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Abstract

This research endeavors to examine the effect of stiffener shapes on the structural capacity of stiffened-plate structures,
specifically focusing on Tee (T), Angle (L), and Flat (1) stiffened plates. The primary objectives are threefold: firstly, to
quantify the critical load values during the buckling phenomenon for T, L, and | stiffened plates; secondly, to assess
model deformation upon failure; and thirdly, to investigate whether the buckling behavior of T, L, and | stiffened plates
correlates with distinct failure patterns. Employing numerical simulation through the finite element method, this study
sheds light on previously unexplored aspects of structural behavior. The findings indicate that angle stiffeners exhibit
superior load-bearing performance compared to flat bars. Notably, the research reveals a substantial increase in
maximum compressive load by at least 15.90% with Tee bar and 8.25% with angle bar stiffeners when the stiffened
panels undergo a 5 mm displacement, presenting a potential avenue for structural enhancement. Additionally, the study
demonstrates that T bars outperform in terms of resisting buckling. Noteworthy is the novel approach of examining the
combined effect of transverse frame, longitudinal frame, and hull girder under buckling scenarios, a facet not explored
in previous research. Furthermore, the utilization of steel S355JR-EN10210 as a material introduces a unique dimension
not previously considered in these scenarios.
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1. Introduction

Ships play a crucial role on a global scale and are an essential element of international commerce. By 2020, nearly
10.7 billion tons of international maritime trade were carried out. Nevertheless, this figure is marginally reduced
compared to 2019 as a result of the sequential disruptions caused by the COVID-19 pandemic in supply chains, demand,
and logistics. The COVID-19 pandemic has proven to be disrupting maritime transport, although the results are less
damaging than previously feared. In the year 2019, the global maritime trade amounted to 11.2 billion tons. Contrary to
predictions, the decline in volume during 2020 was less severe than anticipated. By year-end, there was a recovery,
setting the stage for a significant shift in worldwide supply chains and the emergence of novel patterns in maritime trade.
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The disruptions in the initial half of 2020 led to a contraction of 3.8 percent in maritime trade for the year [1]. Not only
that, safety and shipping studies show that there will be 49 missing ships by the end of 2020 worldwide. All in all, in
2019, it was reported that there were 48 missing ships that occurred worldwide [2]. Various factors contribute to this
catastrophe, including but not limited to fire or explosion, collisions, grounding, hull impairment, and engine
malfunction or failure.

Numerous authors have delved into the investigation of buckling and post-buckling phenomena in thin-walled
structures exposed to buckling loads. Among them, Paik & Seo [3] and Omidali & Khedmati [4] focused their research
on the thin-walled structures’ stability. Paik & Seo [3] contributed valuable insights by applying nonlinear finite element
methods (NLFEM) to assess the Ultimate Limit State (ULS) of steel stiffened-plate structures. Their exploration
involved utilizing lateral pressure actions and biaxial compression to evaluate the ultimate strength of the panels. Doan
et al. [5] conducted a strength assessment of panels made of stiffened aluminium and steel, featuring openings on
longitudinal girders under compressive loads. Employing finite element analyses, they provided a detailed description
of the models' deformation. Pedram & Khedmati [6] utilized finite element analyses to investigate how welding affects
the strength of aluminium-stiffened plates under the influence of both uniaxial compression and lateral pressure. The
study incorporated common marine aluminium alloys with mechanical and geometrical imperfections in the stiffened
panel. In a case study without finite element analyses, Guedes Soares and Gordo [7] introduced approaches for designing
stiffened plates subjected primarily to uniaxial compression. Their approach utilized the method outlined by the
American Bureau of Shipping (ABS) to determine buckling strength.

