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dynamic characteristics of composite plates, explicitly examining how ply
angle and fiber orientation affect vibrational behavior. Through finite element
analysis (FEA), composite plates with varying ply angles and fiber
orientations were modeled to understand their influence on natural
frequencies, mode shapes, and dynamic responses under various loading
conditions. The study reveals that cross-ply [0/0/0/0] exhibits the highest
stiffness and superior stress handling, while the cross-ply balanced laminate
[90/0/0/90] demonstrates better vibrational characteristics. The findings
highlight the intricate relationships between design parameters and
structural vibrational behavior, offering opportunities for optimizing
composite structures. Additionally, harmonic analysis showed that a cut-out
increases the natural frequency. The results underscore the importance of
optimizing composite plate configurations to enhance vibrational
characteristics and align natural frequencies with operational requirements,
thereby mitigating resonance-related issues.
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1. Introduction

Composite materials have revolutionized industries such as aerospace and automotive with their
impressive strength-to-weight ratios and customizable properties [1-3]. The ply angle and fiber
orientation, both critical factors, play an essential role in determining the performance of composite
plates [4,5]. These factors significantly impact the dynamic behavior of composite structures,
influencing their stiffness, strength, and vibrational characteristics [6,7]. Carbon fiber, also known as
carbon fiber reinforced polymer (CFRP), is a type of composite material with a high strength-to-
weight ratio, making it lightweight, strong, stiff, and durable [8,9]. It is widely used in aerospace,
automotive, civil engineering, marine, and construction industries due to its exceptional properties
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[10,11]. Composite plates made of metal and CFRPs behave intricately due to the materials'
anisotropic elastic properties and elastoplastic material behavior [12]. Techniques like numerical
homogenization and refined plate theories such as the Carrera unified formulation and third-order
shear deformation plate theory are used to model the mechanical behavior of composite plates
[13,14].

Analytical developments for approximating structural components as plates are based on
classical plate theories, such as Kirchhoff or Reissner-Mindlin plate theories [15,16]. The First-Order
Shear Deformation Theory (FSDT) is a crucial concept in structural mechanics, with specific
assumptions, distinctions from classical plate theory, and practical applications that make it highly
relevant in the field [17,18]. Bojovi¢ and Rakocevi¢ [19] analyzed the natural vibration traits of
laminated composite plates with different thicknesses. Their research revealed that the orientation
angles influence the plates' mechanical properties, such as the flexural modulus. Ozben and Sen [20]
found the mechanical properties of composite plates are significantly affected by the stacking
sequence of plies, which includes symmetric or antisymmetric arrangements with different
orientation angles. Marques et al. [21] have proven that optimizing fiber paths and characteristic
angles to create variable stiffness composites can improve fundamental frequencies and critical
buckling loads. Sebaey et al. [22] discovered that the impact of the bending stiffness coefficients is
negligible when creating a laminate with equivalent bending stiffness. The arrangement of layers
impacts the mechanical characteristics of laminates, including their tensile strength. Balasubramani
et al. [23] found that a specific layering order (60/30/60/30) exhibited the most resistance to shearing
between layers and the highest rate of retained strength after degradation. Cameron et al. research
[24] reveals that including thin plies in the stack results in a corresponding rise in bearing stiffness,
strength at the beginning of damage, and ultimate bearing stress. Switching to a 100% thin-ply
laminate significantly enhances stability at the start of damage. Karsh et al. [25] studied the initial ply
failure strength of laminated composite plates, focusing on how spatial variation affects the loading
location.

