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Abstract 
 

The increasing number of accidents involving very large crude carriers (VLCCs) has heightened concerns regarding ship safety 
and structural integrity. Stiffened panels have emerged as a crucial element in effectively reinforcing ship structures without 
significantly adding weight. Reliability analysis has been extensively conducted to evaluate the strength of stiffened panels 
with various parameters. However, the effects of lateral pressure parameters on structural strength have not received 
adequate attention in reliability analyses, and they have only been presented as single values. This necessitates a more 
extensive investigation to determine the distributional effects of lateral pressure on initial deflection enhancement and 
ultimate strength value reduction. To address this gap, the current study introduced modifications to parameters such as the 
slenderness ratio, span/bay ratio, yield strength, initial imperfections, and pressure. A total of 216 data points were obtained 
through numerical finite element method (FEM) simulations using ABAQUS. The obtained ultimate strength values were 
statistically analyzed using a T-test to explore the correlations among the parameters. Subsequently, a regression analysis was 
conducted to construct an empirical formula. The resulting empirical formula demonstrated remarkable accuracy, with a 
mean absolute percentage error (MAPE) of merely 0.801% when compared to the FEM numerical results, thus substantiating 
its validity as an effective and efficient solution for predicting ultimate strength values influenced by pressure. 
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1. Introduction 

Safety is a priority in the marine and offshore industries 

because they present a fairly high risk for humans, the marine 

environment, and transportation commodities. Oil tankers 

may require stronger safety criteria to avoid accidents such as 

oil spills and others. Three hundred and seventy-eight marine  

accidents occurred on oil tankers from 1998 to 2010.[1] Oil 

tankers often experience collisions, foundering/shipwrecks, 

fires/explosions, problems with ship structures, and oil leaks. 

Seven oil spills from oil tankers occurred in 2022, with four 

incidents releasing oil volumes of less than 700 metric tons. In 

addition, as noted in the Oil Tanker Spill Statistics[2] for 2022, 

there were large spills (>700 tons) in Asia and Africa and four 

medium spills (7-700 tons) in North America, Asia, and Africa. 

Oil tanker accidents caused by structural failures have 

happened in Hong Kong waters.[3] A total of 2012 marine 

accidents with 94 deaths were reported in Hong Kong waters 

in 2001–2005. According to the statistics,[4] crude oil tanker 

accidents involving the International Association of 

Classification Societies (IACS)[5] account for 97.76% of the 

total, with 97.35% of the deaths. 

Based on these reports, it is necessary to evaluate the 

ultimate strength of stiffened panels, a crucial element of ship 

structures, to ensure their safety. A stiffened panel, consisting 
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of a longitudinal or transverse stiffener with a plate, improves 

the ship’s strength-to-weight ratio and is one of the main 

construction elements on ship hull girders preventing sagging 

and hogging. The main geometric parameter affecting the 

ultimate strength value of stiffened panels is the plate and 

column slenderness.[6] Moreover, the combined load of 

longitudinal compression and lateral pressure decreases the 

ultimate strength due to increased initial deflection.[7,8] In line 

with this, the effect of lateral pressure on the ultimate strength 

of stiffened plates with combination loads was studied by Ma 

and Wang[9] to determine the change in the pre-buckling 

strength and initial deflection value. Another researcher 

analyzed lateral pressure and initial deformation effects using 

the Smith method and the nonlinear finite element method 

(NLFEM) to explain the critical factor.[10] Furthermore, Jiang 

and Zhang[11,12] predicted that a water height of 30 m, which 

corresponds to a lateral pressure of 0.3 MPa, would result in a 

20% reduction in the HGUS value with symmetrical boundary 

conditions and an attached stiffened plate thickness of 18.5 

mm. Similar research was conducted by Xu et al.[13], who 

found that the behavior of ship collapse was primarily 

influenced by increased lateral pressure. This is because the 

bending moment carried by the normal load increases the 

yielding, thereby reducing the ultimate strength. Additionally, 

the influence of the ultimate strength on the stiffened panels 

also depends on the span/bay ratio.[14] Sultana et al.[15] 

investigated the ultimate compressive strength of steel plates 

and stiffened panels based on several variables, such as the 

corrosion severity, span/bay ratio, and slenderness ratio. The 

ultimate strength of the stiffened panel was found to decrease 

linearly as the span/bay ratio increased. 

The finite element method (FEM) is a numerical analysis 

method used to determine the approximate solutions to these 

problems. It is often used in solving engineering problems, 

such as obtaining the ultimate strengths of ship structures to 

improve their safety. The finite element method has been used 

to analyze structural strength,[6] which is a complicated process 

because it can predict the failure behavior of stiffened and 

unstiffened panels in detail. The FEM approach has been used 

to study a variety of ship types, including oil tankers,[16,17] bulk 

carriers,[18] and VLCC models.[18] The accuracy of the FEM 

simulation results depends on the complexity of the analysis, 

which includes the specified mesh density.[19] In the FEM 

meshing scheme, the general criterion used is that there is an 

even number of discrete elements, while the size of 

characteristic elements is in the range of (50,100) 