In recent years, researchers have shown a keen interest in the subject of dynamic buckling. An illustrative example
is the study conducted by Feng et al. [8]. The study concentrated on conducting a compression test on hull plates to
evaluate the influence of interconnected damage on their ultimate strength. Using AH36 steel material, the research
investigated the ultimate strength of hull plates affected by both pitting corrosion and cracks simultaneously. Cui &
Wang [9] undertook both numerical and experimental examinations of the capacity of corrugated and plane bulkheads
subjected to lateral pressure. Their study, employing corrugated stiffener types, revealed that when a corrugated
bulkhead deforms under lateral pressure, the flange on the bulge side primarily experiences tensile stress, while the
flange on the opposite side bears compressive stress. Lee & Kang [10] explored the elastic local buckling factors of I-
shaped beams with a focus on flange-web interaction. Their study aimed to comprehend the local buckling characteristics
and strength of I-shaped structural sections using three-dimensional finite element analysis, with a specific emphasis on
the interactions between flanges and webs. Another study conducted by Boissonnade et al. [11] employed both
experimental and numerical approaches to investigate buckling, utilizing cellular steel beams as structures. Moreover,
Ghadami et al. [12] investigated the buckling and post-buckling characteristics of I-beams with coped top flanges and
slender web panels. Their study investigated the influence of plate slenderness, cope specifications (depth, length), and
initial geometric imperfections on the elastic, inelastic, and post-buckling responses of such beams. Stiffened panel
structures featuring flat, angle, and Tee bar stiffeners play a pivotal role in marine engineering, thin-walled structures,
particularly within the domain of ship construction. These distinct stiffener types are strategically employed to enhance
the structural integrity and strength of ship components, ensuring optimal performance under varying maritime
conditions. Observing that the majority of investigations into the buckling phenomenon concentrate primarily on the
hull plate structure, it is evident that these studies overlook the interactions among the plate, various stiffener types (L,
T, 1), transverse frame, longitudinal girder, and the specific marine steel grade material used.

The major aim of this investigation was to look into the behavior of stiffened plates subjected to buckling loads, with
a comprehensive consideration of various stiffener types, namely angle, flat, and Tee bar, in conjunction with the
influential factors of transverse frames and longitudinal girders. Notably, the study employed S355JR-EN10210 steel as
the material of choice, introducing a critical element to the analysis that had not been previously explored in this context.
Additionally, a numerical modeling approach employing the FE method was implemented. The reliability and precision
of this numerical model were established through a benchmarking study, aligning the simulated outcomes with
experimental results. Moreover, this study placed an emphasis on scrutinizing the failure mechanisms inherent in
stiffened plates under the influence of buckling loads, as simulated through the finite element method.

2. Research Methodology
2.1. Benchmarking

The inclusion of a benchmarking study in the research methodology serves as a critical measure to guarantee the
reliability and robustness of the obtained results by validating the numerical simulations against established reference
values or experimental data. Tests of stiffened panels that have been performed by Quinn et al. [13] will become
benchmarking studies in this study. Figure 1a shows the specimen geometry and the dimensions of the stiffened panel.
The specimen has an arrangement with twelve sub-stiffeners and three stringers, each 590 mm long. The stringers
possess a height and thickness of 28 mm and 2.8 mm, respectively, parallel at 167 mm apart.
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Figure 1. (a) The dimension of the stiffened plate [13]; (b) deformation mode in the experiment [8]; and (c) deformation
mode in the numerical finite element.

The sub-stiffeners, measuring 8.7 mm in height and 1.4 mm in thickness, are positioned between the longitudinal
stringers. The plating exhibits a thickness of 2.2 mm. Utilizing Aluminium Alloy 2024-T351, specimens were fabricated
for experimental testing. A hydraulic testing machine with a 500 kN capacity conducted the tests.

In this study, the material properties of aluminium alloy (2024-T3) were assumed and used since the ones of 2024-
T351 were not mentioned in the study conducted by Quinn et al. [13]. The 2024-T3 has materials features as follows:
density p of 2780 kg/m?®, Young's modulus E of 73.4 GPa, Poisson's ratio v of 0.33, Yield stress o, of 315 MPa, Tensile
strength o,, of 550 MPa, and failure strain & 0.18 [14, 15]. The ones for 2024-T3 are presented in Table 1. A comparison
of the total mass stiffened panel to the original (as calculated by Quinn et al. [13]) and the proposed stiffened panel is
presented in Table 2. It is observed that they correlated well and had no significant deference compared to the
experimental data. The current stiffened panel has a total mass of 1.993 kg in comparison to the test data of 1.968 kg.
Hence, the mass percentage difference is lower than 1.27% if compared to the tests.

Table 1. Material features of 2024-T3

Property Symbol Value
Density p 2780 kg/m®
Yield stress g, 315 MPa
Young’s modulus E 73.4 GPa
Tensile strength oy 550 MPa
Poisson’s ratio v 0.33
Exponent n 0.406
Failure strain & 0.18

Table 2. Mass comparative study of the stiffened plate

Data Source Mass Mass Difference  Mass Difference (%)

