPT-based DSM formulation for
the natural frequency computation of S-FGM plate resting on the elastic foundation. However, a careful study
can reveal that the mathematical formulation presented in [18], particularly for the elastic foundation cases, is
inappropriate. For this reason, most of the results especially those related to the elastic foundation cases are
incorrect. Hence, an attempt has been made to present the correct results through the present DSM formulation
based on both CPT and FSDT. The results are reported in Table 5. From Table 5, it can be observed that the
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difference in the natural frequency results especially for the plate resting on the elastic foundation parameter
is very high. In some cases the difference in both the CPT-based results is as high as 34%. It can be pointed
out that this inaccuracy is due to the incorrect mathematical formulation presented in that paper and some of
these mistakes are highlighted below.

e Theterm ky, 3;%, associated with the Winkler stiffness coefficient, mentioned in Eq. (15) of reference [18]

should be k,,wo as shown in Eq. (11) of the present paper.

4 4 . . . . . .
e The term k p(% + %) associated with the Pasternak stiffness coefficient mentioned in Eq. (15) of

reference [18] should be & ( a;;‘;o + %) as shown in Eq. (11) of the present paper.

e One term associated with the elastic coefficient is missing from the natural BCs equation given in Eq. (16)
of reference [18]. The correct expressions are given in Eq. (12) of this paper.

e For Levy-type plate, the reduced governing differential equation i.e., Eq. (18) of Ref. [18] is also incorrect.
The correct form of the equation is shown in Eq. (14) of the present paper.

e Furthermore, the important inertia term is missing from the rest of the formulation (i.e., from Eq. (19) to

(21)) in reference [18]. The correct mathematical expressions are provided in Sect. 3.4 of this paper.

Note that the above mistakes may not be treated as typographical errors as similar mistakes have been
found in another recent paper [42] published by the same group of authors. Therefore, in this study, these
mistakes in the CPT-based DSM formulation presented in reference [18] have been identified and the correct
formulation is presented. For the frequency analysis of S-FGM plate, correct results are obtained using both
CPT- and FSDT-based DSM formulation. Importantly, the present DSM results are validated with the available
literature and they are found to be in good agreement with that of the published results.

5.3 Parametric study

This section discusses the frequency results for S-FGM plates by changing the plate geometry and stiffness
parameters of the elastic foundation. Frequency results for the square S-FGM plates can be found in Table
5 for all six Levy type BCs, whereas Tables 6 and 7 show the natural frequency results of the S-FGM plate
resting on elastic foundation for two different aspect ratios i.e., L/b = 0.5 and L/b = 2, respectively. The
natural frequency results are shown for varying volume fractions of the material constituents. It can be seen
that the natural frequency for the plate with higher aspect ratio (L /b = 2) is lesser as compared to that of the
plate with smaller aspect ratio (L /b = 0.5) as we keep all other parameters same. The reason for this behavior
is that the plate with larger dimensions offers lesser bending stiffness as compared to that of the plate with
smaller dimensions. One noteworthy point is that the natural frequency results for the DSM based on FSDT
are lesser as compared to the result obtained using DSM based on CPT. This trend is as per expectation as
FSDT-based formulation considers the shear deformation of the plate, whereas CPT ignores the shear effect.

The effect of elastic foundation on the modeshape of the S-FGM plate can be seen from Fig. 5. Here, the
modeshape for the SESF BCs of the S-FGM plate is shown for the varying coefficients of elastic foundation.
From the modeshape plots, it can be seen that the plate with shear foundation offers more bending stiffness as
compared to the Winkler foundation.

Figure 6 shows the plot of non-dimensional fundamental frequency with varying volume fraction of the
material constituents of S-FGM plate for different elastic modulus parameters and BCs. Figure 6a shows the
variation of fundamental frequency with volume fraction p of SSSS S-FGM plate for different elastic modulus
coefficients. It can be seen that as the volume fraction increases, the fundamental frequency of the plate
decreases. This is due to the increase in metal constituents in the plate as the volume fraction increases. Presence
of higher metallic constituents leads lower bending stiffness due to its lower value of the Young’s modulus in
comparison with that of the ceramic constituent. Figure 6b shows the plot of non-dimensional fundamental
frequency for different Levy-type BCs with volume fraction for a plate resting on elastic foundation. It is also
observed that the SCSC plate has the highest fundamental frequency and SFSF plate has the lowest.

