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Preface 

Since I started studying my master Structural Engineering at the TU Delft, I have been fascinated by large 

steel structures of bridges. When I drove over one, I was impressed of the structure’s scale, complexity and 

elegance. Steel bridges have not only captured my attention in recent years, but also that of a wider audience. 

The reason therefore is that steel bridges have frequently appeared in the news due to their age. Many 

bridges in the Netherlands are subjected to heavier loads than they were designed for. As a result it is 

necessary to recalculate and update the structural construction of these steel bridges.   

 

My Master's thesis was carried out in partnership with the engineering firm Witteveen+Bos. This engineering 

firm is one of the companies that is working on the evaluation and recalculation of structurally outdated 

bridges. These structures often contain (un)stiffened steel plates that are subjected simultaneously by several 

internal forces. The following research topic in collaboration with my supervisors at Witteveen+Bos is defined 

as follows: the influence of tensile stress on the shear buckling of stiffened steel plates. 

 

Hopefully, this thesis will contribute to improving our understanding of how tensile stresses influence the 

shear buckling behaviour of stiffened and unstiffened steel plates, which may support engineers in the 

structural evaluation of outdated steel bridges.  

 

M.M.J.M. Blankendaal 

Amsterdam, June 2025 
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Abstract 

In the Netherlands many existing steel bridges are being recalculated because they are, among other things, 

subjected to heavier loads than they were originally designed for. A lot of these steel bridges contain 

(un)stiffened steel plates that are simultaneously subjected to multiple internal forces. The combined shear-

bending stress state is critical for the recalculation, as bending introduces both tensile and compressive 

stresses, which, in combination with shear, govern the buckling resistance of the (un)stiffened steel plates.  

 

The aim of this thesis is to get a better insight of the influence of tensile stress, induced by bending, in 

combination with shear stress on the buckling resistance of (un)stiffened steel plates. To achieve this, a 

literature review (Part 1) and a parametric study (Part 2) were carried out in this thesis. Literature findings 

show that tensile stresses can potentially increase the buckling resistance of steel plates. The Eurocode 

provides a verification method, which is called the reduced stress method, to calculate plate buckling 

resistance. However, results of the parametric study in this thesis show that the reduces stress method does 

not take into account the positive contribution of tensile stresses on the buckling resistance. 

 

An alternative method to calculate the buckling resistance of steel plates is to use the calculation software 

EBPlate, which computes several parameters that are used in the reduced stress method. When the reduced 

stress method is performed with the parameters that EBPlate has computed, the results change. The results 

show that EBPlate does take the positive influence of tensile stress into account, as evidenced by increased 

buckling resistance when tensile stress is introduced. 

 

Finally, FEM calculations were made in RFEM for the same plate cases and stress states. The results also 

confirmed the positive influence of tensile stress on the buckling resistance. However, the calculations that 

were made with the reduced stress method in combination with EBPlate gave higher buckling resistance 

values compared to the RFEM calculations. Despite this, RFEM is considered to provide more accurate 

results due to its more refined modelling capabilities. Therefore, RFEM is assumed as the benchmark for 

realistic structural behaviour in this study. However, because FEM simulations take long, EBPlate remains a 

preferred tool in engineering practice due to its efficiency and ease of use. 

  

To align EBPlate results with the results from RFEM, reduction formulas are developed in Chapter 9. These 

reduction formulas can be used in combination with EBPlate to offer conservative and safe estimates of the 

buckling resistance, thus matching or conservatively underestimating the buckling resistance compared to 