Quinn et al. [13] 1.968 kg - -
Current study 1.993 kg +0.025 kg +1.27 %

The calculations are executed utilizing the ANSYS commercial software for finite element analysis [16]. The
deformation mode obtained from the numerical finite element seems in accordance with the experimental data in Figures
1b and 1c. The load versus displacement is shown in Figure 2. The examination of mesh convergence has been carried
out on stiffened panels of varying dimensions, ranging from 40 to 60 mm in the finite element analysis. As shown in
Figure 2, the load versus displacement curves for all element sizes are extremely similar to experimental results. Quinn
et al. [13] found that the capacity of the experimental buckling of the stiffened panel showed at 255 kN. Here, the 40,
45, 50, 55, and 60 mm of element sizes produce the ultimate strength of 258.43, 250.74, 253.86, 252.18, and 238.81 kN,
respectively. It is observed that the error produced by these element sizes does not exceed 6.6%. The choice of a 60-mm
mesh size is based on a careful consideration of both computational time and accuracy, as illustrated in Figure 2. This
mesh size is sufficiently small to accurately capture the deformation of the model.
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Figure 2. Mesh sensitivity study of the stiffened plate obtained through finite element analysis

2.2. Model and Boundary Conditions

An ANSYSS software is utilized to construct a finite element model with non-linear characteristics [16] for simulating
the buckling scenarios of stiffened panels. A 4200 x 24000 mm stiffened panel similar to the one used in the work of
Doan et al. [5] is used for the buckling scenario. Figure 3 presents the details of the dimension. The stiffened panel
consists of the plate, stiffener, transverse frame and longitudinal girder. Dimension of the plate is observed at width and
length of 2400 mm and 4200 mm, respectively. The longitudinal girder is made with the Tee bar type with a stiffener
size in height h,, = 150 mm, web thickness of stiffener t,, = 8 mm, flange breadth of stiffener b, = 100 mm, and flange
thickness of stiffener ¢, = 10 mm. Twelve stiffeners attached to the plate have the dimensions of h,, = 60 mm and
thickness t,, = 6 mm. In this study, the transverse frame is modelled with different stiffeners i.e., angle, flat, and Tee
bar and the resulting stiffened panel strength will be assessed for the three types of stiffeners. Typical three types of
stiffeners that are commonly used in marine structures are shown in Figure 4.

y = 2400 mm
Ux, y = fixed, Uz = displacement
Rx, v, z = free

280x8/150x15 mm

150x8/100x10 mm <&
2= 4200 mm &
Ux, v, z = free
RX, v, z = free

=4200 mm
Ux, v, z = free
Rx, v, z = free

S
<0 60x6 mm

v = 2400 mm P
;J: ::Z f:(:l:,eUZ = displacement Z‘/)l(\‘y
Figure 3. The dimension of a stiffened-plate structure [5]
a b c

Figure 4. (a) Flat; (b) angle; and (c) Tee bar stiffeners [3]
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Table 3 summarizes the geometrical properties of the stiffened panels. For both plating, longitudinal girder, and
stiffeners, the S355JR-EN10210 steel becomes the manufacture-grade material. S355JR-EN10210 steel has Young’s
modulus E = 210 GPa, the density p = 7800 kg/m?, Poisson’s ratio v = 0.3, and failure strain & = 0.28. The yield stress
g, and ultimate stress o,, are 390 MPa and 495 MPa, respectively. The strain hardening exponent (n) and strength
coefficient (K) are 0.18 and 830 MPa, respectively. Common steel materials including the mechanical properties used
in the finite element analysis can be found in the study conducted by Ridwan et al. [17].

Table 3. Stiffened panels and their geometric dimensions

Panel a(mm) y(mm) z(mm) b(mm) t(mm) h,(mm) ¢t,(mm) by(mm) & (mm)
Flat bar 1200 2400 4200 300 10 150 8 - -
Angle bar 1200 2400 4200 300 10 150 8 50 10
Tee bar 1200 2400 4200 300 10 150 8 100 10

The boundary condition is an essential part of finite element analysis [18, 19]. Therefore, in this study, applied
boundary conditions to the stiffened panel are such as translation constraint, displacement, and rotation constraint. The
translation constraints are set at Ux, and Uy at each end of the specimen at coordinates z = 0 mm and z = 4200 mm.
Displacement in the Uz direction is made free at both ends of the specimen to apply the buckling phenomenon. On both
sides of the stiffened panel, the translation and rotation constraint are made in Ux, Uy, Uz = free and Rx, Ry, Rz = free.
The simulation time is performed at 1 s. The boundary condition applied on buckling of the stiffened panel is shown in
Figure 3. The three different types of stiffener models applied to the transverse frame are assessed in this study to
measure their effect on buckling on stiffened panels. The stiffeners are modelled with the flat, angle, and Tee bar, Figure
4. For flat bar, the thickness t,, is set to be 8 mm in height h,, 150 mm. As for the angle and Tee bars, the size is stiffener
flange breadth by = 50 mm and 100 mm dan and stiffener flange thickness t; made in 10 mm, respectively. The
geometric characteristics of the reinforced panels examined in the current investigation are summarized in Table 3.