Figure 7 shows the effect of elastic modulus on the fundamental frequency of a S-FGM plate for varying
aspectratios. Figure 7a shows the variation for the S-FGM plate resting on Winkler foundation, whereas Fig. 7b
shows the variation for S-FGM plate resting on Pasternak foundation. It can be observed that the fundamental
frequency of the S-FGM plate decreases as the size of the plate increases and this behavior is expected. We
know that plate with smaller sizes provides more resistance to bending as compared to that of plate with larger
dimensions. Comparison of Fig. 7a and b also shows that the influence of Pasternak foundation on the natural



R. Kumar, P. Jana

4486

0I€TEL 1299°¢€L 00T6'€L 0S9¢¥L 99€C YL L966' 7L L8BO'SL 9¥9S°SL 0€19°CL 8S01°9L 00T 00T
99¢YCL 0S98°CL 8Cel'EL CCLS €L 9CSLEL OvITyL cerevL LL8L' VL LTYS VL IYEe’SL 001 0
L996°LT LLYE 8T L99°6C 1L01°0¢ IvCIie ¢619'1¢ 7€8ECE 10€6'C¢ wrsee cTrive 0 001
PS18°ST 890C°9C 8LY9'LT 9001°8C 9%0T 6T 6v1L 6T €Crsoe 2901°I¢€ 00LL'TE L98E'CE 0 0
ASHS
6069°SL 9691°9L 9LEY'IL TEEO69L 0SOT"LL 6819°LL TCOL'LL 0SE€T8L 689C' 8L 6178'8L 001 001
1€CO6 VL 066€°SL OLL9'SL €0LT'9L LOSE9L 6C98°9L Y€S6'9L 6V8Y°LL YSTS'LL SLLO'8L 001 0
91€°6C I¥SL6T 6¢CI'IE 6879°1 ¢ 90L9°CE 68€C°¢E 9900'¥¢ 0v€9'v¢ 9LET SE ¥€C6°SE 0 001
1€LTLT 0CCL' LT 90T 6C €SCL6T 98¥8°0¢ 6CEY' 1€ 65T TE LY06°CE 0rssee C6STTE 0 0
ASSS
€Ov6'SL €LSY'9L LITLOL VYT LL 8VOE'LL 10S6°LL €S00'8L 9¢8C'8L TV8S'8L 8981°6L 001 001
TI8I°SL L689°SL 8EC6'SL SY8Y'9L PEV9 9L ELOTLL 96ST LL 69€8°LL LEVS'LL 8STY'8L 00T 0
0909°6C CILO0E ereEr'ie 8IL6'IE 7866°CE 8€09°¢¢ L8YEVE LL1O'SE 8T6S°6¢ YYCe9g 0 001
ev8SLT 0790°8¢C 1LES 6C 6680°0¢ SN L3 CRIS'IE 00C9°CE £80¢°¢€e 6976'¢E ¥6L9'v¢€ 0 0
ASOS
08€6'C8 LS9G° €8 7€68°¢8 08¥S' 18 YOvL ¥8 96C1°S8 L80S'S8 112298 €1€C98 67,698 001 001
06€CT'C8 0198°C8 020T’¢8 Pre8¢€8 LT90'V8 CEVLY8 867878 11vS°S8 6LSS°C8 800£798 00T 0
SCoCve 91T6'¥¢E €L95°9¢ 801¢CLE L9YY'8¢€ LTLT'6€ L990°0% c0L8 01 [LSS 1Y [LEV' TV 0 001
Yr9'Ce CLOT EE 0CS6'vE 6909°C¢ 6C16'9¢ ¥CS9'LE L965°8¢ 7SIV 6¢€ |88480i% 6LE0 Y 0 0
SSSS
0706°¢8 L0998 6£€6'18 CLEL'SY €068°68 CI0L'98 699998 LY9S LY €6EY'LY CC8E'8Y 001 001
1€1T¢8 1896°¢8 T1ST¥8 9€60°S8 S7ZANY] €70'98 TL66'S8 756898 €CLLO9Y €CCL'L8 00T 0
CTSLSE €elyoe S0S0'8¢ 00C8'8¢ S600°0% L1888 01 €969'I1 6v99°C LOYT Y 90I¢ v 0 001
8660'7¢ 9CLL¥E C10S°9¢ YS8TLE 18€S6°8¢ €LTY 6¢ 0980 YELT 1V 0888'I1 STL6'TY 0 0
JSSS
6C10°S8 78€6°68 GCeI98 99¢€1°L8 LOET'LS S90T'88 0S10°88 7€91°68 7678°88 LTLO06 001 001
CIeey8 C96T'S8 €Co1°68 8€91°98 6797'98 611S°L8 96CE’L8 0905°88 0961°88 01Ty 68 00T 0
699G°LE 206¢°8¢ 6S86°6¢ P1S6°0v oty el ey wig ey 150140884 88V’ SY L68L 9V 0 001
8L66°SE LLEYOE YIS 8¢ 9661°6€ 8919°01 889L' 1V YLy Ty SYTL ey LY VY SYTs Sy 0 0
MY

