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Abstract - Parts A and B form this report. Part A investigates the influence of frequency on a square plate using Warburton's
theorem. A Modal evaluation is performed on a fixed square plate having a length and width of 1000 mm x 1000 mm and a
thickness of 1.75mm employing Siemens NX, version 12. SOL 103 real Eigenvalues is the solver utilized within the program
to determine the mode patterns on the plate of the first ten natural frequencies. To correlate the simulation performance
analysis with the underlying analytical theory, the first 10 natural frequencies are obtained in excel using Warburton's
theory. With the exception of a few differences, the simulation mode forms corroborate Warburton's hypothesis and were
near to the analytical predictions. Part B explicitly define background theory of linear and nonlinear analysis. A simulation
of the linear and nonlinear behavior of a guttering bracket was also carried out to examine the behavior of the model. The
analysis shows that for an applied force of 100 N, the maximum displacement for both linear and nonlinear is within 5 mm.
While the stress acted on the material shows that the true stress is the nonlinear analysis, as it shows the nodal stress
concentration.

Keywords - Square plate, Warburton's Theorem, Finite Element Analysis (FEA), Natural Frequencies.

1. Introduction
1.1. Background Hence, Okafor, Adeniran and Adeniran (2025), Adorno

and Palazotto (2023) and Warburton and Edney (1984) used
the Rayleigh-Ritz approach in finding the natural
frequencies in transverse vibration of thin plates with
elastically constrained edges by employing the appropriate
vibration mode forms of a beam with classical boundary
conditions as presumed variables (Dickinson and Di Blasio,
1986; Laura, 1997; Zhou, 1995a; Zhou, 1995b; Okafor,
2024). The various modes of vibration of a square plate
describe the nodal pattern in it. Figure 1 shows the nodal
pattern in the m- direction and Figure 2 shows the nodal
pattern in the n- direction.

Following the various practical applications, there is
quite a variety of research devoted to vibrating square plates
following Euler's first numerical approach in 1766.
Controlling vibrations is an important component in the
structural design process since excessive vibration can cause
difficulties spanning from noise and vibration disturbance to
structural collapse. As a result, it is critical to conduct a
vibration profile analysis for metal plates to forecast and
ensure that vibration responses, forces, stresses, and
radiated sound are within an acceptable threshold under
normal operating circumstances (Brunesi et al., 2014;
Dickinson and Di Blasio, 1986; Nowacki, 1963).
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Source: Hughes and Tezduyar (1981)
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Fig. 2 n- Direction of the nodal pattern

Source: Hughes and Tezduyar (1981)

Also, the Mindlin plate theory is used to solve the
mathematical model stress deformation analysis of the
plates. It is deemed to be an extension of the Kirchhoff-love
plate and accurate because it considers the shear
deformation of the plate (Ike, 2019; Okafor, 2025).

1.2. Lanczos and Householder Process

Cornelius Lanczos developed the Lanczos method,
which he modified from the power technique and utilized to
determine the m Eigenvalues as well as Eigenvectors of a n
x n Hermitian matrix (Lanczos, 1950). Furthermore, even
after the 1970s, engineers were unable to use the technique
and adapt it to extremely big buildings with dynamic
loading (Ojalvo and Newman, 1970).

According to Allerdt et al. (2020), the Householder and
QR factorization techniques were superior for solving
eigenvalue issues with general matrices (Welch-Phillips,
2020; Williamson and Williamson, 2021). Once computers
could solve large matrices, the Lanczos technique beat the
general algorithms. The Householder method and the
Lanczos method are very similar and can be used to
accomplish the same objective because they have the same
properties for eigenvalue convergence (Ahmed, 2023;
Brunesi et al., 2014; Sau and Heyde, 1979). The Lanczos
technique, on the other hand, is better for the ten lowest
eigenvalues.

1.3. Objective
e To model a square plate and apply Warburton’s theory.

e To use FEM analysis to investigate and simulate the
model.

e To evaluate the theoretical values of the first ten natural
frequencies in excel.

2. Methodology
2.1. Materials

This study employed thorough checks on different
journals, archives, articles, conferences, and magazines to
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understand the vibration theory of a thin metal square plate
with all sides fixed.

2.1.1. Software Used

The Siemens NX, version 12.0, was used to design the
Square Plate, and it is versatile enough to handle the various
modeling that the tools for Computer-Aided Design (CAD)
and Computer-Aided Engineering (CAE) will handle.

2.1.2. Material Selection and Properties

The material selected for this model is steel. This is due
to its application and functions in the global industry. Steel
is widely used in most works because of its high tensile
strength, durability, rust resistance, conductivity, luster, and
many more. Other properties, such as young modulus,
poison's ratio, density, and others, are presented in Table
2.1.

Table 1. Properties of Steel material.