The buckling scenario was simulated through the utilization of the nonlinear finite element method (NLFEM) in this
analysis. The first step of the research is to create the specimen in ANSYS Workbench, which allows the geometric
representation and the structural components to be defined in the software. Next, the material properties are assigned,
using S355JR-EN10210 steel as the material model for the specimen. Then, the mesh size is carefully determined, which
is essential for obtaining accurate and reliable numerical simulations. After that, the boundary conditions are specified,
including the constraints and loading conditions that simulate the buckling load. The fifth step is to define the solution
parameters, which include the analysis of stress, strain, and deformation patterns in the specimen. This stage enables a
comprehensive understanding of the structural response under different conditions. This sequential approach ensures a
systematic and methodical execution of the research, which helps to study the behaviour of stiffened plates under
buckling loads. Figure 5 shows the flowchart in this research.
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Figure 5. Flowchart presenting the research steps
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3. Results and Discussion
3.1. The Stiffeners and Their Effects

Figure 6 shows the comparison of the ultimate compressive strength of stiffened panels subjected to 5 mm
displacement with flat, angle, and Tee bar. As shown in Figure 6, the stiffener with the Tee bar type appears to have a
maximum load that is greater than the angle and Flat bar. However, at 0 to 1.8 mm displacement seems to have a fairly
equal load that can be endured for all three types of stiffener. Upon surpassing a displacement threshold of 1.8 mm, a
discernible contrast in load resistance becomes apparent, wherein flat bars exhibit the least capacity when juxtaposed
with Tee bars and Angle bars. The maximal compressive strength generated by these three stiffeners manifests as 6191.3
kN for flat bars, 6702.2 kN for angle bars, and 7176 kN for Tee bars, underscoring the substantial disparities in their
load-bearing capabilities beyond the specified displacement threshold.

8000 *4{ — Flatbar —— Anglebar —- Tee bar%
6000
=
<
- 4000 +
@
o
-
2000 +
0 T T T T T T T T

0 1 2 3 4 5
Displacement (mm)
Figure 6. Capacity of stiffened panels with 5 mm displacement.

As it is observed, the maximum compressive strength increases by 15.90 % and 8.25 % for the Tee and angle bar
type compared to the flat bar, respectively. The ultimate strength of stiffened panels with 10 mm displacement is
presented in Figure 7. It seems that the load versus displacement obtained from 10 mm of displacement is not quite
different from the 5 mm of displacement. There are some increases in terms of maximum compressive strength obtained
from flat, angle, and Tee bars. Upon observation, it is noted that the maximum compressive strength generated on the
ribs of this stiffener manifests as 6297.5 kN, 6832.8 kN, and 7292 N, respectively. Significantly, a discernible
enhancement is evident, with the maximum compressive strength increasing by 8.50% and 15.79% for the Tee bar and
angle bar types in comparison to the flat bar, respectively. It is noteworthy that this percentage increase remains
consistent when subjected to a 5 mm displacement, indicating a sustained and consistent improvement in compressive
strength across the different stiffener types, thereby emphasizing the stability and reliability of the observed trends.

8000 *4{ — Flatbar —— Angelbar — Tee bar%

—

7000 e
6000
5000

4000 +

Load (kN)

3000

2000

1000 -

0 T T T T T T - T -
0 2 4 6 8 10

Displacement (mm)

Figure 7. Ultimate strength of stiffened panels subjected to 10 mm displacement
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Different things happened to the average stress generated from the three different stiffeners (Figures 8 and 9).
Deformation shapes and von-Mises stress of panels subjected to 5 mm and 10 mm of displacement are presented in
Figures 10 and 11, respectively. At 5mm displacement, the average stress produces a fairly similar stress result for the
three stiffeners. The resulting values are 250.81 MPa, 254.08 MPa, and 249.8 MPa produced from stiffener-type flat,
angle, and Tee bar, respectively. This shows that no more than a 1.30 % difference occurs. Significant variations become
apparent when a 10mm displacement is applied, as depicted in Figure 9. These disparities manifest when the
displacement exceeds 5mm. Among the stiffeners examined, the Tee bar exhibited the highest maximum average stress,
measuring approximately 255.94 MPa, followed closely by the angle bar at 249.71 MPa and the flat bar at 240.66 MPa.
This translates to percentage increments of about 3.76% and 6.35% for the angle and Tee bars in comparison to the flat
type. Moreover, as depicted in Figure 12, the visual representation showcases the equivalent strain distribution within a
stiffened panel upon the culmination of the simulation, taking into account both 5 mm and 10mm displacements.
Notably, the discernible observation emerges that irrespective of the stiffener type—be it the flat bar, angle bar, or Tee
bar—the obtained results exhibit a striking uniformity in terms of maximum strain. This uniformity is distinctly evident,
with the maximum strain values converging within the narrow range of 0.0028 to 0.003 for the 5 mm displacement
scenario and 0.0034 to 0.0037 for the 10 mm displacement scenario.