millimeters.[20] In addition, another factor that affects the 

accuracy of FEM results is the provision of boundary 

conditions (BCs). For plate and stiffened panels, the effects of 

BCs have been extensively studied.[21,22] For pessimistic (or 

robust) design, a simply supported boundary condition is 

typically used since it can provide structural designers with 

extra safety margins. The FEM approach divides the model 

into smaller components to examine the stiffened panel 

strength of each kind of ship. In the case of a stiffened panel 

structure, using a two-bay/two-span model is commonly 

recommended to account for the boundary effect area between 

adjacent spans.[23] As seen in Fig. 1, limit conditions on 

stiffened panels were determined by Li et al.[20] In Fig. 1, 

longitudinal girders and transverse frames are modeled by 

limiting out-of-plane movement and applying symmetrical 

boundary conditions to all four sides. This is applied in the 

FEM approach to handle the large number of variations that 

are typically evaluated and to save time during testing. 

The geometry of the plate and stiffeners affects the 

stiffened panel's ultimate strength behavior. The typical 

geometry of a stiffened panel, as illustrated in Fig. 2, is 

commonly used in ships and ship-shaped offshore structures. 

The panel is composed of a stiffener and plate in longitudinal 

and transverse directions.[24] 

In analyzing the ship's structure, structural imperfection 

factors must also be considered. In general, stiffened panels 

have geometric errors in the form of initial imperfections 

resulting from the measurement or manufacturing process, 

which provide a mechanism for nonlinear behavior 

synchronized with compressive loads.[25] The material, 

thickness, corrosion degradation, and corrosion level affect the 

existence of the initial geometric imperfections.[9] Research on 

the strength of stiffened panels under axial compression with 

the application of initial geometric imperfection effects 

through the FEM was carried out by Shi et al.[26] They found 

that initial geometric imperfections have a significant 

influence on the ultimate strength. Improper assumptions 

regarding the initial imperfections in the stiffened plate lead to 

an overestimation of the ultimate strength by 22% to 38%. 

Furthermore, several studies have researched the effect of 

geometric imperfections in stiffened panels in the buckling 

mode on their ultimate strength. Li et al.[27] performed a 

numerical investigation on the ultimate strength of stiffened 

panels subjected to uniaxial compressive load with 

imperfections in the form of initial deformation and buckling  
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Fig. 1 The applied boundary conditions of the FE model for a stiffened panel. The figure was designed based on a reference. 

Reproduced with permission from [20], copyright 2022, the authors. 

 

modes. They discovered that overall buckling modes have a 

considerable impact (either positive or negative) on the 

ultimate strength. Shi et al.[26] also investigated the effect of 

initial geometric imperfections with a higher buckling mode. 

In addition, according to the analytical findings of Estefen et 

al.,[28] imperfections in the local buckling mode have the 

largest impact on decreasing ultimate strength under axial 

compression conditions. The larger the initial geometric 

imperfection is, the smaller the ultimate strength.[29] 

This research investigated the ultimate strength of 

designed thin-walled VLCC class structures under the 

integrated effects of imperfection and pressure severities, a 

relatively new area that has not been extensively studied. Prior 

research may have focused on an individual aspect. However, 

this study recognizes the interconnectedness of imperfections 

and pressure loads, providing a more holistic understanding of 

their combined impact on structural integrity. Previous studies 

have found that pressure causes a decrease in the strength of 

ship structures. However, these studies did not apply pressure 

value variations, so the distribution trend is not known. 

Therefore, it is essential to modify and vary the pressure so 

that the distribution trend and its effect on stiffened panels can 

be elucidated. To determine the trend and distribution effect of 

pressure on the strength of the ship structure, this study 

assumed variations in pressure with values of 0.04, 0.08, 0.12, 

and 0.16 MPa and other stiffened panel parameters. Three 

types of models were distinguished based on geometric 

aspects in the form of the slenderness ratio (plate, web, and 

column slenderness ratio), three variations of span values, 

three variations of initial imperfection amplitude values, two 

variations of yield strength, and four variations of pressure 

values cross-combined to obtain 216 ultimate strength data. 

The analysis was carried out by applying pressure in the first 

step and imposed displacement in the second step. Both steps 

were run on ABAQUS software. The relationship and 

correlation of each parameter with the ultimate strength value 

were analyzed to devise an empirical formula using the 

regression method. Empirical formulas in the functions of the 

slenderness ratio (plate, web, and column slenderness ratio), 

span/bay ratio, initial imperfection, and pressure were 

proposed and validated, predicting accurate ultimate strength 

values. Unlike previous studies that relied solely on theoretical 

models for the prediction of ultimate strength, this study 

emphasized introducing a comprehensive empirical model 

that surpasses simplistic approaches. It considered the 

complex interplay between imperfections and pressure 

severities, providing a more accurate representation of the 

actual behavior of thin-walled VLCC structures. 

