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Abstract 

The field of ship structure analysis has witnessed consid-

erable progress marked by the proliferation of analytical 

formulas proposed by researchers as efficient tools for pre-

dicting the strength of ship structures, particularly those 

involving plate configurations. However, a comprehensive 

review of the existing literature underscores a notable gap - 

existing studies predominantly focus on a singular aspect, 

namely plate slenderness when predicting ultimate strength. 

In a bid to address this limitation and account for the myriad 

uncertainties inherent in plate structure calculations, this 

study adopts a nuanced approach. Numerical methods are 

employed, systematically varying geometric parameters such 

as b/t ratio and yield strength, alongside introducing initial 

imperfections in the form of local plate imperfection modes. 

Further enhancing the analysis complexity, amplitude severity 

is modified across amplitude, ranging from 25 % to 300 %, 

encompassing scenarios of slight, average, and severe sever-

ity. Leveraging the capabilities of ANSYS® APDL and MAT-

LAB®, an extensive dataset comprising 126 data points is 

collected and processed. These efforts result in the deriva-

tion of a formula tailored for calculating plate normalised 

strength. Implemented as a quadratic equation, the derived 

formula demonstrates a remarkable capacity to accurately 

predict data points characterised by significant deviations. 

Notably, its performance is gauged against numerical results, 

revealing a minimal standard error of approximately 0.023. 

The close alignment observed when comparing the derived 

formula with recent previous formulas further substantiates 

its potential as a viable solution for estimating normalised 

strength, particularly in scenarios influenced by geometric 

modifications and initial imperfections. 

Ključne reči 

• ploča 

• VLCC 

• čvrstoća 

• početna nesavršenost 

• izvedena formula 

Izvod 

Oblast analize brodske konstrukcije je pokazala značajan 

napredak okarakterisan razvojem analitičkih formula pred-

loženih od strane istraživača, kao efikasnih alata za procenu 

čvrstoće brodske konstrukcije, posebno onih sastavljenih iz 

ploča. Međutim, sveobuhvatan pregled postojeće literature 

ističe primetan jaz - postojeća istraživanja se pretežno foku-

siraju na singularni aspekt, zapravo na vitkost ploče pri 

oceni čvrstoće. U nastojanjima da se pozabavimo ovim ogra-

ničenjem i objasnimo brojne nesigurnosti u proračunima 

pločastih konstrukcija, u ovom radu se usvaja istančani pris-

tup. Primenjene su numeričke metode uz sistematsko varira-

nje geometrijskih parametara, na primer odnos b/t i napon 

tečenja, kao i uvođenje početnih nesavršenosti oblika lokal-

nih nesavršenosti ploče. Analiza se dodatno usložnjava modi-

fikovanjem amplitude u rasponu od 25 % do 300 %, obuh-

vatajući uslove rada tipa blagi, prosečni i teški. Prednosti 

ANSYS® APDL i MATLAB® su omogućile prikupljanje i 

obradu proširenog skupa podataka od 126 tačaka. Time se 

postiglo izvođenje formule pogodne za izračunavanje nor-

malizovane čvrstoće ploče. Uvedena kao kvadratna jedna-

čina, izvedena formula se pokazala da ima kapaciteta za 

tačnu procenu podataka sa karakterističnim znatnim odstu-

panjima. Zapravo, tačnost u odnosu na numeričke rezultate 

se ogleda u minimalnoj standardnoj devijaciji od oko 0.023. 

Malo odstupanje se uočava u poređenju izvedene formule 

sa skorašnjim formulama, čime se dodatno potvrđuje kao 

potencijalno prihvatljivo rešenje za određivanje normalizo-

vane čvrstoće, posebno u uslovima geometrijskih modifika-

cija i početnih nesavršenosti. 

 

 

Nomenclature 

Symbols/Name Units Description 

a mm span length 

b mm bay length 

C  
constant for amplitude of local 

imperfection mode 

C0 m amplitude for plate imperfection mode 

E MPa Young's modulus 

m  critical half-wave number at span 

n  critical half-wave number at bay 

 mm radius of gyration 

t mm plate thickness 
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U mm initial displacement 