300 -

—O0— Flate bar —2— Angel bar —¢— Tee bar

250

200

150

100

Stress 0,,, (MPa)

50

Displacement (mm)

Figure 8. Stress average of stiffened panels subjected to 5 mm displacement
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Figure 9. Stress average of stiffened panels subjected to 10 mm displacement
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Figure 10. Deformation shapes and von-Mises stress distributions of stiffened panel subjected to 5 mm displacement: (a)
Total deformation; and (b) Von-Mises stress contour

(a) Flat bar

Total Deformation
Type: Total Deformation
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Figure 11. Deformation and stress (von-Mises) of panel subjected to 10 mm displacement: (a) Total deformation; and (b)

Von-Mises stress contour
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Figure 12. Equivalent strain contour of stiffened panel at the end of simulation: (a) 5 mm displacement; and (b) 10 mm
displacement

3.2. Displacement and its Effect

Figure 13 displays the results of load versus displacement subjected to 5 mm and 10 mm of displacement for flat,
angle, and Tee bar. The increase in displacement does not remarkably affect the load-bearing strength until the maximum
compressive strength occurs (Figure 13). It seems that the load versus displacement obtained from 10 mm of
displacement is quite different from the 5 mm of displacement. There are some increases in terms of maximum
compressive strength obtained from flat bar, angle bar, and Tee bar stiffener types. However, these increments appear
to have not been insignificant. Upon observation, it becomes evident that a 10 mm displacement yields the maximum
compressive strength for stiffened panels, considering various types of stiffeners, namely flat, angle, and Tee bar. The
numerical values associated with this phenomenon showcase the distinctive responses of each stiffener type,
emphasizing the importance of displacement in influencing structural behavior. At the 10 mm displacement mark, the
maximum compressive strengths were recorded at 6297.5 kN, 6832.8 kN, and 7292 kN for the flat, angle, and Tee bar
stiffeners, respectively. In contrast, at a 5 mm displacement, the compressive strength does not reach its peak for any of
the aforementioned stiffener types. The corresponding compressive strengths at 5 mm were measured at 6191.3 kN,
6702.2 kN, and 7176 kN for flat, angle, and Tee bars, respectively. This intriguing phenomenon highlights a substantial
difference of approximately 106.2 kN, 130.6 kN, and 116 kN, manifesting as larger compressive strengths at the 10 mm
displacement compared to the 5 mm displacement for flat, angle, and Tee bar type stiffeners, respectively. This nuanced
comparison underscores the sensitivity of the stiffened plates to varying displacements and offers valuable insights into
the nuanced mechanical responses dictated by different stiffener configurations under distinct loading conditions.

8000 8000 8000
@ ®) ~ -
6000 ~_ 6000 - T 6000
= Z >
=3 g =3
< 4000 ® 4000 A o 4000
© o (55
o — o
- -
2000 2000 2000 +
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Figure 13. The ultimate strength characteristics of a reinforced panel subjected to biaxial compression involve evaluating
three configurations: (a) Flat; (b) Angle; and (c) Tee bar

The comparative analysis of stress average behavior for stiffened panels subjected to 5 mm and 10 mm
displacements, considering flat, angle, and Tee bar configurations, is intricately depicted in Figure 14. The stress average
behavior manifests itself around 250.81 MPa, 254.08 MPa, and 249.8 MPa for stiffened panels featuring flat, angle, and
Tee bars, respectively, when subjected to a 5 mm displacement. In contrast, under a 10 mm displacement, the maximum
stress averages approximately 240.66 MPa, 249.71 MPa, and 255.94 MPa, sequentially, for the corresponding stiffened
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panel configurations. Intriguingly, these findings suggest a nuanced observation, indicating that the maximum stress
average does not exhibit a substantial variance between the results obtained from stiffened panels subjected to 5 mm
and 10 mm displacements. This subtle distinction prompts a closer examination of the structural response, implying that
the impact of displacement magnitude on stress average may not be as pronounced as anticipated. The convergence of
stress averages across the two displacement scenarios raises intriguing questions about the inherent structural
characteristics and response patterns of stiffened panels, warranting a more in-depth investigation into the underlying
factors influencing their behavior under varying displacement conditions.