 

2 Methodology 

2.1 Research Guideline 

The analysis guideline for predicting the ultimate strength  

z

y (Transverse)

T
w

o-b
ay

Two-span

x 

Tran
s.  fram

es

Lon
g.gi

rders

Symmetric boundary condition with = 0U = R  = R
x y z

Symmetric boundary condition with = 0R  = Ry z  

U
x 
= displacement control

Uz   = 0

Symmetric boundary condition with = 0R  = R
x z  



Research article                                                                                                                                                                                Engineered Science 

 

4 | Eng. Sci., 2024, 29, 1096                                                                                                                                                   © Engineered Science Publisher LLC 2024 

 
Fig. 2 Schematic view of the stiffened panel geometry in ships and ship-shaped offshore structures. The figure was designed based 

on a reference. Reproduced with permission from [22]. 

 

value is presented in Fig. 3. The selected model was 

determined based on geometric parameters, namely, the 

slenderness ratio and span/bay ratio. After that, each model 

was again varied based on the yield strength value and the 

influence of initial imperfections and pressure. The model was 

designed and analyzed using ABAQUS NLFEM simulation 

code by configuring the model range ½ + ½ bay – ½ + ½ span. 

After inputting the material properties and boundary 

conditions, the model was given the influence of the initial 

imperfections through changing nodes. The first step of the 

simulation was carried out only by applying pressure, which 

was continued at the second step by giving forced 

displacement. The ultimate strength results were compared 

with IACS regulations to further process the 216 data 

generated. The regression method was chosen to produce an 

empirical formula that considers the slenderness ratio (plate, 

web, and column slenderness), span/bay ratio, initial 

imperfection, and pressure. Validation was accomplished via 

statistical data processing of the FE analysis results. 

 

2.2 IACS-CSR 

The International Association of Classification Societies–

Common Structural Rules for Bulk Carriers (IACS-CSR), 

which was updated as the IACS Harmonised Common 

Structural Rules (CSR-H), was used to predict the ultimate 

strength of stiffened panels by assuming failures such as 

several buckling modes, including column buckling, torsional 

buckling, and local buckling. Then, the three results were 

compared, and the ultimate strength was calculated using the 

smallest value. The following Equations (1)-(3) are 

mathematical forms that predict the ultimate strength value 

assuming column, torsional, and local buckling modes based 

on the IACS-CSR. 

The difference between the three buckling modes above is 

that the column buckling mode considers the response of the 

stiffened panel to the whole buckling based on the Euler beam 

theory. The torsional buckling mode considers the tripping 

load that acts on the stiffened panel, especially the web part. 

In contrast, the local buckling mode considers the partial 

collapse of the stiffened panel due to its disproportionate 

thickness. 

σ𝐶𝑅 1 = ϕσ𝐶1
𝐴𝑠+𝐴𝑝𝐸

𝐴𝑠+𝐴𝑝
                  (1) 

σ𝐶𝑅2 = ϕ
𝐴𝑠σ𝐶2+𝐴𝑝σ𝐶𝑃

𝐴𝑠+𝐴𝑝
                 (2) 

σ𝐶𝑅3 = ϕ
103𝑏𝐸𝑡𝑝𝑅𝑒𝐻𝑝+(ℎ𝑤𝑒𝑡𝑤+𝑏𝑓𝑤𝑓)𝑅𝑒𝐻𝑠

103𝑏𝑡𝑝+ℎ𝑤𝑒𝑡𝑤+𝑤𝑓𝑡𝑓
  (3) 

 

2.3 Initial imperfections 

For the initial imperfections used in the simulation, we 

referred to the buckling results of the stiffened panel model to 

obtain the ultimate strength. To determine the geometry and 

the magnitude of imperfections caused during the ship's 

manufacturing and production processes, the coordinates of all 

nodes were modified with three imperfection modes: column, 

torsional, and local imperfection modes.[30] 

𝑊c = 𝐵0 sin
𝜋𝑥𝑖

𝑎
                  (4) 

𝑊t = 𝐵0
𝑧𝑖

ℎ𝑠
sin

𝜋𝑥𝑖

𝑎
                  (5) 

𝑊l = 𝐶0 sin
𝑚𝜋𝑥𝑖

𝑎
sin

𝜋𝑦𝑖

𝑏
          (6) 

Here, 

𝐵0 = 𝑎/1000     (7) 

𝐶0 = 0.1 𝛽𝑝
2𝑡𝑝, which  𝛽𝑝 =

𝑏

𝑡𝑝
√

𝜎𝑌

𝐸
  (8) 

The stiffened panel model was given imperfection amplitude 

variations of 50%, 75%, and 100% or, as written in the formula,  
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Fig. 3 Flowchart of model selection steps and analysis using the finite element method (FEM). 

 

0.05, 0.075, and 0.1, respectively. In this study, the initial 

imperfections were provided by assigning a uniform 

amplitude value to the model. So, if one type of imperfection 

mode was given an amplitude value of 50% or 0.05, the other 

imperfection modes were also the same. In the present study, 

we set a 50-100% amplitude of the initial imperfections by 

specifying the imperfections directly as a table of node 

numbers and coordinate perturbations in the global coordinate 

system. The amplitude value of 0.05, 0.075, or 0.1 was 

considered as a constant value of B0 and C0, in which B0 

represents the magnitude of the initial geometric imperfection 

amplitude for column and torsional buckling and C0 represents 

the initial geometric imperfection of local buckling. Then, we 

defined the parameter of B0 in the column and the torsional 
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buckling mode formula, symbolized by Wc and Wt. The 

parameter of C0 in the local buckling mode formula is 

represented by Wl. The amplitude value of initial geometric 

imperfections was determined by summing all imperfection 

modes from the reference formulation as shown in Equations 

(4)-(6). Therefore, in the following discussion, 𝑊𝑖𝑚𝑝 

represents the three types of imperfection modes. When 

combined, the shape of the three imperfection modes is the 

node set to which the geometric imperfection values are to be 

applied in the global coordinate system, as seen in Fig. 4. 