The failure strength of composite laminates is affected by factors such as stacking sequence, ply
orientation, number of layers, degree of orthotropy, and ply thickness. The statistical analysis of
failure strengths considers the influence of stacking sequence and ply orientation [25]. Setyabudi et
al. [26] studied the impact of orientation angle lay-up on the uniaxial tensile test specimens of carbon
fiber composite. They manufactured the composite using resin transfer molding with vacuum
bagging. The tensile strength of the composite plates varied depending on the lay-up orientation
angle. The study observed the highest tensile strength in specimens with a specific orientation angle
lay-up, highlighting the significant influence of ply orientation on this mechanical property. Wu et al.
[27] experimental findings show that ply thickness impacts the mechanical behavior of carbon fiber-
reinforced composites, with research into cross-sectional microstructures and tensile behaviors.
Bullock et al. [28] examined how the orientation of surface ply affects the open-hole shear strength
of composite plates under shear loading. Based on findings from Balasubramani et al. [23], the
stacking sequence affects the mechanical behavior of angle-ply laminates, including interlaminar
shear strength and impact damage resistance. Two distinct research investigations, one carried out
by Zenkour [29] and the other by Draiche et al. [30], have validated the importance of considering
shear deformation effects when examining the bending behavior of angle-ply composite plates. Both
studies utilized higher-order shear deformation theories to highlight the significance of these effects
in such analyses. Yang et al. [31-33], developed semi-analytical methods based on large deflection
theory and FSDT. These methods were designed to estimate the ultimate strength of composite
plates, considering the impact of ply degradation and displacement fields. Javed [34] has applied
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numerical analysis using higher-order shear deformation theory to examine the vibration of
symmetric angle-ply composite plates, highlighting the parametric effects of plate aspect ratio, layer
alignment, and number of layers on plate frequency. Fazilati [35] investigated the dynamic behavior
of variable stiffness composite laminated plates with curvilinear fiber orientation, illustrating the
influence of fiber orientation on the structural stability and dynamic behavior of the plates. Zhu and
Yang [36] studied the vibration characteristics of cross-ply and angle-ply laminated composite plates
under harmonic excitation. They found that altering the lamination patterns could shift the resonant
frequencies and change the corresponding peak resonance values, demonstrating the impact of fiber
orientations on vibration behavior. Research conducted by Senthilkumar et al. [37] examined how
the orientation of fibers affects the static and dynamic properties of sisal/polyester composites. The
static and dynamic characteristics were notably affected by the orientation of fibers between the
layers, impacting the flexural strength, impact strength, natural frequencies, and damping properties.
Niu and Pan [38] examined the collapse of a composite plate with a hole in the middle to improve
the fiber orientations on variable stiffness plies. Their investigation showed a significant 197% boost
in initial damage capability and a 97% improvement in ultimate load capability due to the
optimization, showcasing improved mechanical characteristics. Cakiroglu and Bekdas [39] studied
laminated composite plates using simulations. They found that changes in the order of ply
thicknesses and fiber orientation angles significantly impacted the plates' ability to bear loads,
highlighting the importance of optimizing these factors. Infante et al.'s research [40] into optimizing
the ply fiber orientations in hybrid carbon-glass composite plates when subjected to bending and
torsion loads, resulted in a reduction of over 30% in the maximum out-of-plane displacement. This
suggests tangible benefits in minimizing displacement when experiencing various loads. Li et al. [41]
devised a novel approach to optimize discrete fiber angles using the Archimedean spiral function.
The utilization of this method resulted in a remarkable enhancement in structural stiffness of up to
20% at the maximum, effectively addressing the issue of heightened computational expense
associated with optimizing fiber angles with multiple layers.

Research so far has mainly concentrated on the impact of the nonlinear behavior of materials on
composite plates with different fiber-orientation angles [42]. However, our understanding has
significant gaps, particularly regarding the dynamic effects of ply angle and fiber orientation, which
still need to be thoroughly addressed [43]. Although some studies cover the dynamic behavior of
composite plates with varying fiber orientations, they primarily focus on static and failure analyses,
with minimal attention given to dynamic effects [44-46]. Previous research mentions manufacturing
limitations about fiber curvatures but does not explore the dynamic consequences of these
constraints [47]. Further exploration in these areas is necessary.

This research delves into the dynamic characteristics of composite plates, explicitly examining how ply
angle and fiber orientation affect vibrational behavior. Through finite element analysis (FEA), the study models
composite plates with varying ply angles and fiber orientations to understand their influence on natural
frequencies, mode shapes, and dynamic responses. The investigation encompasses dynamic effects under
various loading conditions, such as harmonic excitations and transient forces.

2. Geometry and Meshing

A simple rectangular shape was created as a surface on CAD software, depicted in Figure 1. The
meshing process for a composite plate involves dividing the plate's geometry into a grid of finite
elements to facilitate accurate structural analysis. Shell 181 was used. Moreover, shell elements are
well-suited for modeling thin-walled structures, such as composite plates, shells, or laminates, where
the bending and membrane behaviors are significant. The layers of different materials and
orientations within the laminate were considered. A set of elements with specific material properties
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and fiber orientations typically represents each layer. The mesh density is a critical aspect, as it
influences the precision of the simulation. Therefore, a fine mesh was used to capture detailed
behaviors, but it demands more computational resources, Shell 181 was used for this analysis,
moreover, shell 181 is a finite element available in ANSYS Mechanical software. It is specifically
designed to analyze the behavior of shell structures in simulations. Shell elements are used to model
thin-walled structures, such as plates and shells, where bending and membrane effects dominate the
structural behavior as shown in Figure 1.

(a) ®)

e

Fig. 1. (a) Geometry of composite plate; (b) Meshing of laminated composite plate

Additionally, mesh transitions between layers represented abrupt changes in material properties.
Advanced meshing techniques like mapped or swept meshing were used to ensure accurate and
efficient analysis of composite plates. A well-constructed mesh was created to ensure a smooth
transition and maintain computational efficiency. The mesh statistics of the lamina are listed in Table
1.

Table 1
Mesh statistics
Nodes Elements ElementType Computationaltime CPU
19936 19644 SHELL 181 55 minutes cores (2.5GHz)
2.1 Material Properties

This research used Epoxy Carbon UD (230 GPa) Prepreg. However, unidirectional carbon fiber
fabric is a form of carbon reinforcement characterized by a non-woven structure where all the fibers
align in a single direction. In this fabric style, fibers are closely packed without any gaps, lying flat and
devoid of a cross-sectional weave that would compromise strength by dividing it in another direction.
This design ensures a concentrated fiber density, offering unparalleled longitudinal tensile strength,
surpassing fabric weave. In addition to the stacking sequence of the laminate, the material properties
of the composite material are defined in Table 2 as selected from ANSYS library, which are mechanical
elasticity (Ex, Ey, Ez, Gxy, and Vxy).

