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This study investigates the influence of skewness on the natural frequency of elastically
supported laminated plates via a higher-order shear deformation theory (HSDT) model
combined with the multi-quadric radial basis function (MQRBF) collocation method. Five
variables displacement field represents the elastically supported skew laminated plate and
includes transverse shear deformation effects. The elastic foundation is represented by a two-
parameter Pasternak formulation, which addresses normal and shear interactions. The
governing equations are developed using Hamilton's principle and discretized using MQRBF.
A wide range of parametric studies is conducted to determine the influence of skewing angle,
foundation stiffness, span-to-thickness ratio, and orientation on vibration response. The
suggested method is confirmed by comparison with known results, proving to be correct and
efficient. These findings add to the understanding of the free vibration response of skew
laminated plates on elastic foundations, and they can find applications in aerospace
engineering, marine engineering, and civil engineering.
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1. Introduction

Laminated composite plates are widely
applied in aerospace, marine, civil, and
mechanical engineering because of their high
strength-to-weight ratio, superior stiffness, and
flexible material characteristics.. In  actual
applications, laminated composite plates are
usually subjected to dynamic loading conditions;
their vibration analysis is critical for ensuring
structural integrity and performance. Upon being
supported on an elastic foundation, their
vibration response is determined by parameters
like foundation stiffness, material properties, and
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geometric parameters like skewness. The skew
angle has a considerable effect on structural
rigidity and the associated natural frequencies of
the plate system.

In contrast to traditional rectangular plates,
skew plates have complex patterns of
deformation because of their non-orthogonal
configuration, hence complicating their vibration
analysis. The presence of an elastic foundation
contributes to increased complexity in the system
by changing its stiffness and damping
characteristics. Research on skew laminated
plates has received growing interest within the
research community during the last few years,
especially for advanced engineering structures
such as aircraft wings, ship decks, and bridges.
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Sufficient studies have been conducted on
laminated composite plates, covering topics like
bending response and free vibration analysis. [1],
thermal bending [2] and thermomechanical
responses [3], using refined theories with four
unknowns. Generally, these structures are
addressed using the Equivalent Single-Layer
(ESL) theory. The Classical Laminated Plate
Theory (CLPT) [4], being one of the very first ESL
models, relies on the negligible transverse shear
deformation assumption. Although CLPT works
adequately for thin plates, it does not effectively
predict the behavior in moderately thick
structures, tending to give underestimated
deflections  and  overestimated  natural
frequencies and buckling loads. To meet this, the
First-Order Shear Deformation Theory (FSDT)
[5,6] includes effects of transverse shear, albeit
based on shear correction factors specific to
individual problems. Greater enhancements are
observed with HSDTs [7],[8],[9] which involve
higher-order terms to increase the accuracy of
predictions for displacement and shear stress.
HSDT has been identified as a very good tool for
predicting the vibration behavior of skew
composite plates since it can capture the
transverse shear deformation exactly without
requiring shear correction factors.

During the last three decades, free vibration
responses of skew composite plates, as well as
their classical laminated counterparts, have
attracted a great deal of attention because of their
extensive utilization in ' the ' aerospace,
automotive, naval, -and civil infrastructure
industries. Skew @ plates are even more
challenging because their geometric asymmetry
influences their distribution of stiffness as well as
dynamics. Therefore, numerous researchers have
utilized a variety of analytical, numerical, and
computational methods to study their vibrational
behavior for various boundary conditions and
load cases. Kapania and Singhvi [10] performed a
thorough analysis of the static and vibration
behavior of arbitrarily laminated skew plates
with arbitrary edge restraints. Their method
applied the Rayleigh-Ritz method based on an
energy functional formulation that reflected the
anisotropy and complexity —of laminated
composites. Han and Dickinson [11] advanced
this work by creating a Ritz-based solution for
symmetrically laminated thin skew plates, thus
yielding efficient closed-form approximations of
their vibration frequencies. Further extending
the numerical modeling functionality, Woo et
al.[12] extend the use of the hierarchic
degenerated shell element to geometric
nonlinear analysis of composite laminated skew
plates by the p-version of the finite element
method. Liew et al. [13] added the FSDT to a
meshless computational framework based on the

moving least squares differential quadrature
method. The combined method provided an exact
prediction of the free vibration properties of
moderately thick symmetric laminated plates
without relying on a conventional mesh. Park et
al.[14] incorporated delamination effects into
their vibration analysis via the HSDT model to
analyze composite skew plates with centrally
positioned quadrilateral cut-outs. Their paper
brought out the sensitivity of natural frequencies
to internal defects. Kumar and Kumar[15]
implemented a meshfree approach for the
buckling and vibration analysis of a laminated
plate in the framework of the HSDT model. In
another significant contribution, Lee [16]
considered the dynamic stability of skew
laminated structures under in-plane pulsating
loads. With the help of finite element modeling
using HSDT, he captured intricate modes of
deformation that occur as a result of geometric
skewness and dynamic instability under time-
varying loads. Chun et al, [17] presented
analytical solutions for skewed thick plates under
transverse loading that have previously been
unreported in the literature. The thick plate
solution is obtained in a framework of an oblique
coordinate system. Zeinali et al.[18] investigated
buckling optimization of sandwich plates with
trapezoidal corrugated cores and cutouts using
vibration correlation techniques and artificial
neural networks, highlighting the influence of
geometry on stability. Hosseini et al, [19]
developed an RBF-based meshless collocation
method for vibration analysis of functionally
graded plates using FSDT. The method showed
high accuracy and efficiency without requiring
mesh generation.