 

2.4 Case configuration 

In this study, the type of ship used as a reference was an oil 

tanker (VLCC), which transports oil or similar products in 

large quantities. The stiffened panel on the hull, the part of the 

ship that is in direct contact with seawater pressure, was 

examined to determine the effect of pressure on the ultimate 

strength of the ship's structure. The VLCC oil tanker ship was 

referenced from ISSC-2000,[31] as seen in Fig. 5, which 

illustrates the cross-section of the VLCC. Based on the cross-

section reference, the VLCC was found to have 48 models of 

stiffened panels of different sizes, types, and material 

properties, which are also defined in Tables 1 and 2. 

 
Fig. 4 The initial imperfection with three imperfection modes 

applied to the FE model in the global coordinate system. 

Table 1. Dimensions of the stiffened panels on the double-hull VLCC. 

No. Dimensions Type 

Yield 

Stress 

(MPa) 

No. Dimensions Type 

Yield 

Stress 

(MPa) 

1 300x90x13/17 IA Angle-bar 313.6 25 250x90x12/16 IA Angle-bar 313.6 

2 350x100x12/17 IA Angle-bar 313.6 26 450x11+150x22 Tee-bar* 325.8 

3 400x100x11.5/17 IA Angle-bar 313.6 27 450x11+150x19 Tee-bar* 352.8 

4 400x11+150x12 Tee-bar* 313.6 28 450x11+150x16 Tee-bar* 352.8 

5 400x11+150x14 Tee-bar* 313.6 29 450x11+150x14 Tee-bar* 352.8 

6 450x11+150x12 Tee-bar* 313.6 30 450x11+150x12 Tee-bar* 352.8 

7 450x11+150x14 Tee-bar* 313.6 31 450x11+150x14 Tee-bar* 325.8 

8 450x11+150x16 Tee-bar* 313.6 32 400x100x11.5/16 IA Angle-bar 352.8 

9 450x11+150x19 Tee-bar* 313.6 33 350x100x12/17 IA Angle-bar 352.8 

10 450x11+150x22 Tee-bar* 313.6 34 300x90x13/17 IA Angle-bar 352.8 

11 450x11+150x25 Tee-bar* 313.6 35 850x17+150x19 L-bar* 352.8 

12 500x11+150x28 Tee-bar* 313.6 36 250x90x12/16 IA Angle-bar 325.8 

13 500x11+150x30 Tee-bar* 313.6 37 300x90x12/16 IA Angle-bar 352.8 

14 500x11+150x32 Tee-bar* 313.6 38 400x11+150x14 Tee-bar* 352.8 

15 500x11+150x34 Tee-bar* 313.6 39 450x11+150x12 Tee-bar* 352.8 

16 550x12+150x30 Tee-bar* 313.6 40 450x11+150x14 Tee-bar* 352.8 

17 550x12+150x25 Tee-bar* 313.6 41 450x11+150x16 Tee-bar* 325.8 

18 350x100x12/17 IA Angle-bar* 313.6 42 450x11+150x19 Tee-bar* 352.8 

19 550x12.5+150x32 Tee-bar* 325.8 43 450x11+150x22 Tee-bar* 352.8 

20 500x11.5+150x30 Tee-bar* 352.8 44 450x11+150x25 Tee-bar* 352.8 

21 500x11.5+150x28 Tee-bar* 352.8 45 450x11+150x28 Tee-bar* 352.8 

22 500x11+150x25 Tee-bar* 352.8 46 500x11+150x25 Tee-bar* 352.8 

23 450x11+150x28 Tee-bar* 352.8 47 500x11+150x28 Tee-bar* 352.8 

24 250x12.5 At-bar 313.6 48 230x12.5 At-bar 313.6 
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Table 2. Material properties of the stiffened panels on the double-

hull VLCC.[31] 

Properties [Units] Value 

Young's Modulus [MPa] 205,800 

Poisson's Ratio 0.3 

Yield stress [MPa] 313.6 

Plastic Tangent Modulus 0 

 

Fig. 5 Hull girder cross-section of a double-hull VLCC. 

Reproduced with permission from [31]. 

 

Notably, there are variations in the types of stiffened panel 

shapes in the double-hull VLCC. Stiffened panel models were 

selected from these 48 models for this research by collecting 

random data from several stiffened panel sizes. The data were 

plotted on a graph to obtain the distribution of stiffened panel 

data for the mid-ship section, as shown in Fig. 6. Fig. 6 

contains a graph that compares several variables, such as the 

area of inertia, column slenderness, web slenderness, and plate 

slenderness. The column slenderness, plate slenderness, and 

web slenderness ratios are calculated using Eqs (9)-(10). 