u, x, y, z  element coordinate 

W0 mm maximum value of local imperfection mode 

  plate slenderness 

 ° rotational displacement 

  column slenderness 

 MPa strength 

u MPa ultimate strength 

y MPa yield strength 

INTRODUCTION  

Transportation using ships, especially oil tankers, remains 

one of the primary methods for international oil shipment, 

spanning from production sites to refineries and ultimately 

reaching the end consumer points. In the year 2021, ship-

ments of crude oil commodities reached a total of 1.7 

billion tons, with oil tanker transportation accounting for 

1.2 billion tons, /1/. As shipping activities via oil tankers 

continue to rise, accidents and failures of oil tankers have 

become increasingly prevalent and documented. Data from 

the European Maritime Safety Agency (EMSA) reveals that 

in the European region, between the years 2014 and 2020, 

approximately 841 cases of oil tanker accidents occurred 

/2/. Failures in the structural integrity of oil tankers can be 

attributed to adverse environmental conditions and extreme 

circumstances, as well as human errors in ship design and 

operational practices, /3-4/. The structural failure is attribut-

ed to the inability of the hull structure to withstand a certain 

magnitude of loading, /5-7/. In the broader context, a ship's 

structural composition can be defined as the amalgamation 

of continuously stiffened plates, with uniform stiffener spac-

ing between them, /8/.  

Numerous studies have been conducted on the large-scale 

structural aspects of ship hulls, but the focus on the individ-

ual plate structure is comparatively limited. Within the realm 

of structural strength, the integrity of plate elements plays a 

crucial role. According to Guedes Soares /9/, failure in plate 

elements occurs when all plates within the structure fail 

simultaneously. The evaluation of structural failure in ship 

structures, especially within plates, is commonly gauged 

through the ultimate strength value of the structure. If the 

applied load surpasses the ultimate strength value of a 

system, the system is susceptible to failure /10/. This phe-

nomenon is observed in cases like the Mol, where shipwreck 

conditions contribute to structural failures in plates, conse-

quently directly reducing ultimate strength and leading to 

buckling. Zhang et al. /11/ assert that buckling conditions 

resemble a domino effect, with plate buckling having a sig-

nificant impact on the overall ship structure. Compressive 

loading in seaways is one of the aspects that burdens the 

strength of the plate /12/. Additionally, other factors such as 

changes in geometry and initial imperfections resulting from 

the fabrication process necessitate focused attention on plate 

structures to enhance the strength of ship structures. 

Several modifications to the geometric aspects composing 

the plate can be performed by varying parameters such as 

the thickness and length of the plate, or a combination of 

both, commonly denoted as b/t, where b represents the width 

of the plate, and t signifies the thickness of the plate. Zhang 

/10/ made modifications to the plate thickness and found a 

linear correlation between plate thickness and ultimate com-

pressive strength. A similar approach was taken by Zhang 

and Khan /13/, where they varied the plate thickness from 

11.8 mm to 32 mm for plates with a plate aspect ratio of 

approximately 5. By using the single value critical half-

wave in both the longitudinal and transverse directions, they 

compared the numerical results with the Faulkner equation. 

In a different case, Kim et al. /14/ collected 315 data points 

by combining not only geometric aspects such as plate aspect 

ratio (a/b), plate thickness, and material yield, but also 

aspects of mesh size. Through numerical approaches, a 

notable aspect highlighted in their research is the significant 

influence of changing the number of divisions in the mesh 

when modifying the plate aspect ratio, especially for plates 

with low thickness levels. This phenomenon is observed not 

only in flat plates but also in curved plates. 

In addition to geometric aspects, uncertainties in real-

world conditions allow plates to experience age-related 

damage, leading to the imperfect state of the structure as 

built. Residual stresses from welding processes and cracks 

resulting from incidents are strong contributors to this 

condition /15-18/. Several studies have demonstrated the sig-

nificant impact of initial imperfections. A study by Paik /15/ 

focused on the reduction in ultimate strength in plates with 

cracks. Beyond cracks, other imperfections such as corrosion 

were also considered as the factor that can degrade the capa-

bility of plate structure to hold such a certain load /12, 19-

21/. Khedmati et al. /22/ conducted a study on the ultimate 

strength of corroded plates by modelling random corrosion, 

resulting in a significant strength reduction. Furthermore, 

Bektas /23/ examined the ultimate strength of rectangular 

plates with variations in aspect ratio and a single value of 

initial imperfection. The research demonstrated a notable 

reduction in the ultimate strength of the structure when intro-

ducing initial imperfections into the model. While previous 

studies on initial imperfections often concentrated on larger 

ship structural elements like stiffened panels, /24-26/, there 

has been limited exploration of similar imperfections within 

plate structures. In his study, Xu /27/ considered the pres-

ence of half waves along their spans. Consequently, the 

assessment of the ultimate strength of plates with local 

imperfection modes has not received extensive attention, 

particularly regarding their application to structural compo-

nents and various vessel types. 