Hosseini and Rahimi [20] presented
experimental and numerical analysis of
hyperelastic plates using the Mooney-Rivlin
model with a meshless collocation “approach,
demonstrating - good ' agreement between
experimental and computational results. Wang et
al.[21] introduced a new formulation of the
differential quadrature method specifically for
skew plate geometries. The improved efficiency
and accuracy of this method made it an attractive
option for high-fidelity vibration analysis. Rajabi
and Mohammadimehr [22] studied the bending
analysis of a micro sandwich skew plate with an
isotropic core and piezoelectric composite face
sheets reinforced by carbon nanotubes on elastic
foundations. Zeinali et al.[23] proposed a
vibration correlation technique combined with
machine learning to estimate the buckling load of
sandwich plates with circular cores, achieving
accurate nondestructive predictions. Kumar et al.
[24] investigated laminated skew hyper-shells, a
more complicated structural geometry, through a
finite element approach based on HSDT. Their



findings showed the decisive influence of
curvature and shell effects on mode shapes and
natural frequencies. Finally, Szekrényes[25] and
Sahoo et al. [26]studied vibration properties of
composite delaminated plates, highlighting
interlaminar damage and its negative influence
on structural stiffness and dynamics. Zeinali et
al.[27] applied machine learning and genetic
algorithms to estimate and optimize buckling
load in sandwich beams with honeycomb cores,
showing improved prediction and design
efficiency.

For complicated geometries like skew plates,
traditional numerical techniques like the finite
element and finite difference methods frequently
require a great deal of meshing and
preprocessing, which can be difficult. In this
context, meshless methods, particularly the RBF
collocation method, offer significant advantages.
RBF methods eliminate the need for predefined
meshes and allow for high flexibility in handling
irregular domains and scattered nodes. The RBF
collocation method has demonstrated excellent
accuracy and computational efficiency in solving
problems related to FGMs and complex
geometries. The meshfree technique based on
RBF has been utilized for structural analysis by
several academics. For instance, the RBF
approach for interpolating dispersed data was
initially presented by Hardy. [28]. Since then, alot
of work has been done to analyze plates using
RBF techniques. Ferreira et al. [29] used a global
collocation approach based on MQRBF to study
the free vibration of FGM plates. Using the RBF
technique, Srivastava et al. [30] investigated the
flexural analysis. of an elastically supported
BDFGM skew plate. Fouaidi et al. [31] used the
multiquadric RBF and asymptotic numerical
methods for nonlinear and linear static analysis
of single-walled carbon nanotubes, with the
extension of the applicability of the RBF-based
formulation to nanoscale structures. Singh and
Shukla [32] conducted nonlinear flexural analysis
of laminated composite plates using an RBF-
based meshless approach and established its
efficacy by comparing the results with those
obtained from analytical and FEM-based
solutions. Kumar et al. [33] performed a
geometrically nonlinear flexural analysis of FGM
plates subjected to patch loads. The effect of load
distribution—~and ' geometric nonlinearity on
deformation characteristics was brought out.
Ahmadi et al. [34] analyzed the instability and
buckling of bidirectional FG multiple nanobeam
systems in the thermal environment using a
meshless method and demonstrated its
adaptability for nano-scale thermo-mechanical
problems. Cui et al. [35]presented a smoothed
Hermite radial point interpolation method (S-
HRPIM) for the analysis of thin plates. Numerical

stability and smooth variation of stresses were
obtained without mesh dependence. Finally,
Wang et al. [36] developed a new meshless
method to solve the steady-state heat conduction
problems in anisotropic and inhomogeneous
media, demonstrating its versatility and accuracy
in complex thermal analysis problems. Of these,
the RBF-based collocation method is particularly
found to be very reliable, with quicker
convergence and better accuracy compared to
conventional FE' -approaches. The RBF
approximations are well-suited for the numerical
modeling of skew plate and shell structures.

In ' this investigation, a  collocation
computational method employing RBF is
developed by coupling the five-variable HSDT.
The main novelty of the present work lies in the
application of the RBF-based collocation method
within the HSDT framework, specifically to skew
plate geometries, which have received
comparatively limited attention in existing
studies. Unlike Refs. Ferreira et al. [29] and
Ferreira et al,[37] which primarily focus on
regular plate configurations, the present study
systematically investigates the influence of skew
angle on vibration characteristics. Additionally,
the study provides a detailed assessment of the
effect of an elastic foundation for skew
geometries, which is not explicitly addressed in
the literature. The combination of skew plate
analysis, = parametric  investigation, and
implementation  within  the HSDT-RBF
framework constitutes the key contribution of
this work. The proposed model facilitates a
thorough examination of the free vibration
behavior of simply supported skew laminated
plates under different influential parameters.
This investigation will help in the efficient design
and development of skew laminated. plates with
elastic foundations. The paper structure is as
follows: Section 2 provides the theoretical
background of skew laminated plates and the
HSDT theory. Section 3 explains the vibration
equation derivation by using RBF. Section 4
provides numerical simulations to confirm the
proposed theory and investigates the influence of
skewness on the vibration response of plates
with elastically supported edges. Lastly, Section 5
summarizes the most important conclusions
arrived at from this study.