300 300 300
@ 1 ®
250 + 250 250 1
< 1 < 1 T 1
g 20 T 200 T 200
£ < >
o o o
o 150 - o 150 - oF 150 1
%] %] %]
%] %] %]
o o o
& 1004 o 1004 73} 100 +
50 1 J —o— Displacement =5 mm 504 4 —o— Displacement =5 mm 50 - { —o— Displacement =5 mm
—&— Displacement = 10 mm y —a&— Displacement = 10 mm d —&— Displacement = 10 mm
0 T T T T 0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Displacement (mm) Displacement (mm) Displacement (mm)

Figure 14. The stress average behavior for the stiffened panel under biaxial compression: (a) Flat; (b) Angle; and (c) Tee bar
3.3. Effect of the Element Size

The finite element method is extremely concerned about proposing the mesh size. The actual structure will be
discretized into small elements when using the finite element method. As can be seen in Figures 15 and 16, the mesh
size affects the maximum compressive load output on stiffened panels with stiffener type flat, angle, and Tee bar. In this
study, it can be seen that the larger the mesh size, the greater the maximum compressive load value. The greater
maximum compressive strength value occurs in 5 mm and 10 mm displacement scenarios. For stiffened panels with the
Tee bar type itself, the value is 6191.3 kN when a mesh size of 60 mm is obtained from 5 mm displacement. While the
results obtained at the 80mm mesh size are at 6544.9 kN. This shows that there is an increase in the maximum
compressive strength value of 5.55%. The same phenomenon occurs in the stiffened panel with the other stiffener type
which is the angle bar and flat bar. In the analysis encompassing mesh sizes ranging from 60 mm to 80 mm for both
types of stiffeners, a discernible increase in maximum compressive strength is observed. Specifically, within this mesh
size range, the flat bar stiffener exhibits an approximate increment of 4.56%, reaching a maximum compressive strength
value of 6297.5 kN, while the corresponding increase for the angle bar stiffener is approximately 4.13%, resulting in a
maximum compressive strength value of 6715.3 kN.
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Figure 15. Comparison of the maximum peak strength of stiffened panels obtained from different mesh sizes in 5 mm displacement
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Figure 16. Comparison of the maximum ultimate strength of stiffened panels obtained from different mesh sizes in 10 mm displacement

Furthermore, when subjecting the stiffened panel to a 10 mm displacement, a distinctive divergence in maximum
compressive strength values is elucidated for the flat bar stiffener across the specified mesh size range. Notably, the
difference in maximum compressive strength values between the 60 mm and 80 mm mesh sizes amounts to 6.42%,
signifying a noteworthy variation of 417.8 kN. Specifically, the maximum compressive strength values are recorded at
6297.5 kN and 6715.3 kN for the 60 mm and 80 mm mesh sizes, respectively. This nuanced exploration of the variations
in maximum compressive strength under different mesh sizes and displacement conditions provides a comprehensive
understanding of the structural performance nuances between the two stiffener types, offering valuable insights for
optimizing the design and structural integrity of stiffened plates subjected to buckling loads.

In Figures 17 and 18, a detailed comparison is presented, depicting the average maximum stress levels within
stiffened panels that underwent analysis utilizing various mesh sizes and were subjected to displacements of both 5 mm
and 10 mm. This investigation reveals a discernible pattern mirroring the trends observed under maximum compressive
loads: a direct correlation between the mesh size and the average maximum stress levels. Notably, the findings highlight
that as the mesh size increases, there is a corresponding escalation in the average maximum stress. An interesting
observation arises when considering a stiffened panel with a Tee bar-type stiffener subjected to a 5 mm displacement,
wherein the utilization of a 60 mm mesh size results in an elevated maximum stress level, reaching 249.8 MPa. This
nuanced insight underscores the critical role of mesh size in influencing stress distribution and provides valuable
information for optimizing numerical simulations for accurate stress predictions in stiffened panels.
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Figure 17. Comparison of the maximum stress average of stiffened panel obtained from different mesh sizes in 5 mm displacement
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Continuing the discussion, it is imperative to emphasize the broader implications derived from the comprehensive
analysis of stress patterns within stiffened panels. The exploration of various mesh sizes underlines the intricate
relationship between meshing parameters and stress distribution, elucidating crucial nuances that impact the structural
response. Figures 17 and 18 not only serve as visual aids but also serve as indispensable tools for researchers and
practitioners seeking to enhance the accuracy of finite element simulations in similar structural analyses. Moreover, the
specific instance of a Tee bar-type stiffener in a stiffened panel experiencing a 5 mm displacement, yielding a peak
stress of 249.8 MPa with a 60 mm mesh size, reinforces the importance of meticulous meshing considerations in
capturing localized stress concentrations accurately. This information is invaluable for engineers and designers striving
to optimize their simulation models and enhance the predictive capabilities of numerical analyses, ultimately
contributing to advancements in the understanding and design of stiffened plate structures under buckling loads.