Currently, research on ship plate structures has delved 

into numerical approaches validated by experimental results 

/17, 21/. In addition to these two methods, analytical methods 

serve as another alternative due to their faster computation 

time compared to other methods. In the study of plates, 

various formulas have been formulated to calculate the ulti-

mate strength of plates under the influence of imposed dis-

placement /28-31/. The well-known Faulkner approach /29/ 

has been a reference in subsequent research, as exemplified 

by Fujikubo et al. /32/, who compared their numerical results 

with the Faulkner equation. On another occasion, the formula 

proposed by Paik et al. /31/ served as a benchmark in the 

research by Babazadeh and Khedmati /33/, formulating a 

formula considering crack imperfection. In Table 1, it can 

be observed that overall, the formulated analytical equations 
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only consider one geometric aspect, namely plate slender-

ness. However, as previously explained, there is significant 

uncertainty beyond geometric aspects, specifically related to 

initial imperfections. In this study, a new formula is derived 

based on data obtained from numerical approaches. Geo-

metric aspects are modified by varying the (b/t) value, yield 

strength material, and the degree of severity of the initial 

imperfection mode. Using the local imperfection mode, the 

amplitude of initial imperfection is varied at 25 %, 50 %, 

75 %, 100 %, 125 %, 150 %, and 300 %, representing slight, 

average, and severe conditions classified by Smith et al. 

/34/. A total of 126 data points are analysed using ANSYS 

APDL® and MATLAB®. The data is processed to derive a 

new formula, the results of which are verified against for-

mulas from other researchers. 

Table 1. Previous proposed formula for plate’s ultimate strength. 

Author Year Formula 

Frankland 1940 2

2.25 1.25u

y



  
= −  

Faulkner 1975 2

2 1u

y



  
= −  

Soares 1988 2

2.16 1.08
  for  1u

y




  
= −   

Paik et al. 2004 

4 20.032 0.002 1.0  for  1.5u

y


  


= − + +   

1.274
  for  1.5 3.0u

y




 
=    

2

1.248
+0.283  for  3.0u

y




 
=   

Predicting Plate Ultimate Strength by The Influence of 

Uncertainties in Geometric and Initial imperfection

Numerical Analysis

Proposed Derived Formula

Derived Formula Verification

3D Modelling 

Process

Apply Initial 

Imperfection

Get Result of 

Ux and Fx

Insert Material 

Properties, Coupling, 

and Boundary 

Conditions

Analyze Each Variable 

towards Ultimate Strength

Perform Regression Method 

to New Derived Formula

Calculate Derived 

Formula

Collecting the previous 126 data

Calculate the Normalized Strength by 

Derived Formula and Numerical Method

Plot The Results of Normalized 

Strength from Both Methods

Comparison to Numerical Result Comparison to Previous Formula

Choosen Models

b/t ratio

Yield Stress of 

Material

Geometric Variation

Local Imperfection Mode with 

Amplitude Coef.

C0 = Cβ2t

Initial Imperfection Variation

C = 25%, 50%, 

75%, 100%, 125%, 

150%, 300%

Determine random models

Calculate the Normalized Strength by 

Derived Formula and Numerical Method

Plot The Results of Normalized 

Strength from Both Methods

 
Figure 1. Research flow for predicting plate’s ultimate strength. 
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METHODOLOGY 

Flowchart of study 

The selection of selected models was made by choosing 

specific models that represent the entire geometric variation 

of the oil tanker plate model. 

As illustrated in Fig. 1, the models are varied based on 

the ratio of b/t and the value of yield strength material. Six 

variations of b/t ratio and three variations of yield strength 

are cross-combined with variations in initial imperfection. 

In this study, only the type of local imperfection mode is 

applied to the model by modifying the coefficient amplitude 

values. The coefficient value, C, representing the constant 

amplitude of initial imperfection, is multiplied by quadratic 

plate slenderness and thickness and varied to represent the 

uncertainty of initial imperfections in actual conditions. 

Modelling and material properties inputting up to boundary 

conditions are conducted using ANSYS APDL® software. 