𝜆 =  
𝑎

𝜋𝑟
√

𝜎𝑌

𝐸
                           (9) 

𝛽𝑝 =  
𝑏

𝑡𝑝
√

𝜎𝑌

𝐸
                    (10) 

𝛽𝑤 =
ℎ𝑤

𝑡𝑤
√

𝜎𝑌

𝐸
                          (11) 

As shown in Fig. 6, the models were categorized into light, 

medium, and heavy based on the differences in their area of 

inertia, column slenderness, web slenderness, and plate 

slenderness. The difference was caused by the geometries of 

the stiffened panels in every model, such as their plate, web, 

and flange dimensions. In general, the light model has the 

smallest geometries, followed by the medium model, and the 

heavy model has the greatest geometries. According to the 

stiffened panel model selection in Fig. 6(a), the light stiffened 

panel model had the smallest area of inertia but a large column 

slenderness value. Conversely, the heavy model had a large 

area of inertia but the smallest column slenderness value. The 

area of inertia and column slenderness of the medium model 

had values in the middle. 

In comparisons of the area of inertia and the value of plate 

slenderness in Fig. 6(b), the light model had the smallest area 

of inertia, followed by the medium model in the middle and 

then the heavy model with the largest area of inertia. When 

viewed based on the value of plate slenderness, the heavy  

Table 3. The dimensions of each stiffened panel model. 

Model 𝑤𝑝  (mm) 
Span 

(mm) 
𝑡𝑝 (mm) ℎ𝑤 (mm) 𝑡𝑤 (mm) 𝑤𝑓 (mm) 𝑡𝑓 (mm) 

Light 

Model 
830 

830 

14 400 11 150 12 1660 

2490 

Medium 

Model 
830 

830 

17 450 12 150 22 1660 

2490 

Heavy 

Model 
830 

830 

20 550 13 150 32 1660 

2490 
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Fig. 6 Comparison of the area of inertia with geometric parameters: (a) column slenderness, (b) plate slenderness, and (c) web 

slenderness. 

 

model had the most significant value, the light model had the 

smallest value, and the medium model fell between the two. 

These data demonstrate that the relationship between the area 

of inertia and the value of plate slenderness was directly 

proportional. In Fig. 6(c), the area of inertia in the light model 

was the smallest, and its value of web slenderness was the 

lowest. This indicated a directly proportional relationship 

between the area of inertia and the value of the web 

slenderness. 

Based on these three graphs, the stiffened panel data at the 

bottom, middle, and top were designated as stiffener numbers 

4, 19, and 45 for the light, medium, and heavy models, 

respectively, to represent the values of the entire stiffened 

panel model that was under pressure due to seawater. The 

geometric dimensions of the selected models can be seen in 

Table 3, and the case configuration is examined in Table 4. 

Table 4. Case configuration of the analyzed stiffened panel. 

Model 
Span/bay 

(a/b) ratio 

Amplitude of 

Initial 

Imperfection 

(%) 

Pressure 

(MPa) 

𝜎𝑌 

(MPa) 

Light, 

Medium, 

and 

Heavy 

Model 

1 50 0.04 
313.6 

2 75 
0.08 

0.12 

352 
3 100 0.16 

 

The three stiffened panel models were subjected to several 

parameter variations as case configurations in this study, 

including as many as three variations of the span/bay ratio, 

with large yield strength of 313.6 and 352 MPa and variations 

of the initial imperfection amplitude of 50%, 75%, and 100%. 

The stiffened panel began with normal pressure conditions that  
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Fig. 7 The extent of the selected cross-sectional geometry of the stiffened panel models for FEM analysis. 

 

increased to extreme conditions, namely, 0.04, 0.08, 0.12, and 

0.16 MPa. From the case configuration above, it can be seen 

that the scenario cases that were considered in this study by 

cross-combining each variation totaled as many as 216 cases. 

 

2.5 Finite element modeling 

The finite element method was carried out using ABAQUS 

software to analyze the ultimate strength of the stiffened 

panels. The representative geometry of a stiffened panel was 

its cross-sectional shape, consisting of 1/2 + 1/2 span and 1/2 

+ 1/2 bay, as shown in Fig. 7. An illustration of the stiffened 

panel model is shown in Fig. 8, which illustrates the width and 

thickness of the flange, the height and thickness of the web, 

and the width and thickness of the plate. 

The boundary conditions for the stiffened panel model can 

be seen in Fig. 9, where the longitudinal and transverse edges 

are arranged equally for uniformity so that continuous 

conditions can be applied to the stiffened panel. In the 

simulation, transverse stiffeners were not modeled 

geometrically but only given boundary conditions as fixed 

constraints to simplify the calculations and modeling. 

 
Fig. 8 Cross-sectional geometry of the stiffened panels. 

 
Fig. 9 Determined boundary conditions for the FEM analysis of the FE model.
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Stiffened panels must be discretized through several 

elements to achieve convergence; therefore, to determine the 

appropriate mesh size in the modeling, a study of mesh 

convergence, as shown in Fig. 10, was conducted. 

Convergence was observed at a mesh size of 25 mm, so in the 

simulation, meshing was carried out with elements of length 

25 mm, as shown in Fig. 11. 