Features VALUE UNIT
Young Modulus 2.10E+05 | N/mm?
Poison's ratio 0.3
Gravity (g) 9.81E+03 N
Density (p) 7.83E-05 g/mm?
Thermal conductivity 25 W/m°C

2.2. Methods

With the use of the NX Simcenter, a square plate model
was created with dimensions 1000 mm by 1000 mm. Then
the model was extruded to a thickness of 1.75 mm, and then
apply the pre-post FEM method was applied to analyze the
square plate with all sides fully fixed to obey the Warburton
theory (Cattari, 2022; Chan, 1988; Datta and Rakesh, 2010).
The model was created with the “new” command displayed
on the home tab, followed by the model, set the model’s
name as "Square plate" and save it in a folder as shown in
Figure 3.
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After creating the model, on the home tab- application
theory (Lancoz- Eigenvalue solver).

and then pre/post as shown in Figure 4, which helps to
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Fig. 4 Pre/post—application of the model

solution type selected is the SOL 103 Real Eigenvalues, as
can be seen in Figure 5. Also, the real eigenvalue method
used is the Lanczos and householder solver, which helps
simplify the analysis into different modes of frequency
acting upon the square plate.

Once the Pre/Post is created, then the Fem and
simulation part files can be generated from the idealized part
file. The fem file consists of mesh data, materials, and
physical properties, while the Simulation file includes the
boundary conditions and specific data solution solvers (Li,
2023; Mackerle, 1997; Nanetti and Benvenuti, 2021). The
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Hence, a mesh can be created (2-D Mesh), and the  with element properties type as CQUAD4, while (b) is the
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Once the meshing is completed, save it on the sim file
and make the sim file the displayed and worked part (Xue,
2023; Zhao, 2020; Zhou, 1995a; Zhou, 1995b). From the
sim, the worked part, home- constraint type — fixed
constraints (Figure 8), and pick all four sides of the square
plate to apply the boundary conditions. When completed on

the simulation navigator, right-click the mouse on the
solution and solve (Nowacki, 1963; Ojalvo and Newman,
1970; Osadebe, 1997; Reddy, 1984; Sau and Heyde, 1979).
Allow the process to generate the analysis and evaluations
for the model, after which, view the results generated.
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2.3. Plate Geometry

To explain plate interactions, several theories and
models were created. Kirchhoff theory, Mindlin theory (Do
et al., 2020; Geng et al., 2001; Hendriks and Rots, 2013;
Ike, 2019). Reissner theory, Shimpi improved theory, Reddy
theory, and Osadebe plate model are a few of them
(Lanczos, 1950; Laura, 1997; Sifakis and Barbic, 2012;
Warburton and Edney, 1984). In this study, Warburton is an
infinitesimal linear theory appropriate for thin orthotropic
and isotropic surfaces. The basic equations and techniques
of solution will be presented before discussing the various
boundary conditions. The vibration form for a square plate
with sides of lengths a and b must meet the boundary criteria
for fully fixed edges according to(Ike, 2019) ,
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Where w is the displacement of any point on the x, and
y-axis with time t, and is given as

@)

w= W sinwt

w is the transverse displacement of the plate on a
particular area, w =2xf

The criteria of fixity allow us to write:

Cancel

Fig. 8 Applying a constraint on the model

e For no displacement:
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Fig. 9 Illustration of a uniformly fixed square plate (Imrak and
Fetvaci, 2009)

2.4. Expression of the Square Plate Frequency

According to the following coefficient, the frequency
equation is obtained from Warburton's theory of a fully
fixed rectangular plate, and a similar approach was adopted
for the square plate.

G, = (m—%) (11)

Gy =(n-2) (12)

Where m and n are the numbers of nodal lines in the X
and Y directions, respectively, Gx and Gy are the functions
of m and n in frequency representation.

iy = (-2 (1- ) (13)
Vewm) o

Where Hy, Hy, Jx and Jy are the functions of m and n in
the frequency evaluation.

e = (=3 (1- ) g

= (-9 (1725 (19

With a non-dimensional frequency factor A, the
proportionality frequency is obtained.

H, =(m—

pa*(21f)?12(1-a?)

2= NEh?g (a7

While for a boundary condition with free, fixed sides,
its frequencies are obtained using the expression.

4 2
=Gt 4G L+ 2 (WHH, + (- )]y)  (18)

Hence, the frequency factor is calculated with the ratio
a/b and the frequency obtained by

1

_ Men g\
F== (E x48p(1_v2)> (19)

3. Result and Discussion
3.1. FEM Simulation Result

The nodal pattern in a fixed plate with frequency
applied to it, according to Warburton's hypothesis, will
manifest itself in a circular form for the first ten natural
frequencies or modes, with the help of the Lanscoz, as
shown in Figure 10.

The nodal pattern on the plate will alter and take on
distinct forms as the frequency increases. This is
corroborated by the Siemens NX simulation findings in this
study (Bathe and Cimento, 1980; Bhavikatti, 2005; Brunesi
et al., 2014). Table 2 depicts the simulation model of
Frequency and von mises stress exacted on the square plate,
which shows the first ten natural frequencies and stress,
including their inherent modes (Lancoz solver).

The simulation Frequency results are presented in
graphs, and Table 3 shows the analytical method using excel
to apply the Warburton equations. When the initial natural
frequency generated a circular nodal pattern on the plate, the
mode shape altered as the increase in frequency occurred.