Meanwhile, MATLAB® is employed to modify model nodes 

through provided formulas. From each previously varied 

variable, a comparison is made with the resulting ultimate 

strength values. For generalisation and ease of comparison, 

non-dimensional units in the form of normalised strength 

are applied. Through regression methods, a newly derived 

formula is generated as an efficient and accurate solution in 

predicting ultimate strength after statistical verification 

against numerical results and previously created formulas 

using random sampling of the model. 

Plate geometry reference 

In this study, the plate model utilised is derived from the 

design of a Very Large Crude Carrier (VLCC), based on 

ISSC-2000 /35/, as illustrated in Fig. 2. The inclusion of both 

single hull and double hull VLCCs enhances the diversity 

of the study, allowing for a comprehensive exploration of 

geometric variations and expanding the scope of potential 

applications. 

a)

 

b)

 
Figure 2. Cross section of: a) single hull VLCC; b) double hull 

VLCC, /35/. 

CASE CONFIGURATIONS 

Initial imperfection 

In this study, reference data is obtained from Fujikubo's 

/36/ research, and this data is intended to determine the 

imperfection values to be used in the plate model. Based on 

Smith’s studies /34/, three levels of severities are categorised 

as severe, average, and slight, with variations in their ampli-

tude coefficient. Figure 3 illustrates a plot that represents 

the relationship between maximum imperfection applied on 

plate and plate aspect itself. Plate slenderness ratio, in turn, 

is a function of plate length and thickness, Young's modulus, 

and yield stress. 

 
Figure 3. Analysed scatter data of initial geometrical imperfection /36/. 

The local plate imperfection mode presented in Eq.(1) is 

a type of imperfection mode applied in this study, with the 

formula referencing the work of Adiputra et al. /37/. The 

amplitude value is represented by C0, which is a function of 

the coefficient C multiplied by the square of the plate slen-
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derness ratio and plate thickness. To introduce uncertainty in 

initial imperfections, the amplitude C is set at 25 %, 50 %, 

75 %, 100 %, 125 %, 150 %, and 300 %, representing sever-

ity levels from slight to severe. The percentage values alter 

the given coefficient; for example, at 25 % percentage, the 

coefficient becomes 0.025, and so forth. 

The critical half-wave along the span (m) is determined 

by Eq.(3), where in this case, its values are set to 1. Moreo-

ver, along the bay, its value for the entire model is also set 

as a single value, n = 1. The choice of odd half-wave values 

is made due to their ability to provide consistent results under 

both periodic and symmetric boundary conditions, /27/. An 

illustration of the application of initial imperfections to the 

model can be seen in Fig. 4. 

 
0 0 sin sini im x n y

W C
a b

 
= , (1) 

 2
0C C t= , (2) 

 2a b m m + . (3) 

Number of half wave 

along span (m)

Number of half wave 

along bay (n)

Scale factor = 30X

xy

z

 
Figure 4. Local imperfection mode illustration. 

Choosing selected models 

Conduct numerical analysis using two reference ship 

models, the single and double hull VLCCs, and applying 

various plate geometries can indeed be time-consuming in 

the analysis. Considering both efficiency and the accuracy 

of the data obtained, a selection of models is made based on 

the consideration that the chosen models adequately repre-

sent the entire range of plate geometries. As seen in Fig. 5, 

plate geometries are differentiated by bay length, span, and 

plate thickness. 

xy

z

 
Figure 5. Model illustration of plate. 

Therefore, selected models are chosen based on these con-

siderations, as shown in Table 2. In this table, there are 6 

models distinguished by the geometry of the plate. The value 

bay and span equal to 900 mm in the selected models are 

estimated values that represent the bay length and span in the 

reference models, as illustrated in Fig. 2. These selected 

models offer a balance between efficiency and accuracy, cov-

ering a representative range of plate geometries for analysis. 

Table 2. Selected model definition based on geometrical variations. 

Model 
Model geometry 

(abt) [mm] 
Plate aspect ratio (a/b) b/t ratio 

A 900  900  25 

1 

36 

B 900  900  23.5 38 

C 900  900  20 45 

D 900  900  18 50 

E 900  900  16 56 

F 900  900  14 64 

Additionally, the material characteristics of the plate, for 

both types of VLCCs, tend to exhibit different tendencies. 

Therefore, variations are also introduced in yield strength 

material values. Modifications include adding a variable for 

yield strength of 352.8 MPa, a value not uncommon in tanker 

ship types. Consequently, when cross-combined with previ-

ously selected 6 different models, there are a total of 18 dis-

tinct models based on geometric and material characteristics. 