Table 2

Material properties of the composite
Material Ex (MPa) | Ey (MPa) | Ez (MPa) | vxy | Gxy
Epoxy Carbon UD (230 GPa) Prepreg | 121000 | 8600 8600 0.27 | 4700

2.2 Simulation Process

Simulating the natural frequency of a laminated composite plate involves employing FEA
techniques to predict the plate's vibrational behavior. Initially, the composite material's mechanical
properties, such as modulus of elasticity, Poisson's ratio, and density, are defined. The plate geometry
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is modeled in the ANSYS ACP, and an appropriate mesh is generated to discretize the structure.
Boundary conditions are then applied to simulate the physical constraints, and material orientation
is specified for each ply layer within the composite. However, Figure 2 illustrates the flow chart of
the analysis process. An appropriate solver and analysis type were employed, such as modal analysis,
and the simulation was executed to determine the plate's natural frequencies and mode shapes.

Define material properties

a2

Calculate Q values

Calculate Q values for all angles

A 2

Calculate D values

Calculate the natural frequency

Fig. 2. Flow chart of the analysis process

2.3 Laminated Composite Plate Theory
Assumptions:
i.  The plane section remains plane before and after bending (displacements are linear

through the thickness).

ii.  Transverse fibers are stretchable/infinitely rigid (No strain in thickness direction, No
Poisson's effect).

iii.  The thickness of the plate is much less than the other two dimensions (Plane stress
conditions).

iv.  The plane section remains perpendicular to the mid-surface before and after bending
(No shear deformations).

3. Analytical Solution of composite laminated modelling method

Classical Lamination Theory (CLT) is applied to predict the vibrational behavior of composite
laminates. According to Shokrieh's hypothesis [48] for orthotropic materials, the strain-stress
relationships of a composite lamina in its fundamental material coordinate system can be formulated
as [49]:

01 Qi1 Q2 O &
[02] = [Qu Qa O ] [52 ] (1)
T12 0 0  Qgel Y12

where the terms Qij,j which constitute the [Q] reduced stiffness matrix are specified by the
following equations:

Qu=—2—, Q=
11 — 12 — -
1-v12Vaq 1-v15v2, 1-v12V21

vi2E, vp1E; Ey

1-v12V21

, Q22 = » Qe = G12. (2
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The constitutive relations of each lamina must be transformed to the laminate's coordinate
system, given that laminated composite plates consist of orthotropic layers oriented in various
directions. The stress—strain relations in the x—y coordinates for each layer are provided as [49]:

Oy Q:11 Q_12 Q:16 Ex
[ay] = (\212 Q_zz Q_zs [gy] (3)
Txy Q16 Q26 Qool Vv

In which

Q_ll = Q11COS4 9 + Z(le + 2Q66)Sin2 HCOSZ 9 + szsin4 0 (4)
Q12 = (Q11 + Q22— 4‘Q66)Sin2 Hcos?* 6 + Q12(Sin4 Hcos* 9) (5)
Q_ZZ = Q11 Sin4 9 + Z(le + 2Q66) Sin2 9 COSZ 6 + QZZ COS4 9 (6)
Q_16 = (Q11 — Q12 — 2Qq46) sin b cos® 6 + (Q12 — Q22 + 2Q46) sin® 6 cos 6 (7
Q_26 = (Q11 — Q12 — 2Q66) sin® 6 cos 6 + (Q12 — Q22 + 2Q46) sin 6 cos® 6 (8)
Qs = (Q11 + Q22 — 2Q1; — 2Qe) Sin* B cos? 6 + Qg4 (sin* 6 cos* ) )

The elements Q;; that comprise the transformed reduced stiffness matrix (Q) are functions of
the reduced stiffness matrix terms Q;; and the lamina angle 6. Consequently, they also depend on
the four elastic constants and the angle 8 of the lamina. As our analysis pertains to symmetric
laminates, only the [D] matrix is pertinent for the calculation of bending vibrations. Hence, the
subsequent step involves assembling the [D] matrix, referred to as the bending stiffness, which is the
aggregate sum of the elements Q;; and their corresponding thicknesses.

Dyj =§ R=1 (Qij)k(h?c — hji_y) (10)

Where i,j = 1,2,6, the total sum is taken over all N layers of the composite laminate, and hs, h4
are the upper layer, while hg, h: are lower layer in z coordinate, the schematic of the layer used is
depicted in Figure 3. The coefficients of the bending stiffness matrix [D] can be expressed as:

D11 D12 D16
[D] = |D12 D22 D (11)
D16 D26 D66
A\
<°”” _— ) hy =0.005m
e —

hy =0.0025m

I hy =-0.005m

o

Fig. 3. Laminated composite plate layouts
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3.1 Theoretical analysis of natural vibration
The differential equation governing the natural vibration of a specially orthotropic, midplane-

symmetric composite plate is expressed as follows [50]:
o*w o*w tw %w
D1 W + 2D3 —axz 32 + D2 m = —phm (12)
For a composite plate with all four edges simply supported, the natural circular frequency in

radians per second is defined as follows:
1/2
n

on == [0 (2) + 20, (Z) (&) + 0. (3) ] (13)

where w,, denotes the cyclic frequency, p,, represents the density, h is the plate thickness, and
a and b signify the planar dimensions of the plate. For various values of m and n, each combination
yields a distinct frequency w,, and an associated mode shape. In plates supported on all four sides,
m and n correspond to the number of half sine waves in the a and b directions, respectively. D; =
Dy1,D, = D,,, and D3 = Dy, + 2D are coefficients of the bending stiffness matrix [D].