FEM results. 
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Nomenclature 

Symbol Definition 
𝑎   Distance between transverse stiffeners 

𝑎௖   Critical length for elastic buckling  

𝑎௠௡  Displacement parameters or degrees of freedom  

𝐴௦௟,ଵ  Gross area of the stiffener 

𝑏   Height of the plate 
𝑏𝑒𝑓𝑓  Effective height of the plate 

𝑏ଵ, 𝑏ଶ  Distances from plate edges to stiffener 

𝑐𝑠, 𝑐𝑖  Distance from plastic hinges to top and bottom flanges 

𝐷   Flexural rigidity of the plate 

𝐸   Young’s modulus 

𝐹ாௗ   Design load 

𝐹ோௗ   Design resistance 
𝑓௬    Yield strength 

𝑓
𝑦𝑤

   Yield strength in the web 

ℎ𝑓   Height of the plate 

𝐼௦   Second moment of area of the stiffener 

𝑘ఙ   Plate buckling coefficient 

𝑘ఛ   Shear buckling factor  

𝑚   Number of half sine waves in the plate 

𝑚௠௔௫  Maximum number of half-waves in x direction 

𝑛௠௔௫  Maximum number of half-waves in y direction 

𝑅0  Initial stiffness matrix 

𝑅𝐺   Geometrical stiffness matrix 

𝑆   Stresses 

𝑆𝑐𝑟  Critical stresses 

𝑡   Plate thickness  

𝑡𝑤   Web thickness 

𝑉𝑐𝑟   Elastic buckling resistance  
𝑉𝑝𝑐   Post-buckling resistance of plate girder  

𝑉𝑝𝑙   Plastic shear resistance  

𝑉𝑢   Ultimate shear resistance  

𝑤ଵ   Amplitude of global imperfection 

𝑤ଶ   Amplitude of local imperfection 

𝑥   Longitudinal coordinate along the length of the plate  

𝑧   Vertical coordinate along the height of the plate 

𝛼   Aspect ratio 

𝛼௖௥  Load amplifier factor for elastic critical state 

𝛼௖௥,௫, 𝛼௖௥,௭  Critical factors for longitudinal and transverse stresses  

𝛼௖௥,ఛ  Critical factor for shear stress 

𝛼௨   Load amplification factor 

𝛼௨௟௧,௞  Load amplifier factor for characteristic resistance  

γ   Relative flexural stiffness of the stiffener 

𝛾ெଵ   Partial safety factor 

∆𝑈   Variation of strain energy of the plate 
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∆𝑊𝑖𝑛𝑡  Variation of internal work of critical stresses 𝑆𝑐𝑟 

𝜂   Steel hardening factor 

𝜃   Inclination of the web panel diagonal 

𝜆௥௘௟   Relative slenderness of the plate 
𝜆௣
തതത   Plate slenderness 

𝜈   Poisson’s ratio 

𝜌   Plate buckling reduction factor  

𝜌௠௜௡  Minimum reduction factor of 𝜌௫, 𝜌௭ or 𝜒௪ 

𝜌௫, 𝜌௭  Reduction factors for longitudinal and transverse stresses  

𝜎௖௥   Critical plate buckling stress  

𝜎௖௥,௦௟  Elastic critical buckling stress of the stiffener 

𝜎௖௥,௫, 𝜎௖௥,௭  Critical longitudinal and transverse plate buckling stresses respectively 

𝜎௘௤,ாௗ  Equivalent stress 

𝜎௫,ாௗ, 𝜎௭,ாௗ  Design longitudinal and transverse stresses respectively 

𝜎𝑡   Diagonal tension field stress 

𝜏ாௗ   Design shear stress 

𝜏௖௥   Critical shear buckling stress  

𝜑   Inclination of the tension field   
𝜒

𝑤
   Shear buckling factor of the web  

𝜓௫, 𝜓௭  Stress ratios for longitudinal and transverse respectively 
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1 Research framework 

1.1 Context 

Steel bridges that are built in the past need to be recalculated because nowadays more and heavier traffic is 

using these steel bridges. Slender steel plated structures are often used for long span box girder bridges. 

This is done because slender steel plated structures lead to low material consumption, optimization of their 

fabrication, low dead loads and a high utilization. Due to this high slenderness the steel plates tend to buckle1.  

 

On the cross section of these slender steel plated structures several internal forces are acting simultaneously. 

As a result, multiple multiaxial stress states can develop. Examples of this multiaxial stress state is the shear 

stress in combination with compression or tension stress. Often, during the recalculation of steel bridges the 

buckling due to shear of the steel plates do not satisfy the requirements that are described in the European 

standards. Therefore engineers needs to reinforce the existing structure with the use of new stiffeners. This 

represents a significant undertaking and involves substantial costs. Therefore, it may be worthwhile to explore 

alternative solutions.  

 

Steel plates under shear stresses show reduced buckling resistance when also subjected to compression 

stresses and improved buckling resistance when also subjected to tensile stresses. As a result, a stiffened 

steel plate that is subjected to compression and shear does not fulfil the buckling requirements, unlike a 

stiffened steel plate that is subjected to tension and shear, see Figure 2 and Figure 1. This positive influence 

of tensile stresses on shear stress might be used improve the design rules in the current European standards1. 