In applying the load on the stiffened panel model structure 

in the ABAQUS simulation,[32-36] the pressure was given under 

normal conditions to extreme conditions, namely, 0.04, 0.08, 

0.12, and 0.16 MPa. Pressure was applied as a loading of the 

stiffened panel structure in the lateral and transverse directions 

given to the bottom of the plate and the sides of the stiffener.[37] 

Then, a load in the form of axial compression was given, 

which caused an imposed displacement of 5 mm in the 

direction of the axial stiffened panel. Details of the application 

of pressure and axial compression loads on the stiffened panel 

model structure can be seen in Fig. 12. 

 
Fig. 10 Mesh convergence graph: meshes of size 15 and 50 mm. 

 

3. Results and discussion 

An analysis of the ultimate strength value calculation in the 

stiffened panel model was carried out using the FEM and 

IACS-CSR,[5] which was then evaluated to obtain the results. 

In this discussion, the results of the FEM and IACS-CSR[5,38-41] 

are compared. In addition, we consider the results of the FEM 

with no applied pressure. The variations in geometry, pressure, 

and yield strength parameters described earlier are compared 

with the results. From the 216 simulated data, only a few cases 

are shown so that explanations can be given effectively. 

 

3.1 Geometry parameters 

The following is a graph comparing the ultimate strength 

results from the FEM with and without pressure and results 

based on the IACS. It can be seen in Fig. 13 that the ultimate 

strength in all stiffened panel models with relative pressure 

was almost the same as that with no pressure. The small 

difference between the FEM and IACS results indicated that 

the results obtained with the FEM were appropriate. The graph 

shows an incomparable relationship between the increase in 

column slenderness and the ultimate strength. In addition, 

applying pressure to the stiffened panel also decreased the 

ultimate strength, even though it was a relatively small 

increase. Even so, from the resulting graph trend, the 

difference between the results with and without pressure 

increased when the column slenderness value was greater. 

 
Fig. 11 Meshing configuration on the panel geometry of the 

model. 

 
Fig. 12 Panel illustration of (a) applied load pressure on the FE model and (b) applied axial compression on the model. 
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Fig. 13 Comparison graph of ultimate strength models with 

pressure effects based on the column slenderness. 

 

Next, we performed a comparison by varying the span/bay 

ratio in the model. As shown in Fig. 14, the span/bay ratio had 

an inversely proportional relationship with the ultimate 

strength. In the case of span/bay ratio fluctuations, unlike for 

column slenderness, the bigger the span/bay ratio, the smaller 

the difference between the FEM findings with and without the 

application of pressure. 

 
Fig. 14 Comparison graph of ultimate strength models with 

pressure effects based on the span/bay ratio. 

 

3.2 Material properties 

A comparison was made with two variations in yield strength 

values, i.e., 313.6 and 352 MPa. Fig. 15 shows that the 

decrease in yield strength on the stiffened panel also caused a 

decrease in the ultimate strength. Thus, the yield strength was 

directly related to the ultimate strength. The comparison 

between pressured and non-pressured models showed a 

constant trend as the yield strength changed. 

 

Fig. 15 Graph of the relationship between the yield strength and 

ultimate strength value results based on the IACS. 

 

3.3 Lateral pressure 

A comparison of the results with varying magnitudes of 

pressure applied to the model was also conducted, as shown in 

Fig. 16. Comparisons were made at pressure variations of 0, 

0.04, 0.08, 0.12, and 0.16 MPa with the results from the IACS. 

In Fig. 16(a), the graph shows conformity with the values 

predicted by the IACS, with an insignificant difference. In Fig. 

16(b), it can be seen that there was a downward trend with 

increasing pressure. The changes that occurred in the ultimate 

strength were nearly linear. 

Von Mises contour illustrations are used to display the 

shape of deformation and stress affected by lateral pressure 

and the influence of initial imperfections. The graph in Fig. 17 

represents a light-stiffened panel model. The other parameters 

used for the stiffened panel model were an initial imperfection 

amplitude value of 100%, span/bay ratio of 2, pressure of 0.08 

MPa, and yield strength of 352 MPa. Four main points in the 

contour plot can be seen in Fig. 18, namely, the point when the 

panel was in the plastic region (A), when it reached the 

ultimate point (B), when it was in the post-buckling stage (C), 

and when it collapsed (D). 

The middle and edges were noticeably subjected to great 

stress when the model was in the elastic region or region A. 

This was due to the application of pressure at the beginning of 

the calculation causing an initial deflection before the imposed 

displacement. When the ultimate point was reached, high 

levels of stress and displacement occurred on the plate. The  
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Fig. 16 Model graphs comparing the pressure variable and ultimate strength value. 

 

 
Fig. 17 Load-end shortening curve for the light model in the 

elastic region, at the ultimate point, in the post-buckling stage, 

and under collapse conditions. 

 

provision of initial imperfections, one of which was a local 

imperfection mode, made the plate deformation even greater. 

In addition, the initial deflection due to the influence of 

pressure on the plate also increased the tension and 

deformation on the plate. Meanwhile, stress and deformation 

occurred evenly on the entire stiffened panel during post-

buckling and collapse. 

