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ABSTRACT

Thickness variation in structures has significant influence in their structural properties which makes it as an
important consideration in engineering design. Varying thickness profile has gained many attention in its
application due to the potential to optimise performance and reduce material usage. However, the impact of these
thickness variations on modal behaviour of structures has not been fully understood. This study aims to investigate
the effects of thickness variation on the modal properties of structural plates. Two plates with different
configuration were modelled in MSC.Nastrab/Patran Software in which one plate has uniform thickness while the
other has tapered thickness. Finite element modal analysis was performed to determine the natural frequencies
and mode shapes of both plates. The results revealed that the plate with varying thickness has lower natural
frequencies and its mode shapes are more complex and asymmetric compared to the plates with uniform thickness.
These findings suggest that thickness variation can significantly alter the vibrational characteristics of structures
which is important in design optimization of applications such as automotive and aerospace engineering.
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Abbreviations

FGM Functionally graded material
PVB Polyvinyl butyral

uT Uniform thickness

VT Varying thickness

1.0 INTRODUCTION

The study of thickness profile in structures is one of the significant topics in engineering application in which
the thickness profile is one of important aspects or properties that needs to be considered in functionally graded
materials (FGMs). Thickness variation has a significant impact on structural properties and can influence the
structure’s performance. The changes in modal properties for structures with varying thickness and uniform
thickness have also become the topic of interest in material science and structural engineering. There are many
studies that have explored the impact of non-uniform thickness variations on the mechanical response of the
structure as reported by Sarkar and Rahman and Madan abd Bhowmick [1, 2]. It was found by Sarkar and Madan
that FGM disks with non-uniform thickness profile is more efficient in terms of thermo-mechanical behaviour
than the classic uniform thickness one [1]. Madan and Bhowmick have done investigations on rotating disks and
proved that speed limit increases substantially as the thickness profile transitions from uniform to varyinng
thickness [2]. These studies highlighted the importance and need to understand how the thickness variation
influences the performance of a structure.

Other previous studies also investigated the effectiveness of varying thickness profile. For example, Meng and
Dou conducted an optimization work on new structure of local uniform thickness and the traditional variable
thickness designs for radomes [3]. Similarly, Yuan conducted topology optimization work on stamping structures
which stated the significance of considering thickness heterogeneity in the design [4]. There are other studies that
investigated the optimal design of variable thickness plates to minimize vibration. The study emphasised the
importance of considering varying thickness profiles for effective vibration reduction [5]. Lal and Siani also
conducted a vibrational analysis on graded circular plates with variable thickness which suggested that the
structure with varying thickness is gaining attention in many engineering application [6]. There is also a study
that optimized an annular fin profile for heat dissipation and thermal stress reduction which displayed that the
concept of varying thickness has been explored to achieve optimal performance [7].

In the field of automotive, the study of profile thickness is one of the important research area as the industry
strives to look for weight reduction for fuel efficiency and material savings. Understanding the behaviour with
different thickness profile is important when enhancing the efficiency, safety and the functionality of automotive
components. For example, Baraotaji et al. conducted a study on a varying thickness profile for crash box structure

Received on  21.08.2024
Accepted on  27.09.2024
Published on  27.09.2024 61



Volume 4 Issue 2 (September 2024)

and it shows promising energy absorption characteristics suitable for vehicle crashworthiness applications [8]. Xu
et al. studied the energy absorption capabilities of material with different interlayer thicknesses to evaluate the
impact of thickness variation as well as material properties and impact speed with the energy absorption
capabilities [9]. Varying thickness of materials such as PVB interlayer as mentioned by Xu et al. in their study
shows that it has impact on energy absorption capabilities [9]. Additionally, research on thin-walled titanium alloy
sheets has demonstrated that gradient thickness profile affects residual stress and springback, which highlighted
the importance of thickness variations in manufacturing process [10].

In summary, the study of thickness profile in engineering structures has emerged as a critical area of research
due to its significant impact on mechanical behaviour and performance. Previous study has demonstrated that
thickness variation can lead to superiour energy absorption characteristics, better crashworthiness and control on
residual stresses in manufacturing process. While the effects of thickness variation on structural properties are
acknowledged, our study provides new insights into how varying thickness profiles specifically influence the
modal behaviour of structural plates. The novelty of this work lies in its detailed examination of the relationship
between non-uniform thickness and modal properties, particularly the natural frequencies and mode shapes of the
plates. Previous studies have also explored general impacts of thickness variations, but this study uniquely focuses
on quantifying these effects through empirical analysis and comparing the results for uniform and varying
thickness profiles. This study intends to explore and quantify the effects of varying thickness profiles on the
natural frequencies and mode shapes of structural plates. By comparing the natural frequencies and mode shapes
of two plates with uniform and varying thickness profile, this study will discuss on the its effect on the vibrational
characteristics of structures. The findings from this study will provide insights on how thickness profile affects
the dynamic response of materials which will impact the design and performance of structures in various
industries.