2. Formulation Approach

A skew composite plate supported by an
elastic foundation and laminated is considered,
and its in-plane dimensions are represented as a
and b along the global x- and y-directions,
respectively. The reference plane for analysis is
taken at the mid-surface of the plate and denoted
at z=0. The plate is made up of a number of
orthotropic layers with a particular fiber



orientation, leading to material property
variation in the thickness direction. These layers
are considered to be ideally bonded, and this
makes both transverse shear stresses and
displacement components continuous across the
interfaces. The geometry and coordinates of the
plate are shown in Fig. 1.

Using the HSDT formulation, the displacement

components u Vand W of any point inside the
plate are given as a function of the mid-surface

displacements Uo VO andW0 and the ¢X, (I)y
bending rotational components. The general
displacement field thus captures both in-plane
extension and bending, and higher-order
variation of transverse shear deformation. The
mathematical expression of' the displacement
field is of the general form presented by [38].
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Fig. 1. Geometrical description of the skew laminated plate
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The strain in the plate comprises in-plane
normal and shear strains together with
transverse shear strains, and these are
formulated as [39].
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The shear and normal strains are obtained by
differentiating the displacement field. [40]:
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The stress-strain relationship using the global
coordinate system is provided as [38]

O Q11 Q Qs 0 0 €
Oy Q Q Q 0 0 Eyy
Ow( = 615 (jze 666 0 0 Vxy
o, 0 0 0 Qu Quf ||
Oujy LO 0 0 Qs st_k Y ),

where the specifications Qij are transformed,
reduced stiffness coefficients for the layer, and
represented as:
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The GDEs for the laminated composite plate
are obtained using Hamilton's principle, which is
a variational approach for deriving the equations
of motion. Mathematically, Hamilton's principle
is glven as [41]:

ja(K U -EF)dt=0 (7)

where, K = Kinetic energy, U = Strain energy,
EF= Elastic foundation

The equations for the system's kinetic energy
(T) and for the system's strain energy (U) are
derived as [40].
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The stored energy in the elastic foundation,
which is represented by, can be written as
follows. [42].
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The force and moment results on the plate are

represented as [15]:
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The ' plate  stiffness coefficients are
represented as [15]:
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The simply supported (SSSS) boundary
conditions are taken as:
u,, 4, wW,,N,,,M_,, =0
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3. Methodological Approach

The solution strategy in the analysis of free
vibration behavior of skew laminated plates
employing the MQRBF method with a strong form
collocation technique includes the discretization
of the governing equations obtained from HSDT
directly in physical space. The displacement field
is first formulated taking into account the
geometric skewness and laminated stacking
sequence. The strong form of GDEs is formulated
based on Hamilton's principle, including
boundary conditions and initial assumptions.
MQRBEF is utilized to represent the unknown field
variables, providing smooth and accurate
approximations without the necessity of a
predetermined mesh. Collocation .points are
located strategically throughout the domain, such
as near boundaries, and the differential operators
are directly applied at these locations to impose
the governing equations and boundary
conditions., The collocation approach manages
complex geometries such as skew plates
efficiently and captures the vibration response
via eigenvalue analysis, making precise
predictions of natural frequencies without
needing numerical integration or element
connectivity.

The expression for MQRBF is
0.5
g=(r*+c*)

n
where ‘c’ is the shape parameter. *and "’ are
the number of divisions along the ‘a’ and ‘b’ axes,
respectively. o is a constant that governs the
value of ‘c’ for interior and boundary nodes for
MQRBF. Choosing an appropriate shape
parameter remains a challenging issue for



researchers, as both the accuracy and numerical
stability of the solution are highly sensitive to its
value. It is well recognized that achieving optimal
stability and accuracy simultaneously is difficult.
In the present study, a MATLAB code has been
developed to obtain solutions based on the
proposed formulation. A convergence study was
first carried out by systematically varying the
shape parameter. After ensuring stable
convergence, the accuracy of the results was
evaluated. Based on this combined assessment of
stability and accuracy, an optimal value of the
shape parameter ‘c’ is proposed, which is
expressed as:

( a Jz ( b JZ (23)
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Any variable u0 can be interpolated in the
form of the radial distance between nodes using
the following expression:

N 24
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where N is the total number of nodes, I is an

unknown coefficient.

The solution of GDEs by MQRBF considers
domain and boundary nodes. The unknown field
variables uo, vo, wo, ¢X and ¢y
GDEs are assumed to be[15]:

appearing in
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For the natural frequency issue; assume a
harmonic solution in displacements as[15]:
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The GDEs and boundary conditions can be
written in the following manner.
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The methodology of the solution presented
herein is coded in MATLAB 2019. All the
numerical calculations are done via MATLAB on a
system with a 2.7 GHz Intel Core i7 processor. To
ensure the accuracy and reliability of the
suggested solution' approach, an exhaustive
convergence study is performed and presented in
the next section.