The natural frequencies of vibration in cycles per second (Hz) are given by [50]:

foun = =2 (14)

2m’

The dimensionless frequency can be specified as [51]:

@ = (“’Z)\/EZ; (15)

This study focuses on a rectangular plate that is simply supported along all four edges. The natural
frequency of an especially orthotropic single-layer plate is influenced by various parameters, such as
the plate aspect ratio (a/b), the modulus ratio (E1/E?2), and the side-to-thickness ratio (a/h). In this
context, a and b refer to the in-plane dimensions along the x- and y-coordinate directions of the
rectangular laminate, while E; and E> denote the moduli of elasticity in these respective directions.
The geometry and coordinate system for a simply supported rectangular plate are depicted in Figure
4,

y

Simply supported: UZ =0, ROTY =0

Simply
supported: UZ b=1m
=0,ROTX=0

a=2m

Fig. 4. Geometry and simply supported boundary condition.

4. Validation and convergence of present results

The validation process aims to confirm that the model appropriately captures the system's
underlying physics, behaviors, and interactions. In this section, the numerical model was compared
with the analytical results. As a result, there was a good correlation with less than 1%. Table 3 shows
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the modeling validation of the analytical and numerical composite plate of [0/90/90/0] laminate
stack up; m means the number of half waves in the long axis, while n means the number of half waves
in the short axis as evaluated in MATLAB software. Figure 5 shows the mode shapes of the laminated
composite plate.

Table 3
Analytical and FEA comparison of the composite plate of [0/90/90/0] laminate stack-up
Half waves (m,n) Analytical (Matlab) FEA (Ansys)

model (1,1) 22.088 22.057
mode2 (2,1) 46.061 45.888
mode3 (1,2) 73.780 73.502
mode4 (2,2) 88.352 88.138
mode5 (3,1) 92.485 92.157

Copy of Copy of Copy of Copy of Copy of Copy of Copy of Medal I\nsys
202m

o Capy o Copy of Copy of Copy of Copy of Copy of Moda (m=3’ l'l=1) I\nsvs
. 202

Fig. 5. Mode shapes of laminated composite plate

4.1 The Natural Frequency of Composite Plates with Varying Ply Angle Orientation
The natural frequency analysis of composite plates with varying ply angle orientations involves
studying the plate's vibrational behavior under specific loading conditions. Ply angle orientation
significantly influences the plate's mechanical properties and natural frequencies, as depicted in
Figure 6. In this simulation, the composite plate is modeled using ANSYS Workbench, with each layer
characterized by distinct material properties and ply angles. The boundary conditions are typically
set to simulate the plate's physical constraints, such as all edges being simply supported. The
software calculates the plate's natural frequencies and corresponding mode shapes using a modal
analysis approach. As a result, the ply angle orientation of [90/0/0/90] was observed to have a much
higher frequency. However, all investigated stacking sequence orientations in mode two tend to have
approximately the same natural frequency. The simulation results provide valuable insights into
optimizing the design for specific applications, ensuring that the natural frequencies align with
operational requirements and avoiding resonance-related issues in practice. In addition, Figures 7
and 8 show the contour plot of mode 1, and mode 2 respectively, depicting the vectorize directional
deformation.
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Fig. 8. Contour plot of mode 1

4.2 The natural frequency of composite plates with center cut

The vibrational characteristics of a plate with a central opening were analyzed in the natural
frequency analysis of composite plates with a center cut (Figure 9). This scenario is common in
structural components where weight reduction or specific design requirements necessitate openings
in the material. In this simulation process, FEA was employed, and the composite plate was modeled
with distinct material properties for each layer, considering the plies' orientation and the cut-out's
presence. Moreover, boundary conditions are applied to replicate same without cut out. Modal
analyses were then conducted to determine the plate's natural frequencies and mode shapes. The
natural frequency of laminated composite plates' unidirectional carbon fiber fabric with circular cut-
out was investigated with an orientation stacking sequence [0/0/0/0], the fiber's most robust
direction, as shown in Figure 10. Furthermore, the free vibrational response was compared with the
non-cut-out composite plate. As a result, it was observed that the composite plate with a centered
cut-out has the same mode shape as the non-cut-out composite plate as depicted in Figure 11,
though with slightly lesser natural frequency as superimposed in Figure 12. In general, presence of
the cut-out influences the distribution of stress and strain, impacting the plate's stiffness and,
consequently, its natural frequencies.
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Fig. 9. Composite plates with a center cut

ACP Modl
12/14/2310:49

Flber_Directiors
Iy-Wke

Mnsys

2022/

Selection:
MP - ModelingPly.1

Thickness.1
25

E Copy of Modal
Total Deformation 3
Type: Total Ceformation
Frequendy: 16.471 Hz

——
13.26 Max.
P
266795 Min
000 500.00 1000.00 (mm)
e (=)
Pos—
Mnsys Tots beformation
202/ Fre 7
i iy
(m=1, n=2) s (m=2, n=2)
; R
—
preed
e
] _pretit
- oy _— o
e I .