Table 3. Selected model definition based on material yield strength. 

Model Yield strength [MPa] 

Low model 235.2 

Medium model 313.6 

High model 352.8 

Meanwhile, other material characteristics such as Young’s 

modulus and Poisson’s ratio are assumed to be the same, as 

presented in Table 4. 

Table 4. Plate material characteristics. 

Material properties [units] Value 

Young’s modulus [MPa] 2.06  105 

Poisson’s ratio 0.3 

To provide a clearer explanation that the selected models 

represent other models, plots in Figs. 6 and 7 are presented. 

In Fig. 6, comparison is made on column slenderness ratio 

properties against plate thickness. Column slenderness is one 

of the geometric parameters considered in ship structure 

modelling, representing a function of span, radius of gyration, 

yield strength, and Young’s modulus, is shown in Eq.(4). 
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Figure 6. Comparison between column slenderness and plate 

thickness. 
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r E





= . (4) 

Meanwhile, in Fig. 7, a comparison between column 

slenderness and plate slenderness ratio is provided. In both 

graphs, all selected models represent the highest to lowest 

values for these three parameters. In the verification step of 

the newly derived formula, plate reference models are used 

to validate the accuracy of calculated predictions. This ensures 

that the new formula accurately represents the behaviour 

observed in the plate reference models. 
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Figure 7. Comparison between column and plate slenderness. 

Numerical analysis setting 

The analysed plate in this study is located between stiff-

eners, as depicted in Fig. 8. Boundary conditions applied to 

the plate are adapted from the conditions Anyfantis /38/, 

provided for stiffened panels. The difference in the current 

study is that there are no constraints applied to the web or 

the middle section of the plate. Instead, specific fix con-

straints are applied to the entire edge, as illustrated in Fig. 

9. Only the edge portion is subjected to imposed displace-

ment with a uniform condition, allowing nodes in that area 

to move together when displacement is applied. This bound-

ary condition setup aims to simulate the conditions of a plate 

located between stiffeners, ensuring a representative analysis 

of the plate's behaviour within the given structural context. 

b

b

a a

y

x

z

x

z

y
Plate between stiffeners

One span One span

One bay

One bay

Girder
Stiffener

Stiffener

Girder

 
Figure 8. Plate location. 

Referring to the research by Hanif et al. /39/ and follow-

ing the guidelines from Kohnke /40/, the ‘181’ shell element 

and bilinear isotropic hardening are chosen for this analysis 

because they sequentially provide appropriate modelling con-

ditions and accurately represent material response when sub-

jected to loads. The mesh configuration on the plate is then 

varied, as illustrated in Fig. 10. For all models, the number 

of mesh divisions in the x-axis  y-axis is set to 40  40. This 

mesh configuration aims to study the sensitivity of the anal-

ysis to mesh density and ensure that the chosen mesh ade-

quately captures plate behaviour under applied conditions. 

ux=uz=θy=θz=0

        

        

  

θy=θz=0
Ux=Uniform

uy=θx=θz=0

uy=θx=θz=0

xy
z

 
Figure 9. Applied boundary condition on plate model. 

 
Figure 10. Plate illustration after mesh setting applied. 

RESULT AND DISCUSSION 

Geometrical variations effect 

The influence exerted by variations in geometric aspects 

shows significant results. In Fig. 11a, the effect of increase 

in b/t ratio is capable of decreasing the ultimate strength. As 

observed in the graph, a significant decline occurs. This de-

crease is attributed to the impact of reducing plate thickness, 

which affects the plate slenderness value. As previously 

known, plate slenderness is one of the variables influencing 

the local plate imperfection mode, triggering plate collapse. 

Hence, in this study, it can be observed that a decrease in 

b/t ratio corresponds to a proportional effect on the ultimate 

strength of the plate. 

In addition to the geometric shape of model, the effect of 

material characteristics also plays a significant role. Although 

Fig. 11b demonstrates that an increase in plate yield strength 

results in an increase in ultimate strength, the opposite is 

shown in terms of normalised strength. This indicates that 

even though there is an increase in ultimate strength, raising 

the yield strength value needs to be considered to effectively 

impact the structural strength of the plate. Similar to the pre-

vious variation, the effect of yield strength itself is relatively 

constant concerning normalised strength, in this case, from 
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the A to the F model. This implies that, in certain cases, an 

increase in yield strength may not translate proportionally 

to an increase in structural efficiency of the plate, emphasis-

ing the need for a balanced consideration of various factors 

in material selection. 
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Figure 11. Effect of different geometric parameter on ultimate 

strength: a) b/t ratio; b) yield strength of material. 