4. Results and Interpretation

Using the five variables HSDT's mathematical
model and solution techniques based on MQRBF,
a generalized computational work in the form of
code in MATLAB (2019). Several examples are
considered for the free vibration analysis of skew
laminated plates. Convergence studies are first
investigated to check the _efficiency and
consistency of the present technique and
mathematical model." The natural frequency is
normalized as[13]

= (37)

Table 1: Convergence assessment for frequency parameter of simply supported skew laminated plate with various skew angles
(E1/E2=40) a/h=10

Source Skew Angle
0 15 45 60

Liew etal.[13] 1.5709 1.6886 2.8798 4.4998
Wang,[43] 15699 | --memeeeee- 28825 | -m-----
Ferreira et al, [37] 1.5791 1.6917 2.8228 4.3761
Present method (7x7 nodes) 1.4758 1.7856 2.6089 4.3201
Present method (9x9 nodes) 1.5573 1.7335 2.7640 4.5697
Present method (11x11 nodes) 1.5696 1.7139 2.775 4.5760
Present method (13x13 nodes) 1.5743 1.7062 2.8378 4.5478
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| Present method (15x15 nodes) | 1.5711

[ 1.72 | 2.8553 | 45229 ]

Where pis density.

The properties of the materials used in
computations are

E1/E2=varies, G12 = G13= 0.5E2, G23=0.2E2,
v12=0.25:

4.1. Convergence Assessment and

Comparative Study

For the accuracy, correctness, and consistency
of the collocation approach, convergence and
validation studies have been_ . conducted.
Convergence analysis ensures-the reliability and
stability of the computational results by node
distribution, whereas 'validation provides a
comparison of the derived results with available
benchmark 'solutions or published data to
ascertain the accuracy of the proposed model.

Table 1 ©presents a comprehensive
convergence study of the normalized natural
frequency of a skew laminated composite plate
with the lay-up sequence of (90/0/90/0). The
analysis is performed for the simply supported
square plate with a/h=10 and E1/E2=40. The
obtained results evidently prove that the
normalized natural frequencies show
satisfactory convergence characteristics with
minimal  variation recorded beyond  a
discretization level of 13x13 nodes. This verifies
the sufficiency of the-used node size for reliable
prediction of the frequency. In addition, the
results.obtained here are compared with known
results documented in the literature through the
works of Liew et al. [11], Wang [12], and Ferreira
et al. [13], who used other higher-order and

advanced numerical methods. The present
numerical frequencies agree very well with the
published data, further proving both the accuracy
and consistency of the used formulation. This
convergence shows the ability of the proposed
model to analyze skew laminated' composite
plates with intricate lay-up configurations. Table
2 shows the convergence study of the first five
modes of normalized natural frequency of a five-
layered skew laminated composite plate [45/-
45/45/-45/45], computed for skew angles 0° and
30°, with an elastic modulus ratio E1/E2 =40. The
analysis examines the influence of nodes on the
accuracy of the frequency predictions for various
vibration modes. The findings show that all five
normalized natural modes for the laminated
plates come together quickly, with little change
apparent beyond a node with 13x13 nodes for
both skew angles. This demonstrates the
numerical stability and accuracy - of the
formulated method in obtaining = skewed
laminated plate configurations. To confirm the
precision of the present method with the HSDT
model, the findings have been compared against
available solutions published by Wang [14] and
Anlas and Goker [15]. The comparison indicates a
very good correlation between the current
results and the reference data, further affirming
the validity of the numerical method used.
According to the results of different convergence
and validation experiments conducted in Tables
1 to 3, it is concluded that the node discretization
of 15x15 nodes is an optimal value between
computation and solution accuracy. Therefore, it
is employed for the rest of the calculations
concerning the vibration characteristics of
laminated composite plates.

Table 1. : Validation study for the normalized natural frequency of a simply supported skew laminated [45/-45/45/-45/45] plate
with five nodes (E1/E2=40).

Skew Mode Mode 3 | Mode 4 | Mode 5
angle Source Mode 1 | 2
Wang [44] 19141 | 3.9745 | 6.6567 | 7.6564 | 8.1511
Anlas and Goker [45] 19100 | 3.980 6.66 7.66 8.15
Present method (7x7 nodes) 1.8306 | 4.2762 | 6.6097 | 8.5287 | 9.1335
Present method (9x9 nodes) 1.8741 | 4.0661 | 6.4779 | 7.7864 | 8.1132
Present method (11x11 nodes) 1.8855 | 3.9894 | 6.4342 | 7.8255 | 7.9823
0° Present method (13x13 nodes) 1.8898 | 3.955 6.4158 | 7.6484 | 7.9263
RSP o1 (15x15 nodes) 1.8918 | 3.9372 | 6.4068 | 7.5534 | 7.8974
Wang [44] 2.8248 | 5.1819 | 8.4836 | 9.2574 | 12.107
Anlas and Goker [45] 2.84 5.2 8.49 9.29 12.18
30° Present method (7x7 nodes) 2.9238 | 5.2939 | 8.5856 | 9.2736 | 13.4059
Present method (9x9 nodes) 2.8684 | 5.1883 | 8.1229 | 8.2994 | 11.6545
Present method (11x11 nodes) 2.8414 | 5.1387 | 8.1907 | 8.9336 | 11.9027
Present method (13x13 nodes) 2.8258 | 5.1118 | 8.1397 | 8.8742 | 11.6954
Present method (15x15 nodes) 2.8153 | 5.0955 | 8.113 8.8383 | 11.5848




4.3. Parametric Analysis

Table 3 gives the normalized natural
frequency values of a four-layered skew
laminated composite plate (E1/E2=25, a/h =10,
a=b, kw =10, ks=5) with different fiber
orientation schemes. The research assesses the
vibrational behavior for the following laminate
configurations:  (90/0/0/90), (0/90/90/0),
(30/-30/-30/30), and (75/-75/-75/75). Based
on the values demonstrated in the table, the
normalized natural frequency is seen to rise
systematically as the skew angle in the plate

increases, irrespective of the fibre orientation
scheme. This behavior arises due to the increase
in the effective stiffness of the plate due to
geometric transformation caused by skewness.
The greater the skew angle, the stronger the
structural rigidity of the plate, presenting more
resistance to deformation, and hence higher
natural frequencies. Surprisingly, this growing
trend of improvement is noted in all the
evaluated patterns of fiber orientation, which
reveals that the inclining effect of the skew angle
prevails and is favorably contributing to the
vibration stiffness enhancement of laminated
plates.