(m=3, n=1)

220000 gmry

75000

Fig. 11. Mode shapes of laminated composite plates with circular cut-outs
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Fig. 12. Superimposed natural frequency of laminated composite plates

4.3 Analysis of axial deformation on the lamina of composite plates with center cut

Analyzing axial deformation on a lamina of composite plates with a center cut and response to
axial loading, focusing on the changes in length and deformations along its axis. Utilizing FEA, the
lamina is extracted. External axial loads are then applied to the plate, and the resulting deformation
were assessed through the FEA results. Figure 13 shows the axial deformation on the laminated
composite plate, while Figure 14 illustrates the deformation resistance of different fiber angle
orientations. The results show that stacking sequence [0/0/0/0] has the highest stiffness while
stacking sequence [90/90/90/90] has the lowest stiffness; this follows that fiber has its highest
strength in 0 °, along the fiber direction. This analysis provides insights into how the central cut
influences the axial deformations within the lamina, aiding potential stress concentrations and strain
distribution. However, a path was created along the circular cut-out for more insight into stress
concentration, as shown in Figure 15. Moreover, the total deformation along the stress concentration
region was examined for different stacking sequence orientations, as depicted in Figure 16, which
shows the stacking sequence of [0/0/0/0] having the most negligible deformation. In general, the
stresses along the cut-out edge circular path were analyzed as illustrated in Figure 17, and it was
observed that the stacking sequence [0/0/0/0] handled the stresses evenly and well distributed,
though it experienced some pick stress at the region of stress concentration.

AJ: Static Structural
Total Deformation

0.039598 Max
0035198
0030799

| 0026399
0021999
0017599
0013199
00087996
00043998
0 Min

000 45000 900.00 (mm)
- ]

22500 675.00

Fig. 13. Axial deformation of laminated composite plate
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Fig. 17. Laminated composite plate stresses along the cut-out edge

4.4 Analysis of stress on the lamina of composite plates with center cut

This section examined the analysis of stresses on a lamina of composite plates with a center cut
having a stacking sequence [0/90/90/0], and the distribution of internal forces and deformations
within individual layers of the composite material were equally investigated. The simulation accounts
for stresses on each of the four layers of the composite plate, as shown in Figure 18 along the lamina
stack up (Figure 19), thereby identifying regions of higher or critical stress within the lamina. A tensile
axial load of 10000 N was applied, as shown in Figure 20. As a result, the lamina of the first layer and
fourth layer having stacking sequence of [0] were examined, as illustrated in Figure 21, showing more
stresses in the outer layer. Similarly, Figure 22 shows the lamina of the second layer and third layer
having a stacking sequence of [90]; stresses are much less than when the stacking sequence is [0], as
there are almost at the neutral axis, and it is observed that the second layer has more stress than the
third layer.

1

Fig. 18. laminated composite plate; (a) Layer 1 stacking sequence [0]; (b) Layer 2 stacking
sequence [90] (c) Layer 3 stacking sequence [90] (d) Layer 4 stacking sequence [0]
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Fig. 22. Stresses from the long axis center to the cut-out edge (layer 2 and layer 3)

4.5 Harmonic response on composite plates with center cut

The harmonic response analysis of composite plates of stacking sequence [0/90/90/0] with a
center cut involves examining how they respond to sinusoidal excitations. However, the composite
plate is modeled with distinct material properties for each layer, incorporating the orientation of
plies and considering the presence of the central cut-out, Figure 23 and Figure 24 depicts the first 2
modes. The harmonic load of 10 N was applied on the composite plate top face, and specified
frequency ranges of 0 to 50 Hz were set, with a global damping ratio of 2%, and the response of the
plate were observed, revealing how its amplitude and phase vary across different locations as
depicted in Figure 25 for non-cut-out and cut-out composite plate. It is worth to mention that the
cut-out increased the pick frequency and adjusted the natural frequency slightly lower as compared
with non-cut-out composite plate. In addition, Figure 26 and Figure 27 shows the total deformation
of mode 1 and mode 2 of laminated composite plates respectively. It was observed that composite
plates with circular cut-outs have slightly higher deformation than laminated composite plates

without circular cut-outs, mainly along the cut-out region.
Ansys

2022 1

0.00 500.00 1000.00 (mm)
250.00 750.00

Fig. 23. Cut-out laminated composite plate deformational path of mode 1
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Fig. 27. Superimposed total deformation of mode 2 of laminated composite plate.

5. Conclusion

This study employs FEA to investigate the dynamic effects of ply angle and fiber orientation on
composite plates. The research reveals that cross-ply [0/0/0/0] exhibits the highest stiffness and
superior stress handling compared to other orientations, it is worth to mention that all configurations
have the same mass. The cross-ply balanced laminate [90/0/0/90] demonstrates better vibrational
characteristics regarding dynamic response than other laminate configurations. The findings
illuminate the intricate relationships between design parameters and structural vibrational behavior,
providing opportunities for optimizing composite structures. Furthermore, stresses at each lamina
were investigated, it was observed that stacking sequence [0/0/0/0] handled the stresses evenly and
well distributed. The results contribute to a deeper understanding of the interplay between material
composition and dynamic performance, in tailoring composite plate configurations for enhanced
vibrational characteristics. Moreover, harmonic analysis captures the effect of cut-out on composite
plate, which increases the natural frequency. The study emphasizes optimizing designs based on
simulation and theoretical results, aligning composite plate natural frequencies with operational
requirements, and mitigating resonance-related issues

Author Contributions

Conceptualization, A.M., E.C.0., M.A,, and B.S.; methodology, E.C.O., M.A., and B.S.; software, M.A,,
and B.S.; validation, A.M., E.C.O., M.A., and B.S.; formal analysis, investigation, writing—original draft
preparation, writing—review and editing, A.M., E.C.0., M.A,, and B.S.; visualization, M.A., and B.S. All
authors have read and agreed to the published version of the manuscript.