(rasad (1dD) (rasad (1dD) (rasad (1dD) (rasad (1dD) (rasad (1LdD)

121 U2 (1uasaiq U9 121 U2 JUISAI U9 JUISAI IEYETS
or=d =d 1 =d co=d 0=d dy myy

SIUQMITISUOD [BLIJEW AY) JO (1) Suonoelj awnjoa Surkrea pue s)g JUSISIIP J0J UOIIEPUNO]

onse[e uo unsar (40°0 = ¥ ‘6’0 = q/7) dverd rem3ueoar INOI-S jo (7 — DD/ y’d = @) wim Cq/y?0) /> ,q@ = @) Kouanbaiy [eyuourepuny [eUOTSUSWIP-UOU AT, 9 IqEL



4487

Dynamic stiffness method for exact modal analysis

9681°0T 8161°0C 6S61°0C 6107°0C 7807702 011207 9€170T T617°0T L1TT0T 1L2T°0T 001 001
80S0°L1 1950°L1 6290°L1 890°L1 8ELOLI 88L0°LI LESO'LI 880°LI T€60°L1 6L60°L1 001 0
S126°01 1526°01 16£6°01 LTv6°01 $S6°01 $856°01 $696°01 67L6°01 £€86°01 £986°01 0 001
6L6S'1 £€009°1 TEILl 6S1L'1 P18l SHI8'T 09681 6681 65L6°1 9LL6' 0 0
ASAS
L80S°9T 86T6'9T LLES9T PPSS oz 8€95°9T 108597 €185°9T £€09'9C £609°9C $579'9T 001 001
980T°+T PYTTHe W0vT YT 95ST T 9897 ¥T 8€8TYT 6T HT £60€ 7T L8IEYT 9£€E YT 001 0
Tl 6TrI'11 118111 €261°11 €STT1 0LET'T1 169711 €LLTTI TE0€° 11 651€T1 0 001
6869°C PYIL'T 8T68°C 016C 850°€ LLLOE 200T°€ 81TTE 01€€°€ Pree'e 0 0
ASSS
¥S0T'LT SILT'LT 888T'LT €65€°LT 819¢°LT 9¢Y°LT 6STY'LT 6£0S°LT 098°LT YLIS'LT 001 001
$6967C L8€0°ST £€090°ST PPEI'ST 96€1°ST 81T'ST £€60T°ST L16T°ST 9rLT'ST L09€'ST 001 0
80St 11 989%° 11 S¥S 11 PPOS 11 €691 905911 €50L11 €8TL11 LLLL'TI vT08°11 0 001
8608°€ 78€8°¢ LT80Y 9SITY 0S1EY 0TSEY 0SISY 8SSSY 88691 €EVLY 0 0
ASOS
9997°0% LIEEOY £56€°07 Y6t O SIIS0F 0SLS O $919°0% S6L9°0F OLILOb L6LL OV 001 001
LE6L'SE 8968'8¢ 1L26°8¢€ 1686°8¢ SLY0'6€ €601°6€ T981°6€ LLIT'6€ €09T°6€ 91€°6¢ 001 0
0£65°€1 8LT9€l 8796°€1 ¥100+1 96871 61€€ Y1 T6LS V1 ST9Y1 615871 10611 0 001
9597'8 810€'8 L658°8 L106'8 959¢°6 €176 7108°6 8€58°6 L10T°01 $65T°01 0 0
SSSS
8LTI'TH 65€°Th 0vOr'Th 90€9°TH vLYO'Th 1888°Ct 6798°Th L9TT°E 8690°¢t sTeeey 001 001
vTTLOb $9€6°0F 6001+ 08€T' 1 €65T 11 THos 1 8181 I# €0VL T v169° 1 T€96° 1 001 0
9G18°S1 £€006°S1 8Tr91 ¥8TS91 7€96'91 S8LOLI STEr Ll €296°L1 SOLS'LI 6v10°81 0 001
6£9S°11 6299°11 6L8€°T1 LS0S'T1 ¥880°€1 72T €l 9069°€1 €ersel 9EYTH1 €11 0 0
0SSS
EVT Yy 8919t LYOL ¥y 96v1°S 0601°S €265°SY vSor' S 1¥86'SH S66L°SY TESEOY 001 001