Table 3: Effect of fiber orientation schemes on normalized natural frequency of the laminated skew plate.

Skew Angle
Orientation 0 10 20 30 20
(90/0/0/90) o
1.8866
| (‘A)\
(0/90/90/0) .
1.8187
(30/-30/-
30/30)
(75/-75/-
75/75)

Table 5: Influence of the elastic foundation parameters on the normalized natural frequency of a skew laminated plate under
different fiber orientation schemes

(kw, ks)
Orientation (0,0) | (10,0) | (20,00 | (50,0) | (0,10) | (0,20) | (0,50) | (10,10) | (20,20) | (50,50)
90/0/0/90 1.7042 | 2.3352 | 2.8268 | 32112 | 1.7336 | 1.7624 | 1.8464 | 2.3567 | 2.8624 | 3.2112
0/90/90/0 13892 | 2.1194 | 2.6531 | 3.2112 | 1.4250 | 1.4599 | 1.5601 | 2.1431 | 2.6910 | 3.2112
30/-30/-30/30 | 1.2935 | 2.0864 | 2.6387 | 3.8282 | 1.3318 | 1.3690 | 1.4751 | 2.1104 | 2.6767 | 3.8937
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Fig 2 Effect of E1/E2 on the normalized natural frequency of
elastically supported laminated skew plate.

Figure 2 demonstrates the impact of different
orthotropic stiffness ratios on the normalized
fundamental frequency of a four-layered simply
supported skew laminated composite plate
(a/h=10, kw =5, ks =5 ) with lay-up sequence
(90/0/0/90). The parameters under
consideration are

It can be easily seen that as the orthotropic
stiffness ratio increases, the natural frequency
also increases. This is due to the increase in in-
plane stiffness in the fiber direction. A greater
ratio indicates a stiffer material in the principal
fiber direction, making the laminated structure
more rigid. When the skew angle of the laminated
plate is increased, the normalized natural
frequency is also raised. This is largely because of
the geometric transformation effect generated
through skewness, which acts to improve the
overall structural stiffness of the plate. With an
increase in stiffness, there is increased resistance
against vibrational deformation, and hence the
result is higher natural frequencies. Table 4
presents the combined effect of a/h and skew
angle on the normalized natural frequency of a
four-layered-laminated composite plate with a
lay-up '« sequence of (30/-30/-30/30). The
analysis - reveals two key trends. First, the
normalized natural frequency increases from
thick to thin plate. However, it is also observed
that the influence of a/h>50 indicates an
asymptotic trend where further increases in
slenderness do not significantly alter the
vibrational characteristics. Second, the
normalized natural frequency also rises with an

increase in the skew angle. This is due to
geometric stiffening induced by the skewed
configuration of the plate. By increasing the skew
angle, the radial distances between the two
adjacent nodes near the corner of connecting
boundaries decrease significantly as compared to
other parts of the geometry, causing one element
of the stiffness matrix to be very small as
compared to other parts of the stiffness matrix.
This makes the matrix ill-conditioned if inverted.
For this reason, the solution becomes unstable
and inconsistent. This is the main reason for
limiting the skew angle. Even this problem occurs
if we use other methods, like FEM, also.

Table 4: Effect of span to thickness ratio on natural frequency
of skew laminate plate

a/h Skew angle
0 15 30 60
10 1351 | 14764 | 17018 | 2.079
20 1.5046 | 17046 | 2.1839 | 4.1579
S0 1545 | 17647 | 2291 | 6.2369
- 15601 | 1.7888 | 2.3539 | 6.657
i 15673 | 1.8009 | 2.3879 | 6.7924
100 1577 | 1577 | 24302 | 6.989

Table 5 gives the effect of elastic foundation
parameters on the normalized natural frequency
for a 30° skew laminated plate with a skew angle
of 30°, a thickness ratio a/h=10, and a material
stiffness ratio E1/E2=20. The study examines
different fiber orientation patterns to evaluate
the influence of the foundation's  stiffness
coefficients, usually represented by Winkler and
shear layer parameters, on the free vibration
response of the plate. Findings show that a higher
value for either kw or ks results in an increase in
the normalized natural frequency, which
indicates the stiffening effect of the elastic
foundation. The effect of ks is more sensitive than
that of kw.
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Fig 3: Effect of skew angle and elastic foundation parameters
on the normalized natural frequency of a five-layer
(90/0/90/0/90) skew laminated plate.