1.2 Problem description 

Based on recalculations and engineering assessments performed by Witteveen+Bos, there is evidence that 

the positive influence of tensile stresses on the plate buckling resistance under shear is not (fully) incorporated 

in the current design rules of the Eurocode. Steel plated structures are designed according to EN 1993-1-5 

within the Netherlands. The EN 1993-1-5 states that steel plate structures can be designed by using the finite 

element method, the effective width method and the reduced stress method. In order to understand why the 

design methods provided in the Eurocode do not take into account the influence of tensile stresses on the 

shear buckling resistance of steel plates, the background and theoretical assumptions behind these methods 

are examined in this report. In this thesis the main focus is on steel plates subjected to tension stress and 

shear stress. The effective width method does not take the influence of tensile stresses in a cross-section 

into account when a cross-section is loaded due to tensile stress and shear stress.  

 

Figure 2 Stiffened steel plate under a 
shear-compression multiaxial stress 
state, which does not meet buckling 
requirements. 

Figure 1 Stiffened steel plate under a 
shear-tension multiaxial stress state, 
which does meet buckling requirements. 
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In contrast to the effective width method, the reduced stress method does take into account the combined 

effect of tensile and shear stress in the verification process. This theoretically allows for taking into account 

the positive effect of tensile stress on the buckling behaviour. In addition to the reduced stress method, 

calculation tools such as EBPlate in combination with the reduced stress method and FEM models can also 

be used to determine the buckling resistance of steel plates.  

 

This phenomenon came to light with the recalculation of existing bridges, but can be drawn more broadly to 

new steel bridges as well. If the positive influence of the tensile stress on the shear plate buckling resistance 

of steel plate structures are substantial, then there is a possibility that the steel plate structures can be 

designed more economical whereby the slenderness of the plates can be reduced and/or no stiffeners are 

needed in the steel plate design. Which lead to economic and environmental advantages in new and existing 

steel structures.  

1.3 Research questions 

Based on the problem description, the main research question is formulated as follows:  

 

“How to consider the effect of tensile stress on the shear buckling resistance of stiffened steel plates with 

varying normal stress distributions and geometric parameters in an accurate analytical approach.” 

 

Sub-questions are formulated in order to answer the main research question: 

1. What is the influence of tensile stress due to bending on the shear buckling of stiffened steel plates? 

2. How does the Eurocode and literature studies take the impact of tensile stress due to bending into 

account on the shear buckling resistance of steel plates? 

3. How does EBPlate, in combination with the reduced stress method and FEM models, compare to 

the reduced stress method alone in accounting for the influence of tensile stresses on the buckling 

resistance of steel plates? 

4. What model parameters influence the buckling behaviour of (un)stiffened steel plates? 

 

The first two sub-questions will be dealt with in the literature review. The second part of this thesis, parametric 

study, will focus on the last two sub-questions. 

1.4 Structure of the thesis 

This thesis is subdivided into three parts: Literature review - Parametric study - Research outcome. For each 

part, a description is provided below. The corresponding outline of the thesis is shown in Figure 3. 

 

Part I – Literature Review 

A literature review is performed to obtain state-of-the-art knowledge about buckling behaviour of steel plates. 

First, the influence of tensile stress on steel plate buckling is researched more in-depth. Second, three 

methods for calculating the buckling resistance of steel plates are discussed: the reduced stress method 

according to the Eurocode, the reduced stress method in combination with EBPlate and FEM models." 

 

Part II - Parametric Study 

The second part of this thesis is dedicated to a parametric study focusing on the buckling resistance of 

unstiffened and stiffened steel plates. The buckling resistance is calculated using three different approaches 

previously described in the literature review: the reduced stress method, the reduced stress method in 

combination with EBPlate and FEM. A separate chapter is provided for each approach where a brief 

introduction and methodology is presented. Part 2 starts with a chapter outlining the parameters used in the 
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study, followed by three chapters that address each approach separately. 