 

4. Formula elaboration 

4.1 Correlation between ultimate strength and model 

variables 

The comparisons of each parameter with the ultimate strength 

described in the previous section explained the effect exerted 

by each parameter. The relationship of each parameter with the 

ultimate strength value was subsequently processed 

statistically using the T-test, as shown in Table 5. All model 

parameters showed a level of significance that had a major 

effect on changes in the ultimate strength value. This can be 

seen where almost all parameters showed significance close to 

zero and T-values above the T-table. The negative values for 

some parameters indicated an inversely proportional 

relationship to the ultimate strength value. In this research, the 

values of initial imperfections, plate slenderness, and amount 

of pressure applied significantly affected the strength value of 

the stiffened panel. 

Table 5. Correlation measurement for each model parameter 

using the T-test. 

Parameter T-value Significance T-Table 
Significance 

Level 

𝑎/𝑏 -0.383 0.702 

±1. 971 0.05 

𝑊𝑖𝑚𝑝 -41.022 <0.001 

𝑃 -6.085 <0.001 

𝛽𝑝 -23.090 <0.001 

𝛽𝑤  -3.460 <0.001 

𝜆 -4.187 <0.001 

 

In addition to the statistical data, the correlation given to 

each model parameter is presented in graphic form in Fig. 19. 

Figs. 19(a) – (d) respectively show the inversely proportional 

effect of the model parameters span/bay ratio, initial 

imperfections, pressure, and plate slenderness on the 

normalized strength value. In Figs. 19(e) and (f), the graphs 

show fluctuating trends that do not clearly describe the  
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Fig. 18 The contour pattern of the light stiffened panel model under specific conditions: (a) plastic region, (b) ultimate point, (c) 

post-buckling, and (d) collapse. 

 

relationships of column parameters and web slenderness with 

normalized strength. This is because both parameters were 

influenced and dominated by the effect of other model 

parameters. Thus, for both parameters, the relationship to the 

normalized strength value has a nonlinear form. 

 
Fig. 19 Correlation measurement for each model parameter: (a) span/bay (a/b) ratio, (b) initial imperfections, (c) pressure, (d) plate 

slenderness, (e) column slenderness, and (f) web slenderness. 
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4.2 Empirical Formula for 
𝝈𝑼

𝝈𝒀
= 𝒇(𝒂

𝒃⁄ , 𝑾𝒊𝒎𝒑, 𝑷, 𝜷𝒑, 𝜷𝒘, 𝝀) 

In this study, a formula was created to predict the ultimate 

strength value of the stiffened panel under the influence of the 

stiffened panel’s geometric parameters (plate, web, column 

slenderness, and span/bay ratio), initial imperfections, and 

pressure, as described in Eq. (12). 

𝜎𝑈

𝜎𝑌
= 𝑓(𝑎

𝑏⁄ , 𝑊𝑖𝑚𝑝, 𝑃, 𝛽𝑝, 𝛽𝑤 , 𝜆)     (12) 

Through regression analysis conducted using 216 numerical 

calculation (FEM) data, an empirical formula was developed 

to predict the ultimate strength value. This formula 

incorporated the influence of pressure, considering its 

significant effect on the strength of the stiffened panel. A 

quadratic formula model was chosen because it was able to 

describe the results with R2 and adj. R2 values of 0.972 and 

0.970, respectively, represent a level of correctness predicted 

by the variable-parameter model of about 97% (see Table 6). 

In addition to showing the influence of the model parameters, 

empirical formulas in the form of quadratic equations also 

obtained accurate predictions and captured the nonlinear 

relationships between parameters. 

The empirical formula can be written as follows: 

σU

σY
= 1.457 − 0.005 a b⁄ − 1.457Wimp − 0.416𝜆 −

0.153βp − 0.053βw − 0.489P2+ 0.512𝜆2βw
2 − 0.746𝜆2  

(13) 

In the empirical formula, the pressure value hurts the increase 

in the ultimate strength value, as do the values of geometric 

parameters such as the plate and column slenderness and 

span/bay ratio. The inverse relationship of initial 

imperfections with the ultimate strength shown in the previous 

section also aligns with that given in the equation, where the 

coefficient value is negative. 

 

4.3 Empirical Formula Validation for 
𝝈𝑼

𝝈𝒀
=

𝒇(𝒂
𝒃⁄ , 𝑾𝒊𝒎𝒑, 𝑷, 𝜷𝒑, 𝜷𝒘, 𝝀) 

Validation of the empirical formula was performed by 

comparing the predicted ultimate strength results with the 

resulting values based on the FEM. Fig. 20 shows the 

comparison between the two, where the horizontal axis 

represents the empirical formula prediction, while the vertical 

axis shows the FEM simulation result. The graph shows that 

the results had reasonable accuracy, with a standard error 

between the two of only around 1.05%. Moreover, a statistical 

analysis in the form of mean absolute percentage error (MAPE) 

calculations was carried out to measure the error rate of the 

prediction results. A value of 0.801% indicated that the data 

produced by the empirical formula were accurate, and the 

equation formulated was appropriate for use. The current work 

may be extended to a comparison with the existing general 

empirical formula to observe the significance of pressure 

involvement in the proposed formula when calculating the 

ultimate strength. 