Figure 3 shows the influence of skew angles
and elastic foundation parameters on the
normalized mnatural frequency of a five-layer
(90/0/90/0/90) skew laminated plate with a
thickness ratio a/h=20 and material property
ratio. It is noted that as the foundation stiffness
parameters, kw and ks, increase, the normalized
natural frequency also increases. Nonetheless,
the impact of ks is stronger than that of kw, which

means shear interactions between the plate and
the base play a stronger role in affecting the
vibration response. Also, the higher the skew
angle, the higher the normalized natural
frequency becomes. This is due to the effect of
geometric stiffening caused by skewness that
increases the stiffness of the laminated plate.
Table 6 illustrates the influence of skew angles on
the contour patterns of the first three vibration
modes corresponding to the normalized natural
frequency of an elastically supported five-layer
(90/0/90/0/90) skew laminated plate, with
geometric ' ratio a/h=10 and foundation
parameters kw =5 and ks =2. The contour plots
clearly depict the modal deformation
characteristics for each mode shape at different
skew angles. It is observed that, for all considered
skew angles, smooth and well-defined contour
patterns are obtained, indicating the numerical
stability and consistency of the adopted
approach. As the skew angle increases, a
noticeable change in the modal distribution can
be seen, with contours becoming more skewed
and asymmetric in accordance with the geometry
of the plate. Moreover, an increasing trend in the
normalized natural frequency is observed with
the increase in skew angle for all three modes.

Table 6: Effect of skewness for the three modes contour on the normalized natural frequency of elastically supported laminated

Mod
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This study presents an efficient MQRBFC for
analyzing the free vibration behavior of simply
supported laminated skew plates resting on
elastic foundations. By employing a five-variable
HSDT and formulating the governing equations
through Hamilton’s principle, the proposed
method accurately captures the structural
response without the need for shear correction
factors. The  numerical implementation
developed in MATLAB successfully evaluates the
natural frequencies of skew laminated plates
under various geometric and material conditions.
Results show that in thicker plates, foundation
stiffness has a greater effect, whereas in thin
plates, the skew angle has a primary influence on
vibration behavior. The orientation of fibers also
significantly affects the fundamental frequency,
especially at high skew angles. A rise in skew
angle results in a significant increase in natural
frequencies owing to the stiffening effect due to
geometry, particularly in lower vibration modes.
The occurrence of elastic foundation parameters
also increases the frequency response by raising
the overall stiffness of the plate system. The
normalized vibration frequencies are also found
to increase with an increased span-to-thickness
ratio (a/h), and the normalized fundamental
frequency is found to increase as the orthotropy
ratio increases. The study further emphasizes
that the parameters of orthotropic stiffness ratio,
skew angle, thickness ratio, and foundation
characteristics play a key role in determining the
dynamic response. The use of HSDT improves the
precision of the displacement field by considering
a realistic parabolic shear strain distribution,
thus removing the necessity for shear correction
factors. Subsequent research can apply this
approach to other laminated composite
structures, including shells and truss-type
structures, to advance model accuracy and
application. The present study is limited to
simply supported edges, and extensions to other
boundary conditions are being pursued
separately by associated research groups and are
therefore not included here for ethical reasons.

The proposed formulation is general and can
be extended to more complex structural
configurations such as functionally graded
structures, sandwich plates; and shell geometries
by incorporating suitable material gradation and
curvature _effects. Moreover, its compatibility
with higher-order and meshless computational
approaches makes it suitable for analyzing large-
scale and heterogeneous structural systems for
buckling and flexure analysis, also in future
studies.

Funding Statement

The authors declare that no funding has been
received/granted for this research work.

11

Conflicts of Interest

The authors declare that they have no conflict
of interest.

Contributions

AK. Singh: Conceptualization, Data collection,
Analysis, Methodology, Literature review, Model
development. ]. Singh: Supervision, Writing -
review & editing. All authors have read and
approved the final manuscript.

Data availability statement

Present both original data collected during your
research as well as any secondary reuse of
existing data that informs your results and
analyses.

References

[1] Allam O, Draiche K, Bousahla AA, Bourada
F, Tounsi A, Benrahou KH, et al,, 2020. A
generalized 4-unknown refined theory for
bending and' free  vibration analysis of
laminated composite and sandwich plates
and = shells. Computers and Concrete
,26:185-201.

[2] Belbachir N, Bourada M, Draiche K, Tounsi
A, Bourada F, Bousahla AA, et al. 2020.
Thermal flexural analysis of anti-
symmetric cross-ply laminated plates using
a four variable refined theory. Smart
Structures and Systems, 25:409-22.

[3] Abualnour M, Chikh A, Hebali H, Kaci A,
Tounsi A, Bousahla AA, et al
2019.Thermomechanical  analysis  of
antisymmetric ~ laminated | reinforced
composite plates using a new four variable
trigonometric  refined plate theory.
Computers and Concrete, 1;24:489-98.

[4] * PB,JnR.2019. Analysis of composite plates
using various plate theories Part 1.
Formulation and analytical solution.
Structural Engineering and Mechanics,
1;6:583-612.

[5] Whitney JM, Pagano NJ., 1970Shear
Deformation in Heterogeneous Anisotropic
Plates. Journal of Applied Mechanics,
37:1031-6.
https://doi.org/10.1115/1.3408654.

[6] Draiche K, Bousahla AA, Tounsi A, Alwabli
AS, Tounsi A, Mahmoud SR., 1970. Static
analysis of laminated reinforced composite
plates using a simple first-order shear
deformation theory. Computers and
Concrete, 24:369-78.