1L06°TY 161¢°ch LT8E €Y 1LE8°EY 166L°€Y 676T 7 8S91°vh 1969°t¥ 9605 LSLO'SY 001 0
69€1°61 S6TE61 £990°0T 000€°0C L698°0T e 8L9S°1T 8LLY'IT PrITTe 6195°TC 0 001
8608°S1 92091 61691 1¥81°LI 9€98°L1 €IL1'8I 17L9°81 1220°61 691°61 1508°61 0 0
DSOS

(1as:D (1dD) (1as:H (1LdD) (1as:D (1LdD) (1as:D (1dD) (1as: (1LdD)

Juasald JuasaIg (quasaig juasalg Juasalg Juasalg Juasald JuasaId Juasalg Juasald
or=d t=d 1=d so=4d 0o=4d dy "y

SJUaMIISUOD [eLId)EW Y} JO (d) suonoely awnjoa SUIAIEA pue s)¢ JUSISJJIP 10 UOTIEPUNOy

onse[e uo 3unsar (g60°0 = y ‘g = q/7) aved remsueoar INOA-S Jo (7 — 1D/ y°d = °q) wim Ca/y’0) /> q® = @) Ksuanbaiy [ejusurepuny [UOISUIIP-UOU oY, £ QL



4488

R. Kumar, P. Jana

(c) lstmode (K =0 and Kp=100)
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(d) Istmode (K =100 and K=l 00)

Fig. 5 Modeshapes of the SFSF square plate for varying elastic foundation parameters. (A = 0.05b, p = 2)
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Fig. 6 a Plot of non-dimensional fundamental frequency (@) for different elastic modulus with varying volume fraction of SSSS
plate. (L = b, h = 0.05b). b Plot of non-dimensional fundamental frequency (@) for different boundary conditions with varying
volume fraction. For this case, the elastic modulus coefficient is taken as (Ky,, K ) = (100, 10). (L = b, h = 0.05b)
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Fig. 7 Plot of non-dimensional fundamental frequency (@) for elastic modulus with aspect ratio (L/b). a Different Winkler
elastic modulus parameter, keeping Pasternak modulus parameter constant vs aspect ratio and b different Pasternak elastic
modulus parameter keeping, Winkler elastic modulus parameter constant vs aspect ratio. Here, SSSS plate is considered with
h=0.05b, p=2

frequency is more as compared to the Winkler foundation. This is due to the fact that the Winkler foundation
consists of independent and unconnected springs, whereas the Pasternak foundation has shear layers which
exhibits both longitudinal and lateral spring effects leading to higher bending stiffness compared to the Winkler
foundation.