2.0 METHODOLOGY
2.1 Structure modelling

Two plates with different configuration were modelled in MSC.Nastrab/Patran Software (refer Fig. 1). The
first plate, which is referred to as the uniform thickness plated (UT plate), has constant thickness throughout the
entire plate. The first plate was modelled as a rectangular solid with constant thickness of 10mm and the
dimensions of the plate was set to 200mm x 500mm. This model was set as a standard baseline model for later
comparison. The second plate which is also referred to as the varying thickness (VT) plate has similar dimension
to the the uniform thickness plate but features a linear thickness transition from 15mm at one end, and 5mm at the
opposite end. This design is used with the aim to investigate the effects of non-uniform thickness on modal
behaviour. This design is also chosen to simulate an engineering scenario where material savings and structural
optimization can be achived by using structure with varying thickness.

In both plates, the geometric models were constructed as solid so that the thickness variation can be accurately
modelled. In fact, the shelle elements is seen as unsuitable for this study because it can only better suited for
uniform thickness profile and might not be able to capture the effects of varying thickness very well. The plates
model was meshed into isometric hexahedral elements. The mesh size was refined after mesh convergence study
was conducted in order to get the accurate results with optimum computational efforts. The mesh convergence
study was conducted by refining the mesh size iteratively and observing the changes in natural frequencies value
until the stabilised value was achieved. This is to ensure the model reliability where it can be verified that the
results obtained will not significantly be affected by the mesh size. The material properties of steel were assigned
for both plates with the value of Young’s modulus of 200GPa, density of 7800kg/m?, and Poisson’s ratio of 0.3.
The standard material properties for steel were used and selected based on published studies data and also
manufacturer specifications which are derived from standardised experimental tests. This is to ensure that the
models behave according to the assigned materials performance. All these properties are the critical input for the
finite element model which can directly influence the stiffness and mass distribution of the plates and hence can
affect the modal properties of the plates.
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(b)
Figure 1. Finite element model of (a) UT plate and (b) VT plate

2.2 Finite element analysis

Both finite element of the plates were set to remain in free-free boundary condition where no loads or
constraints were applied. This is because of the intention of this study which is to focus on evaluating the inherent
vibrational properties of the plates and therefore the influence of external forces or restraints can be eliminated.
The free-free condition is considered by many previous studies and proved to be useful in modal analysis as it
allows the natural frequencies and mode shapes to be determined puurely based on the geometry and material
properties [11,12].

The analysis was conducted in linear static modal analysis using SOL103 in order to determine the natural
frequencies and the mode shapes of both plates. SOL 103 performs a linear perturbation analysis that assumes
material behaviour of the structure remains linear with small deformations [13,14]. During the analysis, first ten
natural frequencies and their corresponding mode shapes were obtained for both plates. The value of natural
frequencies and mode shapes obtained from both plates were compared and analysed to determine the impact of
thickness variation on the modal behaviour. The shifts in natural frequencies and difference in mode shapes as
well as the percentage differences in natural frequencies value were calculated and compared to quantify the
impact of the thickness variation and therefore can provide insights into potential benefits or disadvantages of
using tapered design structure. The mode shapes were further examined to classify the nature of vibrations and to
see if the thickness variation can show any new any unexpected vibrational patterns. The results are discussed in
detail in the subsequent section where the implications of the findings are explored with respect to their suitability
for engineering applications.