Meanwhile, the results obtained at the 80 mm mesh size are 262.69 MPa. This shows that there has been an increase
in the average maximum stress of 5.03%. The same phenomenon occurs in the other stiffener types, which are the angle
bar and flat bar, where the larger the mesh size, the greater the maximum stress average value. Overall, the increase
occurred in the range of 1.03% to 1.61% and 1.38%. up to 2.32% of 60-80mm, respectively. Displacement of 10 mm
also produces the same phenomenon but has a slightly larger percentage, with a range of maximum increase in average
stress reaching 13.81%, 13.85%, and 15.08% for stiffener types flat, angle, and Tee bar, respectively. The selection of
the mesh size can indeed produce simulation results with different finite elements. This can be seen in the simulation of
stiffened panels with all types of stiffeners subjected to 5 mm displacement at a 75 mm mesh size. In this case, there is
a decreasing trend where the maximum stress average value is slightly lower than the 70 mm mesh size. The resulting
reductions for the type of stiffener flat, angle, and Tee bar at 70 mm to 75 mm are 256.69 MPa to 254.54 MPa, 258.21
MPa to 255.98 MPa, and 261.49 MPa to 260.06, respectively. It appears that the size of the mesh is crucial in the FE
method because the result can be varied along with the size of the mesh.

3.4. Discussion of the Results

A finite element study of the stiffened panel along with the three types of stiffeners subjected to buckling load has
been carried out in this study. Stiffened panels are widely used in ship structures. The graph depicting the relationship
between load and displacement, as well as the average stress (ag,,4), illustrates the ability of the reinforced panel to
endure applied loads. The FE results suggest that the stiffener type appears to affect the strength stiffened panel when
subjected to buckling load. The findings of this study show that the Tee bar type of stiffener leads to good results for the
maximum compressive load on the stiffened panel compared to the flat and angle bar when subjected to the buckling
phenomenon. A higher value of maximum compressive load means that the structure of the stiffened panel can withstand
the load more greatly.

A typical load versus displacement curve is given in Figures 6 and 7. As seen in these curves, the load for some
displacement will reach an initial maximum so the stiffened panel is undergoing maximum capacity. This phenomenon
of the relationship between load-bearing strength associated with the maximum compressive strength curve of the
stiffened panels under biaxial compression is seen in the studies conducted by Omidali & Khedmati [4] and Paik and
Seo [3]. The current study is in accordance with both references which show that maximum compressive load can
determine the strength of the stiffened panel when subjected to buckling load. As evidenced by the data presented in
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Figures 6 and 7, there is a discernible augmentation in the maximum compressive strength by 15.90% and 8.25% for
the Tee bar and angle bar stiffener types, respectively, when subjected to a 5 mm displacement, as compared to the flat
bar. The corresponding numerical values for this increase in compressive strength are noteworthy: the flat bar registers
at 6191.3 kN, the angle bar at 6702.2 kN, and the Tee bar at an impressive 7176 kN. Furthermore, it is noteworthy that
the load versus displacement relationship obtained from a 10 mm displacement exhibits similarity to the trends observed
at the 5 mm displacement, with only marginal differences discernible between the two displacement magnitudes.

In the application of the finite element method in simulation, a comprehensive model of a large structure undergoes
segmentation into smaller components referred to as finite elements. These elements establish connections among all
the key points situated within their boundaries, known as nodes. The criticality of selecting an appropriate mesh size in
the finite element method cannot be overstated, as it plays a vital role in the accuracy and reliability of structural
simulations; moreover, the partitioning of this mesh necessitates careful consideration to ensure that the chosen size
adequately represents the intricacies of the structure [20-23]. Extensive scholarly discourse in the realm of structural
analysis emphasizes the profound impact of mesh size on simulation outcomes [24, 25]. Previous research endeavors
have demonstrated that variations in mesh size can yield disparate results, thereby underscoring the need for meticulous
attention to this parameter.