Initial imperfection variations effect 

In the case of an increase in the amplitude of initial imper-

fection, there is a decrease in ultimate strength value, as can 

be seen in Fig. 12. This decrease is particularly significant 

in models with low plate thickness, such as the D, E, and F 

models. In models A and B, the normalised strength decrease 

in amplitude imperfection from 150 to 300 % is observed to 

be approximately less than 1.5. Conversely, in all three 

models with the lowest plate thickness, the difference 

exceeds 2. Although Eq.(2) elucidates the influence of plate 

geometry on the magnitude of imperfection values, specific 

values of plate thickness and initial imperfection amplitude 

have a pronounced effect on the strength of the plate struc-

ture. It is crucial to consider these variations in response to 

initial imperfections based on specific characteristics of the 

plate being analysed. 
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Figure 12. Influence of initial imperfection on normalised strength. 

DERIVED FORMULA 

Analysing each plate parameter towards normalised strength 

value 

Before deriving the formula, an evaluation of the influ-

ence of each varied variable on the normalised strength is 

necessary. Table 5 presents a statistical approach to measure 

the influence of each variable. In the table, plate and column 

slenderness ratio have the largest T-value of -15.950 and     

-15.947, respectively. The negative value indicates that any 

increase in those ratios has an opposite effect or a decrease 

in normalised strength in general. With a confidence level 

of 95 %, all modified parameters show a significant impact 

on any change in normalised strength. This is evidenced by 

significance values for each parameter being smaller than the 

significance level in the table, which is 0.05. These statistical 

results affirm that each modified parameter significantly influ-

ences the changes in normalised strength. 

Table 5. Statistical analysis of each variable effect on ultimate 

strength value. 

Parameter T-value Significance T-Table 
Significance 

level 

b/t ratio -13.220 < 0.001 

1.966 0.05 

 -15.950 < 0.001 

 -15.947 < 0.001 

Yield strength -3.536 < 0.001 

Initial imperfection -7.119 < 0.001 

In addition to conducting statistical calculations, the corre-

lation between each variable, both geometrical and initial 

imperfection aspects, are also explored through graphical 

plotting. In Fig. 13a to 13e, overall, the graphs show an 

inversely proportional linear relationship with normalised 

strength. However, in Fig. 13c, the middle line in some box 

charts provides data that the median of normalised strength 

is not always linear. The median line in that graph indicates 

fluctuations. Additionally, in Fig. 13a and d, several data 

points fall outside the box chart range, especially beyond the 

95th percentile. Therefore, in this study, the derivation of the 

formula does not use a linear but a nonlinear equation in the 

form of a polynomial equation to capture deviations that 

occur in each data point across various parameter variations. 
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Figure 13. Data range of normalised strength influence by 

numerous parameters. 

These nonlinear equations, specifically polynomial equa-

tions, provide a more flexible and adaptable framework to 

model the complex relationships observed in the data, 

accounting for fluctuations and variations that may not be 

adequately captured by linear equations. 

Proposed derived formula for u /y = f(,,C) 

Based on the comparison of the influence of each variable 

on normalised strength, variables such as plate slenderness 

and initial imperfection are independent variables in the 

equation for normalised strength, as shown in Eq.(5). The 

value of b/t ratio itself has been represented by plate slen-

derness as they have a similar approach. Additionally, in the 

form of a normalised strength function (rather than ultimate 

strength), the yield strength is automatically considered, even 

if not explicitly stated in the equation. With fewer variables, 

the equation becomes more efficient and compact, 

 ( , , )u

y

f C


 


= . (5) 

This simplified equation captures the essential factors 

influencing normalised strength while maintaining efficiency 

and conciseness. The reduced number of variables enhances 

the practicality and interpretability of the equation. 

Through the regression method, the 126 data points previ-

ously calculated via the numerical method are processed. 

As can be seen in Table 6 by aiming for three independent 

variables, a quadratic equation is generated with an R2 value 

reaching 0.986. A value of 0.986 indicates that the three 

independent variables accurately represent results compared 

to numerical results at 98.6 %. As explained earlier, the 

selected equation is quadratic, not linear, because it can 

capture data points beyond the 95th percentile range. This 

quadratic equation provides a more accurate representation 

of the complex relationship between the variables and nor-

malised strength, especially capturing the deviations in data 

points beyond the 95th percentile range. 