3.0 RESULTS AND DISCUSSION

The values of the natural frequencies for the UT and VT plates as well as the percentage difference between
the natural frequencies value for each mode are illustrated in Table 1. Based on the table, the percentage
differences in natural frequencies vary across the modes. The analysis shows a reduction in natural frequencies
for the VT plates compared to the UT plates. The percentage differences in natural frequencies between the two
plate types vary by mode with initial modes show smaller differences that ranged from 0.84% to 4.17%.
Intermediate modes show more significant variations which reflect the impact of thickness changes on these
modes. In the intermediate modes (modes 4-7), larger percentage differences are noted with mode 5 and mode 7
showing the highest discrepancies at 13.85% and 18.71%, respectively. These higher values suggest more
sensitivity towards the local variations in thickness as the modes involve more complex bending and twisting
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deformation. In addition, the varying thickness can also has stiffness reduction in some regions which lead to a
noticeable decrease in natural frequencies values. Meanwhile, in higher modes which are mode 8 to mode 10, the
percentage differences show varying trends. There is a negative difference in mode 8 which indicates that the
varying thickness configuration slightly increases the stiffness in mode shapes’s region of interest due to the
thicker sections that coincide with critical deformation areas. The other high modes also still show sensitivity to
the thickness variation with reduced value of natural frequencies. This suggests that stiffness reduction generally
outweights any potential of mass reduction benefits as the mass of both plates was kept to be constant [15].

Meanwhile,

Table 2 shows the comparison of mode shapes in UT and VT plates. It can be seen from the mode shapes that
as the modes increase, there are more transitions from pure bending to more complex interaction. There are also
variations in mode shapes between the UT and VT plates which indicate how thickness affects vibrational
characteristics. The varying thickness causes more complex mode shapes due to the changes in stiffness
distribution. It is expected that in UT plate which has uniform distribution of thickness will lead to smoother
deformation patterns. The shown mode shapes also exhibit a straighforward progression from lower-order bending
modes to more complex higher-order modes which reflect the uniform stiffness and mass distribution throughout
the plate. However, VT plate which introduces non-uniform stiffness has the mode shapes to be significantly
affected.

The non-uniformity resulted to more complex deformation behaviour at lower modes and accelerated the
transition to higher-order modes [16,17]. The increase complexity in the deformation pattern is shown in the
regions with reduced thickness. Also, the varying thickness causes the mode shapes to become asymmetry even
in the lower modess. The asymmetry condition can have significant impact in application where uniform stress
distribution or predictible vibrational behaviour is critical. Thus, when designing structures with non-uniform
thickness, one should pay attention to these differences as the altered mode shapes in varying thickness structure
could lead to unexpected resonances or stress concentrations [18].

Table 1: Natural frequencies of the uniform thickness plate and the varying thickness plate
Natural frequencies (Hz)

Modes Uniform thickness (UT) Varying thickness (VT) Percentage difference (%)
1 208.38 206.63 0.84
2 316.26 305.10 3.53
3 576.10 552.05 4.17
4 676.85 631.51 6.69
5 1116.5 961.73 13.85
6 1125.2 1051.1 6.58
7 1336.0 1085.7 18.71
8 1446.3 1462.2 -1.10
9 1698.7 1584.5 6.72
10 1845.2 1737.2 5.85
Table 2: Comparison of mode shapes
Modes Mode shapes
Uniform thickness (UT) Varying thickness (VT) Remarks
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Mode shapes
Uniform thickness (UT) Varying thickness (VT) Remarks
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4.0 CONCLUSION

This study investigates the impact of thickness variation on modal behaviour, by highlighting that varying
thickness profiles influence natural frequencies and mode shapes. While detailed numerical quantification of
frequency changes with specific thickness reduction is beyond the scope of this study, the findings contribute to
the understanding towards the effects of thickness variation on modal characteristics. Based on the discussion and
results presented, it is apparent that thickness profile has a significant impact on the dynamic characteristics of
the structure which influences the natural frequencies value and the mode shapes of the structure. Novel
contributions are introduced by providing detailed analysis of the effects of varying thickness profiles on modal
behaviour, focusing on natural frequencies and mode shapes. This work is able to provide significant information
for designing structure with optimised performanced and material efficiency. The findings of this study can be
summarised as follows:

i The thickness variation of the VT plates significantly affects the natural frequencies and mode shapes.
The VT plate shows generally lower natural frequencies compared to UT plate especially in
intermediate modes with complex bending and twisting deformations.

ii. Middle modes (mode 4 to mode 7) display more sensitivity to thickness variation with noticeable
percentage differences in natural frequencies. Local stiffness reductions in VT plates also cause the
decrease in natural frequencies. This aspect needs to be taken into consideration for further structural
design process.

iii. VT plate shows more complex and asymmetrical mode shapes compared to UT plate. This indicates
the non-uniform stiffness distribution in VT plate accelerates the transition to higher order modes and
causes asymmetry. This can affect applications that require uniform stress distribution and predictable
vibrational behaviour.

For further research on this topic, other researchers can explore the interaction of thickness variation with other

design parameters such as material properties, boundary conditions and others so that optimize structures for
enhanced vibration performance can be suggested.
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