Funding
This research received no external funding.

Data Availability Statement
The study did not report any additional data.

107



Spectrum of Mechanical Engineering and Operational Research
Volume 1, Issue 1 (2024) 90-110

Conflicts of Interest
The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Acknowledgement
This research was not funded by any grant

References

(1]
(2]
3]

(4]

(5]

(6]
(7]

(8]
(9]
(10]

(11]

[12]

(13]

(14]

(15]

[16]

(17]

A. Wazeer, A. Das, C. Abeykoon, A. Sinha, and A. Karmakar, “Composites for electric vehicles and automotive sector:
A review,” Green Energy Intell. Transp., vol. 2, no. 1, 2023, doi: 10.1016/j.geits.2022.100043.

Y. Li and Q. Li, “Introduction,” in Engineering Materials, 2022, pp. 1-5. doi: 10.1007/978-981-19-5162-6_1.

S. W. Burande and D. V Bhope, “Review on material selection, tailoring of material properties and ageing of
composites with special reference to applicability in automotive suspension,” in Materials Today: Proceedings,
2021, pp. 520-527. doi: 10.1016/j.matpr.2020.10.741.

S. B. K. Reddy, G. V Jagadeesh, and T. S. Krishna, “Effect of Fiber Orientation and Ply Thickness on Mechanical
Behavior of Laminated Composites,” in Lecture Notes in Mechanical Engineering, 2023, pp. 259-265. doi:
10.1007/978-981-19-3895-5_20.

K. Sophia, M. Franz, O. Joachim, and H. Roland Markus, “COMPARING LOCAL FIBER ANGLES FROM DRAPING
EXPERIMENTS TO SIMULATIONS,” in ECCM 2022 - Proceedings of the 20th European Conference on Composite
Materials: Composites Meet Sustainability, 2022, pp. 710-717. [Online]. Available:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85149168358&partnerlD=40&md5=d8fd75227ea19000b0895a3b8f48b85a

A. D. Anto, S. Mia, and M. A. Hasib, “The influence of number and orientation of ply on tensile properties of hybrid
composites,” JPhys Mater., vol. 2, no. 2, 2019, doi: 10.1088/2515-7639/aaff7a.

A.Saood, A. H. Khan, and A. A. Khan, “Comparative Analysis of Non-linear Periodic Response of Cross-ply and Angle-
ply Laminated Composite Plates,” in Journal of Physics: Conference Series, 2019. doi: 10.1088/1742-
6596/1240/1/012156.

M. Smith, “New developments in carbon fiber,” Reinf. Plast., vol. 62, no. 5, pp. 266-269, Oct. 2018, doi:
10.1016/j.repl.2017.07.004.

B. A. Newcomb, “Processing, structure, and properties of carbon fibers,” Compos. Part A Appl. Sci. Manuf., vol. 91,
pp. 262-282, 2016, doi: 10.1016/j.compositesa.2016.10.018.

J. Pusch and B. Wohlmann, “Carbon Fibers,” in Inorganic and Composite Fibers: Production, Properties, and
Applications, 2018, pp. 31-51. doi: 10.1016/B978-0-08-102228-3.00002-5.

N. Vaneeswari and J. C. Sakthivel, “High performance carbon fiber composite and its applications,” Man-Made Text.
India, vol. 51, no. 12, 2023, [Online]. Available: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85181487307&partneriD=40&md5=f4c901d2ecle22100efalceeel0e366b

C. Helfen and S. Diebels, “A numerical homogenisation method for sandwich plates based on a plate theory with
thickness change,” ZAMM Zeitschrift fur Angew. Math. und Mech., vol. 93, no. 2-3, pp. 113-125, 2013, doi:
10.1002/zamm.201100173.

T. Wenxiang, L. Pengyu, S. Gang, H. Kun, H. Jipeng, and W. Cheng, “Refined plate elements for the analysis of
composite plate using Carrera unified formulation,” Acta Mech., vol. 234, no. 9, pp. 3801-3820, 2023, doi:
10.1007/s00707-023-03594-3.

Q. Guo and G. Shi, “An accurate and efficient 4-noded quadrilateral plate element for free vibration analysis of
laminated composite plates using a refined third-order shear deformation plate theory,” Compos. Struct., vol. 324,
2023, doi: 10.1016/j.compstruct.2023.117490.

S. L. Han and O. A. Bauchau, “Three-dimensional nonlinear shell theory for flexible multibody dynamics,” in
Proceedings of the ECCOMAS Thematic Conference on Multibody Dynamics 2015, Multibody Dynamics 2015, 2015,
pp. 443-467. [Online]. Available: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
84979639688&partnerlD=40&md5=1db6b56b48f900458c23b94a9e6c945f

S. Han and O. A. Bauchau, “Three-dimensional plate theory for flexible multibody dynamics,” in Proceedings of the
ASME Design Engineering Technical Conference, 2015. doi: 10.1115/DETC2015-47249.