Table 6. Summary regression analysis findings. 

Constant 
Coefficient 

R2 Adj. R2 
      C2 C 

1.505 -0.173 0.011 -0.141 3.129 -2.337 0.986 0.986 

Based on the equation and statistical data generated in 

Table 6, they are organised to produce a new derived formula 

for calculating normalised strength on a plate, as demon-

strated in Eq.(6). The negative value for plate slenderness 

and initial imperfection amplitude indicate a negative influ-

ence on the increase in normalised strength. To extend the 

coverage to data beyond the range, the terms  2 and C2 play 

a role in reaching these data points to improve the accuracy 

of the results, 

 2 2 21.505 0.173 0.011 0.141u

y


   


= − + − +  

 23.129 2.337C C+ − . (6) 

This derived formula allows for the prediction of normal-

ised strength on a plate based on the specified parameters, 

providing a more flexible and accurate tool for understand-

ing the relationship between these variables and the plate's 

structural response. 
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Verification derived formula for u /y = f(,,C) 

Data verification and validation are conducted twice in 

this study. In the first validation, the data are re-examined 

against numerical calculations, as illustrated in Fig. 14. The 

diagonal axis represents the alignment of calculation results 

with the derived formula in Eq.(6). Meanwhile, the vertical 

axis indicates the results of numerical calculations for the 

previous 126 data points. With a standard error of only 0.023, 

the graph demonstrates a high level of consistency between 

the two calculation models. This is further evidenced by 

numerous numerical calculation results aligning closely with 

the diagonal line. The standard error value itself is obtained 

from the square root calculation of 1 minus the adjusted R2, 

multiplied by the standard deviation value of the data. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0


U
/

y
: 

N
u

m
er

ic
al

 R
es

u
lt

s

U/y: Derived Formula

 Numerical Results

Standard Error: 0.023 or 2.3%

 
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0


U
/

y
: 

N
u

m
e
ri

c
a
l 

R
e
su

lt
s

U/y: Derived Formula

 Numerical Results

Standard Error: 0.023 or 2.3%

 
Figure 14. Validating by comparing to numerical results. 
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Figure 15. Validating first derived formula by comparing to 

previous formulas: a) at C = 0.05; b) at C = 0.1. 

The second and final validation involves a comparison of 

results obtained from the developed derived formula with 

various formulas previously published by earlier researchers. 

In contrast to the preceding graph, the vertical axis below 

illustrates the computed values using formulas referenced in 

Table 1. For this comparison, the amplitude of the initial 

imperfection is assumed to have values at 50 % or 0.05, and 

100 % or 0.1. Upon examination of Fig. 15, both 15a and 

15b, the results derived from the developed formula exhibit 

a trend similar to most recently proposed formulas, particu-

larly those by Paik et al. /31/. 

In both graphs, the calculations from the well-known 

Faulkner /29/ also provide an approach that is nearly identi-

cal to the current derived formula, with minimal differences 

in values. However, in the graph with an initial imperfec-

tion amplitude equal to 100 % or 0.1, the calculations from 

the derived formula slightly underestimate. This discrep-

ancy may arise due to the influence of initial imperfection 

variable and differences in the boundary condition approach. 

CONCLUSIONS 

The current study on plate ultimate strength involves the 

variation of b/t ratio, yield strength, and initial imperfections 

in the form of local plate imperfection modes. These varia-

tions directly influence other geometric aspects in the form 

of plate and column slenderness ratio. Through numerical 

simulations, results are processed to derive a compact formula, 

enabling the prediction of normalised plate strength values. 

• Variations in b/t ratio, yield strength, and initial imperfec-

tions significantly impact both ultimate and normalised 

strength values. 

• Modifications to yield strength exhibit a direct relationship 

with changes in ultimate strength but an inverse relation-

ship with normalised strength. 

• At specific values of plate thickness and initial imperfec-

tion amplitude, there is a significant alteration in normal-

ised strength. 

• The quadratic equation form effectively captures data with 

significant deviations, thereby enhancing prediction accu-

racy compared to linear equation formulas. 

• Future studies could be extended by introducing more varia-

tions in types of imperfection modes, such as hungry horse 

mode or degradation of yield strength due to residual stress. 
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