[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Reddy JN., 1984 A Simple Higher-Order
Theory for Laminated Composite Plates.
Journal of Applied Mechanics, 51:745-52.
https://doi.org/10.1115/1.3167719.

Sharma HK, Srivastava M(C, Rajak B, Singh S,
Verma S, Kumar R, et al., 2024. Effect of
Porosity on  Stability = Analysis of
Bidirectional FGM Skew Plate via Higher
Order Shear Deformation Theory and RBF

Approach. Int ] Steel Struc,.
https://doi.org/10.1007/s13296-024-
00910-y.

Srivastava M(, Singh S, Rajak B, Sharma HK,
Kumar R, Singh ]., 2025.Buckling response
of two-directional skew FGM plate resting
on elastic foundation: A RBFMC approach.
Computers and Concrete 35:357-67.
Kapania RK, Singhvi S., 1992. Free vibration
analyses of generally laminated tapered
skew | plates. - Composites, Engineering,
2:197-212.
https://doi.org/10.1016/0961-
9526(92)90004-P.

Han W, Dickinson SM., 1997. Free vibration
of symmetrically laminated skew plates.
Journal of Sound and Vibration, 208:367-
90.
https://doi.org/10.1006/jsvi.1997.1198.
Woo K-S, Park J-H, Hong C-H., 2004. A new
hierarchic degenerated shell element for
geometrically non-linear analysis = of
composite laminated square and skew
plates.  Structural . Engineering  and
Mechanics, 17:751-66.

Liew KM, Huang YQ, Reddy JN. 2003
Vibration analysis of symmetrically
laminated plates based on FSDT using the
moving least squares  differential
quadrature method. Computer Methods in
Applied  Mechanics and Engineering,
192:2203-22.
https://doi.org/10.1016/S0045-
7825(03)00238-X.

Park T, Lee S-Y, Voyiadjis GZ., 2009. Finite
element vibration analysis of composite
skew laminates containing delaminations
around quadrilateral cutouts. Composites
Part  B: Engineering, 40:225-36.
https://doi.org/10.1016/j.compositesb.20
08.11.004.

Kumar C, Kumar A., 2022. Initial Buckling
and Free Vibration Analysis of Elastically
Supported Laminated Plates Using the
Meshless Technique. ] Multiscale Modelling,
13:2250004.
https://doi.org/10.1142/S175697372250
0044.

Lee S-Y., 2010. Finite element dynamic
stability analysis of laminated composite
skew plates containing cutouts based on

12

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

HSDT. Composites Science and Technology,
70:1249-57.
https://doi.org/10.1016/j.compscitech.20
10.03.013.

Chun P, Fu G, Lim YM., 2011. Analytical
solutions for skewed thick plates subjected
to  transverse loading. Structural
Engineering and Mechanics , 1;38:549-71.
Zeinali M, Rahimi G, Hosseini S., 2024
Buckling load optimization of sandwich
plates with trapezoidal corrugated core
and elliptical ' cutout using vibration
correlation techniques and artificial neural

network; experimental and numerical
analysis. Thin-Walled Structures,
200:111957.

https://doi.org/10.1016/j.tws.2024.1119
57.

Hosseini S, Rahimi G, Anani Y., 2021. A
meshless collocation method based on
radial basis functions for free and forced
vibration analysis of functionally graded
plates using FSDT. Engineering Analysis
with Boundary Elements,; 125:168-77.
https://doi.org/10.1016/j.enganabound.2
020.12.016.

Hosseini S, Rahimi G., 2023. Experimental
and numerical analysis of hyperelastic
plates using Mooney-Rivlin strain energy
function and meshless collocation method.
Engineering  Analysis with  Boundary
Elements, 150:199-218.
https://doi.org/10.1016/j.enganabound.2
023.02.024.

Wang X, Wang Y, Yuan Z., 2014. Accurate
vibration analysis of skew plates by the
new version of the differential quadrature
method. Applied Mathematical Modelling,
38:926-37.
https://doi.org/10.1016/j.apm.2013.07.0
21.

Rajabi ], -Mohammadimehr M., 2019.
Bending analysis of a micro sandwich skew
plate using extended Kantorovich method
based on Eshelby-Mori-Tanaka approach.
Computers and Concrete, 23:361-76.
Zeinali M, Rahimi G, Hosseini S., 2025.
Buckling Load Estimation for Sandwich
Plates with Innovative Circular Cell Cores
via Nondestructive Vibration Correlation
Technique and Machine Learning. Journal
of Engineering Mechanics,151:04025027.
https://doi.org/10.1061/JENMDT.EMENG
-8305.

Kumar A, Bhargava P, Chakrabarti A., 2013
Vibration of laminated composite skew
hypar shells using higher order theory.
Thin-Walled Structures, 63:82-90.
https://doi.org/10.1016/j.tws.2012.09.00
7.



[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Szekrényes A., 2016. Natural vibration-
induced parametric excitation in
delaminated Kirchhoff plates. Journal of
Composite Materials, 50:2337-64.
https://doi.org/10.1177/0021998315603
111.