Table 6. Result summary of regression to determine the empirical formula. 

Constant 
Unstandardized Variable R2 Adj. R2 

𝑎/𝑏 𝑊𝑖𝑚𝑝 𝜆 𝛽𝑝 𝛽𝑤  𝑃2 𝛽𝑤
2𝜆2 𝜆2   

1.457 -0.005 -1.457 -0.416 -0.153 -0.053 -0.489 0.512 -0.746 0.972 0.970 

 
Fig. 20 Comparison of the empirical formula and the FEM results. 
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5. Conclusions 

This study cross-combined data by varying several geometric 

parameters of stiffened panels that affected the panels’ 

ultimate strength, such as the plate, web, and column 

slenderness and span/bay ratio, with other parameters, such as 

material properties in the form of yield strength and the 

influences of initial imperfections and pressure. The analysis 

was carried out through an FEM numerical calculation using 

ABAQUS software and a comparison with IACS regulations 

to create an empirical formula to predict the ultimate strength 

value. 

• The modification of geometric parameters through 

variations in the slenderness ratio and span/bay ratio, as well 

as variations in the initial imperfections and pressure, 

significantly affected the ultimate strength value. 

• The investigation produced an empirical formula that can 

accurately predict the ultimate strength value with an MAPE 

of 0.801%, and the quadratic equation in the empirical formula 

was able to represent the nonlinear relationships of each 

parameter. 

• Empirical formulas obtained using regression methods can 

be an efficient and effective solution as compared to numerical 

and experimental methods when analyzing tee-bar-type 

stiffened panels due to the influence of pressure. 

• The ultimate strength formula produced in this study can 

only be considered accurate for tee-bar-type stiffened panels. 

Despite the valuable insights gained from this study, it is 

important to acknowledge several limitations. Firstly, the 

influence of pressure was considered only based on static load 

conditions. Secondly, the empirical formula was obtained 

from a portion of the geometry that was selected using FEM 

modeling; thus, limitations in the quantity or quality of data, 

especially for real-world VLCC structures, could impact the 

model's accuracy and generalizability. Thirdly, the formula 

can only be used on tee-bar-type stiffened panels, so caution 

should be exercised when extrapolating to different scenarios. 

These limitations relate to recommendations for further 

research, including extending the research by benchmarking 

the developed empirical model against experimental data from 

actual full-scale thin-walled VLCC structures. Comparing the 

model predictions with actual structural performance data 

under varying pressure severities will validate the model and 

enhance its applicability to practical scenarios. Additionally, 

further research is needed to validate the developed empirical 

model and assess its applicability to different structural 

configurations and materials beyond tee-bar-type stiffened 

panels. Future investigations must consider the effect of 

extreme loading conditions, such as dynamic loading 

conditions, on the ultimate strength of thin-walled VLCC 

structures. Examining the effects of variables such as dynamic 

pressure variations, loads caused by waves, and temporary 

environmental circumstances on the structural response is 

necessary to help researchers better understand the structural 

behavior. 
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Nomenclature 

Symbols/Name Units Description 

𝐴𝑠 cm2 
Net sectional area without attached 

plating 

𝐴𝑝 cm2 Net sectional area of attached plating 

𝑎 mm Span length 

B0 m 
Amplitude for column and torsional 

imperfection mode 

b, wp mm Bay length 

C0 mm 
Amplitude for local imperfection 

mode 

𝐸 N/mm2 Young's Modulus 

ℎ𝑤𝑒 mm Effective height of the web 

ℎ𝑤 mm 
Web height of stiffener or primary 

supporting member 

ℎ𝑠  
Highest z coordinate of stiffened 

panel 

m  Critical half-wave number at span 

P MPa Pressure 

𝑅𝑒𝐻𝑝 MPa 
Minimum yield stress of the material 

of the considered plate 

𝑅𝑒𝐻𝑠 MPa 
Minimum yield stress of the material 

of the considered stiffener 

𝑟 mm Radius of gyration 

 𝑡𝑝 mm Plate thickness 

tf mm Flange thickness 

tw mm Web thickness 

U mm Initial displacement 

u, 𝑥, 𝑦, 𝑧  Element coordinate 

𝑊c mm 
Maximum value of the column 

imperfection mode 

                 wf mm 
Breadth of face plate or attached 

plating 
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𝑊imp mm 
Maximum value of the combined 

imperfection mode 

𝑊𝑙 mm 
Maximum value of the local 

imperfection mode 

𝑊𝑡 mm 
Maximum value of the torsional 

imperfection mode 

𝛽p  Plate slenderness 

𝛽𝑤   Web slenderness 

𝜀  Strain 

𝜀𝑦  Yield strain 

𝜀 MPa Ultimate strength 

𝜆  Column slenderness 

σ𝐶𝑅 1 N Column buckling mode 

σ𝐶𝑅 2 N Torsional buckling mode 

σ𝐶𝑅 3 N Local buckling mode 

σ𝐶1 MPa Critical stress 

σ𝐶2 MPa Critical stress 

𝜎𝑌 MPa Yield strength 

ϕ  Edge function 
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