W. Xiang and Y. Xing, “A new first-order shear deformation theory for free vibrations of rectangular plate,” Int. J.
Appl. Mech., vol. 7, no. 1, 2015, doi: 10.1142/5S1758825115400086.

108



Spectrum of Mechanical Engineering and Operational Research
Volume 1, Issue 1 (2024) 90-110

(18]

(19]
[20]
[21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]
(30]
(31]

(32]

(33]
(34]
(35]

(36]

(37]
(38]

(39]

M. Park and D.-H. Choi, “A two-variable first-order shear deformation theory considering in-plane rotation for
bending, buckling and free vibration analyses of isotropic plates,” Appl. Math. Model., vol. 61, pp. 49-71, 2018, doi:
10.1016/j.apm.2018.03.036.

V. Bojovi¢ and M. Rakocevi¢, “ANALYTICAL AND NUMERICAL SOLUTION FOR FREE VIBRATIONS OF LAMINATED
COMPOSITE PLATES,” J. Appl. Eng. Sci., vol. 22, no. 2, pp. 245-252, 2024, doi: 10.5937/jaes0-50407.

T. Ozben and H. Sen, “Damage Behavior of Hybrid Composite Plates Exposed to Impacts at Different Energy Levels,”
Mech. Compos. Mater., vol. 56, no. 3, pp. 361-366, 2020, doi: 10.1007/s11029-020-09887-1.

F. E. C. Marques, A. F. S. da Mota, and M. A. R. Loja, “Variable stiffness composites: Optimal design studies,” J.
Compos. Sci., vol. 4, no. 2, 2020, doi: 10.3390/jcs4020080.

T. A. Sebaey, E. V Gonzalez, C. S. Lopes, N. Blanco, and J. Costa, “Damage resistance and damage tolerance of
dispersed CFRP laminates: The bending stiffness effect,” Compos. Struct., vol. 106, pp. 30-32, 2013, doi:
10.1016/j.compstruct.2013.05.046.

V. Balasubramani, S. R. Boopathy, B. Stalin, and V. Kavimani, “An experimental investigation on impact dynamics
response of woven roved glass fiber reinforced polyester laminated composites,” Polym. Compos., vol. 43, no. 10,
pp. 7266-7277, 2022, doi: 10.1002/pc.26791.

C. J. Cameron, J. Larsson, M. S. Loukil, T. Murtagh, and P. Wennhage, “Bearing strength performance of mixed
thin/thick-ply, quasi-isotropic composite laminates,” Compos. Struct., vol. 261, p. 113312, Apr. 2021, doi:
10.1016/j.compstruct.2020.113312.

P. K. Karsh, T. Mukhopadhyay, and S. Dey, “Spatial vulnerability analysis for the first ply failure strength of
composite laminates including effect of delamination,” Compos. Struct., vol. 184, pp. 554-567, Jan. 2018, doi:
10.1016/j.compstruct.2017.09.078.

S. A. Setyabudi, M. A. Choiron, and A. Purnowidodo, “Effect of angle orientation lay-up on uniaxial tensile test
specimen of Fiber carbon composite manufactured by using resin transfer moulding with vacuum bagging,” IOP
Conf. Ser. Mater. Sci. Eng., vol. 494, no. 1, p. 012020, Mar. 2019, doi: 10.1088/1757-899X/494/1/012020.

H. Wu, Z. Zhang, S. Li, L. Tong, and J. Lu, “Tensile behaviour of THIN-PLY composites,” in ICCM International
Conferences on Composite Materials, 2019.

R. C. Bullock, T. Laux, O. T. Thomsen, and J. M. Dulieu-Barton, “PLY ORIENTATION EFFECTS IN MULTIDIRECTIONAL
CARBON/EPOXY OPEN-HOLE SPECIMENS SUBJECTED TO SHEAR LOADING,” in ECCM 2022 - Proceedings of the 20th
European Conference on Composite Materials: Composites Meet Sustainability, 2022, pp. 122-127. [Online].
Available: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85149172176&partnerlD=40&md5=fc7eaa376697b683f6964f0c4d75b8c5

A. M. Zenkour, “Simplified theory for hygrothermal response of angle-ply composite plates,” AIAA J., vol. 52, no. 7,
pp. 1466-1473, 2014, doi: 10.2514/1.J052631.

K. Draiche, A. Tounsi, and S. R. Mahmoud, “A refined theory with stretching effect for the flexure analysis of
laminated composite plates,” Geomech. Eng., vol. 11, no. 5, pp. 671-690, 2016, doi: 10.12989/gae.2016.11.5.671.
Q. J. Yang and B. Hayman, “Simplified ultimate strength analysis of compressed composite plates with linear
material degradation,” Compos. Part B Eng., vol. 69, pp. 13-21, 2015, doi: 10.1016/j.compositesb.2014.09.016.

Q. J. Yang and B. Hayman, “Ultimate strength predictions of imperfect composite plates,” in ICCM International
Conferences on Composite Materials, 2015. [Online]. Available:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85053135836&partnerID=40&md5=8915dd219ac72b3fd0f028920282eb0a

Q. J. Yang and B. Hayman, “Prediction of post-buckling and ultimate compressive strength of composite plates by
semi-analytical methods,” Eng. Struct., vol. 84, pp. 42-53, 2015, doi: 10.1016/j.engstruct.2014.11.013.