Sahoo SS, Panda SK, Sen D., 2016. Effect of
Delamination on Static and Dynamic
Behavior of Laminated Composite Plate.
AIAA Journal, 54:2530-44.
https://doi.org/10.2514/1.J054908.
Zeinali M, Rahimi G, Hosseini S. 2025.
Estimation of Buckling Load in Sandwich
Beams with Novel Honeycomb Core: A
Non-Destructive Approach Enhanced. by
Machine Learning and Genetic Algorithm
Optimization. Int | Str Stab Dyn, 2650248.
https://doi.org/10.1142/S021945542650
2482.

Hardy RL., 1990. Theory and applications of
the  multiquadric-biharmonic method 20
years of discovery 1968-1988. Computers
& Mathematics with Applications, 19:163-
208. https://doi.org/10.1016/0898-
1221(90)90272-L.

Ferreira AJM, Batra RC, Roque CMC(, Qian
LF, Jorge RMN., 2006. Natural frequencies
of functionally graded plates by a meshless
method. Composite Structures, 75:593-600.
https://doi.org/10.1016/j.compstruct.200
6.04.018.

Srivastava MC, Singh ], Sharma HK., 2006.
Flexural Analysis of Elastically Supported
Bidirectional Monel-Zirconia Skew FGM
Plate Subjected , to Line Load Using
Meshless Collocation Technique. Int J Steel

Struct, 24:1065-82.
https://doi.org/10.1007 /s13296-024-
00883-y.

Fouaidi M, Jamal M, Hamdaoui A, Braikat B.,
2020. Multiquadric radial basis function
approximation method and asymptotic
numerical method for nonlinear and linear
static analysis of single-walled carbon
nanotubes. Engineering Analysis with
Boundary Elements, 115:40-51.
https://doi.org/10.1016/j.enganabound.2
020.02.010.

Singh ], Shukla KK, ' 2012. Nonlinear
flexural analysis of laminated composite
plates-using RBF based meshless method.
Composite Structures, 94:1714-20.
https://doi.org/10.1016/j.compstruct.201
2.01.001.

Kumar R, Singh BN, Singh ], 2023.
Geometrically nonlinear analysis for
flexure response of FGM plate under patch
load. Mechanics Based Design of Structures
and Machines, 51:6532-56.

13

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

https://doi.org/10.1080/15397734.2022.
2058015.

Ahmadi 1, Sladek V, Sladek ], 2025.
Instability and buckling analysis of bi-
directional FG multiple nanobeam system
in thermal environment by a meshless
method. Arch Appl Mech, 95:181.
https://doi.org/10.1007/s00419-025-
02890-9.

CuiX, LiuG,LiG., 2011 A smoothed Hermite
radial point interpolation method for thin
plate analysis. ‘Arch Appl Mech;81:1-18.
https://doi.org/10.1007/s00419-009-
0392-0.

Wang H, Qin Q-H, Kang YL., 2005. A new
meshless method for steady-state heat
conduction problems in anisotropic and
inhomogeneous media. Archive of Applied
Mechanics, 74:563-79.
https://doi.org/10.1007/s00419-005-
0375-8.

Ferreira AJM, Roque CMC, Jorge RMN,
2005. Free vibration analysis of symmetric
laminated composite plates by FSDT and
radial basis functions. Computer Methods in
Applied  Mechanics and  Engineering,
194:4265-78.
https://doi.org/10.1016/j.cma.2004.11.00
4

Kumar C, Kumar R, Sharma HK, Khare S.,
2023. Simulation and Modelling for
Bending Analysis of Elastically Supported
Laminated Plates Under Concentrated
Load: A Meshless Approach. Int | Steel
Struct, 23:1091-104.
https://doi.org/10.1007/s13296-023-
00752-0.

Kumar R, Singh ], 2018. Assessment of
higher order transverse shear deformation
theories for modeling and buckling analysis
of FGM plates using RBF based meshless
approach. Multi Modelg in Mat & Struct.,
https://doi.org/10.1108/MMMS-07-2017-
0069,

Kumar R, Bajaj M, Singh |, Shukla KK., 2022.
New HSDT for free vibration analysis of
elastically supported porous bidirectional
functionally graded sandwich plate using
collocation method. Proceedings of the
Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science,
236:9109-23.

https://doi.org/10.1177 /0954406222109
0075.

Kumar R, Gupta KK, Singh ], Singh J., 2023.
Radial basis collocation method for free
vibration analysis of elastically supported
porous bi-directional FGM plate under
various types of porosity distribution.
Advances in Materials and Processing



[42]

[43]

Technologies, 9:368-90.
https://doi.org/10.1080/2374068X.2022.
2093003.

Kumar R, Lal A, Singh BN, Singh ], 2019.
Meshfree approach on buckling and free
vibration analysis of porous FGM plate with
proposed IHHSDT resting on the
foundation. Curved and Layered Structures,
6:192-211. https://doi.org/10.1515/cls-
2019-0017.

Wang S., 1997. Free vibration analysis of
skew fibre-reinforced composite laminates
based on first-order shear deformation
plate theory. Computers & Structures,
63:525-38.

14

[44]

[45]

https://doi.org/10.1016/S0045-
7949(96)00357-4.

Wang S., 1997. vibration of thin skew fibre
reinforced composite laminates. Journal of
Sound and  Vibration, 201:335-52.
https://doi.org/10.1006/jsvi.1996.0745.
Anlas G, Goker G., 2001. vibration analysis
of skew fibre-reinforced : composite
laminated plates. Journal of Sound and
Vibration, 242:265-76.
https://doi.org/10.1006/jsvi.2000.3366.