Studies by Ridwan et al. [26] and Prabowo et al. [27] have elucidated the multifaceted implications of mesh size,
revealing its influence not only on the structural response but also on the formation of fractures within a given structure.
The consequential effect on energy absorption further accentuates the intricate interplay between mesh size and
structural behavior, emphasizing that the nuanced selection of mesh parameters is paramount for a comprehensive
understanding of the simulated phenomena. This intricate relationship between mesh size, structural response, and
fracture formation underscores the necessity for a judicious approach in choosing mesh parameters, acknowledging that
such choices profoundly shape the fidelity and depth of insights derived from finite element simulations in the study of
structures subjected to complex loading conditions. This research also demonstrates that different mesh size produces
different peak compressive loads and maximum stress averages in the scenario of stiffened panel subjected to buckling
load. In this study, the larger the mesh size, the greater the maximum compressive load and maximum stress average.
The greater maximum compressive strength value occurs in the 5 mm and 10 mm displacement scenarios. In the
examination of stiffened panels featuring flat, angle, and Tee bar types, it was observed that the maximum compressive
strength values, obtained under a 60 mm mesh size and a 5 mm displacement, were 6191.3 kN, 6702.2 kN, and 7176
kN, respectively. Subsequent analysis with an 80 mm mesh size yielded results of 6544.9 kN, 7015.3 kN, and 7479 kN
for the same stiffener types. Notably, these results indicate a discernible increase in maximum compressive strength by
5.55%, 4.56%, and 4.13% when compared to the outcomes derived from the 60 mm mesh size. This underlines the
sensitivity of buckling loads to mesh size and its impact on the structural response. These results regarding the sensitivity
of the mesh size to the maximum compressive strength were in accordance with the study conducted by Pratama et al.
[28]. The study further emphasizes the critical role of structure stiffness in determining buckling behavior, elucidating
that the T bar stiffener type imparts greater stiffness compared to the angle bar and flat bar stiffeners.

Additionally, the assessment of buckling analysis is acknowledged to be contingent upon factors such as column
slenderness ratio and plate slenderness ratio, as elucidated in previous studies [29]. Remarkably, this study does not
delve into these ratios, presenting a noteworthy avenue for future research endeavors. While the current investigation
provides valuable insights into the comparative performance of stiffeners under varying mesh sizes, future studies could
incorporate a more comprehensive analysis by including plate and column slenderness ratios. Furthermore, in the pursuit
of advancing maritime safety, it is suggested that interested readers refer to a comprehensive source on the subject found
in [30-36]. This not only underscores the interconnectedness of diverse research domains but also implies the potential
for integrating findings from this study into broader frameworks for maritime safety enhancement.

4. Conclusion

This study delves into a comprehensive analysis and comparison of the buckling load exhibited by steel stiffened
panels, exploring various factors such as stiffener types (flat, angle, and Tee bar), displacement conditions, and mesh
size, utilizing the finite element method. The investigation yielded insightful conclusions, highlighting the distinct
performance of different stiffener types. Notably, the stiffened panel featuring Tee bar stiffeners demonstrated a
remarkable increase in maximum compressive load compared to counterparts with flat and angle stiffener types.
Additionally, the angle stiffener type exhibited notably superior performance in terms of load-bearing strength when
contrasted with the flat bar. The findings revealed a substantial enhancement in maximum compressive load, with at
least a 15.90% and 8.25% increase observed in stiffened panels subjected to a 5 mm displacement for Tee and angle bar
stiffener types, respectively, in comparison to the flat bar. Intriguingly, the comparison of load versus displacement
between 5 mm and 10 mm displacement scenarios indicated minimal variation, suggesting that a 10 mm displacement
does not significantly affect the maximum compressive load in the given stiffened panel boundary conditions. It is
noteworthy that this study did not quantify and discuss the impact of welding, a critical element in ship structures where
stiffened panels are commonly employed. The absence of an examination of the welding effect underscores the need for
future research to comprehensively explore and quantify how welding between stiffeners and plates influences the
behavior of these stiffened panels.
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In the context of the material utilized in this research, the stiffened panels were constructed using S355JR-
EN10210 steel, a high-strength structural steel renowned for its significant mechanical features. S355JR-EN10210
steel is significant in providing confidence about the structural performance and integrity of the stiffened panels under
the imposed buckling loads. This steel grade is characterized by its robustness, making it well-suited for applications
demanding resilience and strength, such as ship structures. However, while the current study has provided valuable
insights into the performance of stiffened panels based on geometric and load considerations, the specific influence
of the material's properties, including its response to welding, remains unexplored. Future research endeavors should
thus focus on a detailed examination of the use of S355JR-EN10210 steel, considering its welding characteristics and
its impact on the overall behavior of stiffened panels. Such an investigation would contribute to a more thorough
comprehension of the structural dynamics and performance of stiffened panels, especially in practical applications
where welding plays a crucial role in the assembly and integrity of these structural elements. In conclusion, while this
study has shed light on critical aspects of stiffened panel behavior, further exploration, particularly regarding the
material and welding effects, is essential for advancing the knowledge and application of stiffened panels in
engineering and structural design.
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