S. Javed, “A Numerical Solution of Symmetric Angle Ply Plates Using Higher-Order Shear Deformation Theory,”
Symmetry (Basel)., vol. 15, no. 3, 2023, doi: 10.3390/sym15030767.

J. Fazilati, “Stability Analysis of Variable Stiffness Composite Laminated Plates with Delamination Using Spline-
FSM,” Lat. Am. J. Solids Struct., vol. 14, no. 3, pp. 528-543, Mar. 2017, doi: 10.1590/1679-78253562.

C. Zhu and J. Yang, “Vibration Analysis of Harmonically Excited Antisymmetric Cross-Ply and Angle-Ply Laminated
Composite Plates,” in Vibration Engineering for a Sustainable Future: Experiments, Materials and Signal Processing,
Vol. 2, vol. 2, 2021, pp. 129-135. doi: 10.1007/978-3-030-48153-7_17.

K. Senthilkumar et al., “Static and dynamic properties of sisal fiber polyester composites - Effect of interlaminar
fiber orientation,” BioResources, vol. 12, no. 4, pp. 7819-7833, 2017, doi: 10.15376/biores.12.4.7819-7833.

X. Niu, W. Pan, and Y. Li, “MCT failure analysis of variable stiffness composite plate with a central hole,” Arch. Appl.
Mech., vol. 88, no. 12, pp. 2283-2292, 2018, doi: 10.1007/s00419-018-1454-y.

C. Cakiroglu and G. Bekdas, “Parametric Study of Dispersed Laminated Composite Plates,” in Materials Horizons:
From Nature to Nanomaterials, 2021, pp. 375—385. doi: 10.1007/978-981-33-4550-8_15.

109



Spectrum of Mechanical Engineering and Operational Research
Volume 1, Issue 1 (2024) 90-110

[40]

(41]

[42]

[43]

(44]

[45]

(46]

[47]

(48]

(49]
(50]

(51]

V. Infante, J. F. A. Madeira, R. B. Ruben, F. Moleiro, and S. T. de Freitas, “Characterization and optimization of hybrid
carbon—glass epoxy composites under combined loading,” J. Compos. Mater., vol. 53, no. 18, pp. 2593-2605, 2019,
doi: 10.1177/0021998319834673.

Y. Li, W. Ge, B. Liu, Z. Wang, S. Jin, and D. Dong, “Collaborative optimization for variable stiffness composite
laminates using a fiber angle description method based on Archimedean spiral function,” Compos. Struct., vol. 329,
2024, doi: 10.1016/j.compstruct.2023.117478.

K. Falkowicz, H. Debski, and P. Wysmulski, “Effect of extension-twisting and extension-bending coupling on a
compressed plate with a cut-out,” Compos. Struct., vol. 238, 2020, doi: 10.1016/j.compstruct.2020.111941.

G. Abu-Farsakh, Y. Hunaiti, and A. A. Bustami, “Effect of nonlinear material behavior of laminated composite plates
with central rectangular hole subjected to out -of- plane loading,” in MATEC Web of Conferences, 2017. doi:
10.1051/matecconf/201712001001.

U. Beyazgil and D. Balkan, “Investigation of buckling response of variable angle fiber composite plates using
differential evolution,” Int. J. Interact. Des. Manuf., vol. 17, no. 4, pp. 1579-1587, 2023, doi: 10.1007/s12008-022-
01195-3.

W. H. Mohammed, S. Shambina, and H. K. Ammash, “Effect of Fibers Orientation on the Nonlinear Dynamic
Performance of Laminated Composite Plate under Different Loading In-plane,” Civ. Eng. J., vol. 8, no. 12, pp. 2706—
2720, 2022, doi: 10.28991/CEJ-2022-08-12-03.

A. Tati, S. Bouadjadja, and Y. Bada, “Free Vibration of Thermally Stressed Angle-Ply Laminated Composite Using
First-Order Shear Deformation Theory Model with Assumed Natural Shear Strain,” J. Inst. Eng. Ser. C, vol. 100, no.
6, pp. 937-947, 2019, doi: 10.1007/s40032-018-0484-0.

H. Akhavan, P. Ribeiro, and M. F. S. F. De Moura, “Composite laminates with linearly varying fiber angles under
static and dynamic loads,” in Collection of Technical Papers - AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics and Materials Conference, 2013. doi: 10.2514/6.2013-1565.

M. M. Shokrieh and S. M. K. Shahri, “Modeling residual stresses in composite materials,” in Residual Stresses in
Composite Materials, Elsevier, 2021, pp. 193-213.

R. M. Jones, Mechanics of composite materials. CRC press, 2018.

J. R. Vinson, Plate and panel structures of isotropic, composite and piezoelectric materials, including sandwich
construction, vol. 120. Springer Science & Business Media, 2005.

P. Dey, S. Haldar, D. Sengupta, and A. H. Sheikh, “An efficient plate element for the vibration of composite plates,”
Appl. Math. Model., vol. 40, no. 9-10, pp. 5589-5604, 2016.

110