2 square plate_sim2
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%y [, Structural
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+Mode 1, 15.28Hz
+ Mode 2, 31.15Hz
+- Mode 3, 31.15Hz
+- Mode 4, 44.96Hz
+- Mode 5, 56.30Hz
+- Mode 6, 56.57Hz
+- Mode 7, 68.60Hz
+ Mode 8, 68.60Hz
+- Mode 9, 89.16Hz

+- Mode 10, 90.97Hz

Fig. 10 Result of the FEA Simulation
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Table 2. Result analysis of the FEA frequency and stress (Von Misses) of the square plate

Modes

Mode shape of the FEA
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Additionally, Figure 11 compares theoretical and
simulation results, demonstrating that there is a positive
association between frequency and mode forms as they both
grow. Yet, the graph shows that the outcomes are not the
same. As the analytical frequency is below the simulated
frequency, this is initially seen in mode 7. This is more
noticeable in the variables from modes 8, 9, and 10, where
the analytical frequency is lower. The range of error among
simulation and analytical findings is shown in Table 3.
According to the table, the proportion of mistakes in mode
8 is larger than in modes 9 and 10. When utilising software

140.00
120.00
100.00

80.00

60.00

Frequencies

40.00

20.00

0.00

e Simulation Hz

like Siemens NX, a degree of error should be expected. This
is not to indicate that the programme is flawed, but rather
that there are factors beyond the person's discretion. For
instance, the present vibration research shows that as the
mode increases, likewise does the specificity of the
constraints, potentially causing differences or foibles in the
findings. Furthermore, as the model rises, the elements must
be further correct when attempting to solve the modelling,
potentially causing deficiencies and differentiation among
analytical and simulation.

5 6 7 8 9 10
Modes
AnalyticalHz

Fig. 11 Graphical representation of Frequencies against mode (comparisom of analytical and simulation result)

Table 3. Analytical result of the first ten Natural Frequenc

ﬂ‘:}‘:}%‘; m n Gx | Gy | Hx | Hy Ix Jy % A | Frequency
1 2 2 1.5 15 | 130 | 130 | 130 | 130 | 13.48 | 3.67 15.67
2 2 3 15 | 25 | 130 | 466 | 130 | 466 | 56.19 | 7.50 31.99
3 3 2 2.5 15 | 466 | 130 | 466 | 130 | 56.19 | 7.50 31.99
4 3 3 25 | 25 | 466 | 466 | 466 | 4.66 | 121.53 | 11.02 47.04
5 4 2 3.5 1.5 [ 1002 | 130 | 10.02 | 130 | 181.08 | 13.46 57.42
6 2 4 15 | 35 [ 130 [ 1002 | 1.30 | 10.02 | 181.08 | 13.46 57.42
7 3 4 25 | 35 | 466 | 1002 | 466 | 10.02 | 282.50 | 16.81 71.72
8 5 2 45 1.5 | 1739 | 130 | 17.39 | 1.30 | 460.16 | 21.45 91.54
9 4 4 35 | 3.5 | 1002 | 10.02 | 10.02 | 10.02 [ 501.00 | 22.38 95.51
10 5 3 45 | 25 | 1739 | 466 | 17.39 | 4.66 | 611.10 | 24.72 105.49

Nevertheless, based on table 3 and Figure 11, modes 8 and 9 does not support this; it is possible that this is an anomaly

Table 3. % error difference between the analytical and simulation results

in the data.
Number of modes m n
1 2 2
2 2 3
3 3 2
4 3 3
5 4 2
6 2 4

Simulation Hz

18

Analytical Hz | Gap (Hz) e %
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3.2. FEA Results vs Literature

Many publications on the mode forms of a square plate
at natural frequency have been published. As a result, it is
useful to compare such earlier conducted forms to the mode
shapes derived by the FEA study, as shown in Figure
4 below. When the mode forms are examined in relation to
the reported mode shapes by Imran, Khan, and Badshah, the
findings of Hong and Jang (2015; lke, 2019, Imrak and
Fetvaci (2009), and Imran et al. (2019) are consistent. The
look of the mode forms is consistent, particularly in the first

few modes. The latter two modes have a little variance in
look, although they have a comparable structure. Its
magnitude in the reported modes is more focused in some
regions, but the magnitude in the modes gathered for this
research is more uniformly distributed throughout an area.
It is possible to have numerous causes for this, one of which
is to be a meshing variation, implying that one set of
findings is collecting a more comprehensive collection of
data in a significant increase of vertices.

Table 4. FEA result comparison with published literature (Imran, Khan and Badshah, 2019)

Mode shape of the FEA

Literature Review

Resull
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Mode shape of the FEA

Literature Review
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4. Conclusion

Siemens NX12's solver 103 was used to do modelling
and simulation on a completely fixed plate. The findings of
real Eigenvalues and analytical methods centred on
Warburton's theory were paled in comparison. According to
Warburton's idea, the initial frequency would generate a
circular mode form on a fixed plate, which would
subsequently shift as the frequency increased. Modal
analysis is required in engineering since everything has a
natural frequency that must be evaluated. This is because if
a frequency is applied to an item that has a wavelength
comparable to the frequency in the thing, both frequencies
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