Figure 8 shows the modeshapes for different BCs of a S-FGM plate resting on Winkler—Pasternak foun-
dation. It can be noted that, except SFSF plate, there is no visible change in the modeshape for other BCs
when one compares the modeshapes of S-FGM plate with and without the Winkler—Pasternak foundation.
Modeshapes plots for all these BCs are not shown here for space constraint.

5.4 Comparison study for different plate configurations

It can be emphasized here that the dynamic stiffness method has a potential advantage in the assembly process
where dissimilar plate elements can be suitably assemble to study the vibration behavior of plate having non-
uniform configurations. To this end, the present section considers two different S-FGM plate configurations
as shown in Fig. 9 and present a comparative study of their free vibration characteristics. Table 8 shows the
non-dimensional fundamental frequency of stepped plate without elastic foundation shown in Fig. 9a, whereas
Table 9 reports the natural frequencies of the plate resting on partial elastic foundation shown in Fig. 9b.
These tables show how the fundamental frequencies vary depending on the boundary conditions, thickness
ratios, and various elastic foundation coefficients. The frequency results are computed using the dynamic
stiffness method and are evaluated using both classical plate theory and the first-order shear deformation
theory. The gradual effect of the step thickness on the fundamental frequency of the S-FGM stepped plate
can be observed from Table 8, whereas the effect of the Pasternak foundation is quite noticeable as compared
to the Winkler foundation in Table 9. The Pasternak foundation offers higher bending stiffness as compared
to the Winkler foundation. Additionally, by comparing the data from Tables 8 and 9, it can be inferred that,
when all other parameters are held constant, the frequency value for the stepped thickness (h2/ k1) is more
or less comparable to that of the elastic foundation. It can also be observed that to match the frequency of
the partially supported S-FGM plate with K, = 100, a sufficiently higher thickness ratio (h2/h1) is required.
This is because the Pasternak foundation provides a very high bending stiffness due to the presence of shear
layer which exhibits both longitudinal and transverse stiffness effects. Nevertheless, the other effects such as
the decrease in fundamental frequency as the volume fraction increases, and the fact that SCSC plate has the
highest frequency, while SFSF exhibits the lowest frequency, remain unchanged. The reasons behind these
patterns align with explanations provided in the previous section.

Figure 10 shows the modal behavior of different configurations of the S-FGM plate. Figure 10a shows the
modeshape of the uniform thickness plate without elastic foundation, while Fig. 10b showcases the modeshape
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Fig. 8 Mode shape for different BCs of square S-FGM plate resting on Winkler—Pasternak foundation. (# = 0.05b, K,, =
100, K, = 100)
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(a) Stepped plate configuration (b) Plate resting on partial elastic foundation

Fig. 9 Two different non-uniform plate configurations considered in this study: a stepped plate and b plate resting on partial
elastic foundation
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(c) Plate resting on elastic foundation (d) Plate resting on partial elastic foundation
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Fig. 10 Modeshapes of different configurations of square S-FGM plates: a uniform plate without elastic foundation, b stepped
plate without elastic foundation (h, = 2h1), ¢ plate resting on homogeneous elastic foundation (b; = 0.5b), and d plate resting
on non-homogeneous elastic foundation. (L = b, h = 0.05b, p =2)

of the stepped plate with 4y = 2h. Evidently, the peak of the modeshape plot of the stepped plate (i.e., Fig.
10b) has shifted to the left side the plate. This shift is attributed to the increased plate thickness, at the right half
of the plate, which introduces greater resistance against bending. Figure 10c and d shows the modeshape of
the uniform thickness plate resting on homogeneous and non-homogeneous elastic foundation, respectively.
The effect of partial elastic foundation on the modeshape of the plate can be clearly seen in Fig. 10c where the
peak of modeshape plot of the plate has been shifted toward the unsupported portion of the plate.

6 Conclusions

This study presents the exact formulation of the dynamic stiffness matrix for the free vibration analysis of
S-FGM plate supported on elastic foundation. The distribution of material properties in the thickness of the S-
FGM plate is defined using two separate power-law distribution for the two half of the plate which is normally
called as sigmoid-law (S-FGM) property distribution. The effective elastic properties are estimated using the
rule of mixture. The dynamic stiffness method is applied for two cases where the plate kinematic variables
are defined for one case using CPT and for the other case using FSDT. For both these cases, the frequency-
dependent dynamic stiffness matrix gives rise to the transcendental eigenvalue problem, which is solved by
using the Wittrick and Williams algorithm.

It can be emphasized that the present DSM computed results, for the S-FGM plate resting on elastic
foundation, are compared with the available results and an excellent agreement has been found. One important
contribution of the present study is that it points out some incorrect mathematical formulation in a recently
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published paper [18] and discusses all the possible mistakes in detail. It is also shown that the error in the
frequency computation in that paper is as high as 34 %. Therefore, the present paper serves as correction to the
work presented in [18]. The present work further enhances the previously published work by implementing
a FSDT-based dynamic stiffness formulation for the elastically supported S-FGM plates. As FSDT considers
the effect of transverse shear, the reported results will be applicable to thin as well as moderately thick FGM
plates.

Furthermore, a thorough parametric analysis of fundamental frequencies influenced by power-law expo-
nent, plate aspect ratios, and elastic foundation stiffness parameters is performed. From this analysis, several
inferences are made using different tables and line diagrams. From the reported results, it can be seen that
Pasternak foundation adds more restraint to bending compared to the Winkler foundation. This is because,
unlike the Winkler model, which consists of independent and unconnected springs, the Pasternak foundation
introduces a shear layer that accounts for both longitudinal and transverse spring effects. Furthermore, com-
parison of the two non-uniform configurations, considered in the study, shows that the introduction of stepped
thickness enhances the frequency values. However, the frequency increase due to the presence of partial Paster-
nak foundation remains higher than that of the stepped plate as the Pasternak foundation provides a very high
stiffness due to the presence of the shear layer. Lastly, it is reemphasized that, due to the exact mathematical
formulation, the natural frequencies obtained using DSM are considered to be very accurate and these results
can be used as a benchmark for future design purposes.
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Appendix A: Stress—strain constitutive relation

The stress—strain constitutive relation for the FGM plate is expressed as [36]:

Oxx On QOn 0 Exx
oy || Q12 Q2 O Eyy | - (A.1)
Oxy 0 0 (% Vxy

In addition we will have,
Oyz = Q44Vyz and o,; = QOssVa; (A2)
The reduced stiffness components are expressed in terms of material constants, written as:
E(2) HE(z)
. Q — .

Oin=0xn= 1—/12’ 12 1——1102’
E() (A.3)
Qa4 = Q55 = Qo6 = 20+ 0
Appendix B: Expression for bending stiffness and inertia term
h/2 h/2
Iy = / p()dz; I = / (z — 20)°p(2)dz,
—h/2 ~h/2 B.1)

h/2 s e h/2
Dstgm = / (z—=20)"011(2)dz; As = / ks Q44(z)dz.
h2 2



Dynamic stiffness method for exact modal analysis 4495

Here, k; (= 5/6) is the shear correction factor [43];

Appendix C: Explicit expressions of A; and T';

Mathematical expression of A; and I'; withi = 1, 2, 3, used in Eq. (45), is given below.

Ai = (Ay(=2A; + 250" + Dyggm(—1 + 12) (tm — m;) (@t +m;)))/(m;(2A2
— As Dygem(1 + 10) (m — m;) (m + mi) + Dygom (1 + ) (—aimkp — ku + low® + kpm?))),
[i = (@nmi QA" — a3 Ay Dgm(1 + 1) — Dyt (1 + 1) @ kp + ki — Io?) + Dygom (A,
+kp) (1 + pym?)) /2oty Dssgm(As + kp) + ety (2(A sk + Dstgmk — (Dsigm o
+ (A + kp)@?) + Dstam(A; + kp) (=3 + wym? — (—ky + low? + (A; + kp)m?) (24,
— 2D@? + Dygom(—1 + wym?)).

(C.1)
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