 

Part III – Research Outcome 

The third part of this thesis starts with chapter 8, where the results from all three approaches are presented 

side by side for comparison. In chapter 9 a new design approach is developed based on the results in chapter 

8. Next, the interpretation of the results, application and limitations are discussed. At last, conclusions are 

drawn and recommendations are given. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Thesis outline. 
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Part 1 
Literature review 
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2 Plate buckling theory 

2.1 Introduction 

Buckling is a type of failure that occurs in structures that have high stiffness in one direction and relative low 

stiffness in the other direction. When a load is applied in the stiff direction, the structure shows sudden 

instability or failure in the weaker direction. This is a phenomenon, which is commonly observed in slender 

structures such as columns and plates.  

 

Plate buckling is a failure mode that can occur when a plate is subjected to compressive and/or shear loads, 

which results in an out-of-plane deformation. The Eurocode provides guidelines on how to account for plate 

buckling and how to incorporate it into design calculations. The underlying principles behind the design rules 

are first in this chapter addressed prior to the next chapter, where is described on how the Eurocode takes 

into account plate buckling failure. First the buckling behaviour of plates under compressive loads will be 

discussed in Section 2.2 and second the behaviour of plates subjected to shear loads will be discussed in 

Section 2.3. 

2.2 Plates loaded in compression 

2.2.1 Plate vs column-like behaviour 

Plate buckling is a complex phenomenon, characterized by nonlinear stress behaviour, load shedding effects 

and effects of boundary conditions. A distinction is made between plate-like behaviour and column-like 

behaviour when looking into the post-buckling behaviour of steel plates that are subjected to longitudinal 

stresses. In contrast to column-like behaviour, where the ultimate load equals the critical load, plate-like 

behaviour in steel plates may have a post-buckling strength reserve, which allows the ultimate load to exceed 

the critical load, see Figure 4. 

 

 

Figure 4 Comparison of column and plate buckling1. 
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An analogy to a grillage model is used to explain the postcritical strength reserve, which is displayed in Figure 

5. In the grillage model, the continuous plate is replaced by columns in x-direction and ties in y-direction. 

Under loading on the x – edges, the columns will buckle. The ties are stretched as the columns buckle 

outward, thus restraining the motion and providing post buckling reserve. The plate can continue to carry 

loads around the buckle through the edges that are parallel to the applied load. The grillage model effectively 

illustrates the source of post-buckling strength and how longitudinal stresses are redistributed as a result2. 

 

 
Building upon this grillage model, a more detailed explanation of the actual stress redistribution by illustrating 

the effect of edge stiffness and boundary conditions, is shown in Figure 6. Before buckling of the plate occurs, 

the compressive stresses are equally distributed over the plate width, see Figure 6a. As illustrated by the 

earlier explanation of the grillage model, it can be seen that due to higher stiffness near the edges, the applied 

stresses redistribute nonlinearly and reach higher stress values near the edges. Tensile membrane stresses 

occur perpendicular to the loading direction but the amount of these stabilizing membrane stresses depends 

on the edge boundary conditions. In Figure 6b the stress distribution is shown with unconstrained edges. An 

unconstrained edge boundary condition defines an edge which is free to move in-plane. In Figure 6c the 

stress distribution is shown with constrained edges. A constrained edge boundary condition defines an edge 

which remains straight3. 

Figure 5 Post-buckling model of a thin plate under in-plane loads2. 

Figure 6 Stability behaviour of a single plate subjected to longitudinal stresses3. 
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As can be seen in Figure 6 the boundary conditions of the plate play a major role in governing column or 

plate-like behaviour. Apart from the boundary conditions, the aspect ratio a/b also decides if a 

plate behaves column-like or plate-like buckling behaviour. Plates with a low aspect ratio would behave more 

column-like behaviour. The EN 1993-1-54 states that for aspect ratios a/b < 1 column type of buckling may 

occur and the column behaviour check must be performed. Figure 7 shows in which cases column type 

buckling may occur. It must be noted that postcritical strength reserve only occurs when plate-like behaviour 

is dominating. When there is column like behaviour dominating, the plate is behaving like a column, therefore 

benefits of postcritical strength reserves are not taken into account. To determine if column-like behaviour, 

plate like behaviour or an interaction between plate-like and column-like behaviour is governing in a plate an 

interpolation formula is used. This formula is presented in Section 3.3.3. 

 

2.2.2 Euler plate buckling 

In structural design, it is necessary to check if the plate under compression will buckle before reaching its 

maximum material strength. This is particularly important for slender elements, such as thin steel plates, 

which are very sensitive to buckling. The concept is that although the material might be able to carry a stress 

up the yield strength, a thin plate will usually buckle before at a lower stress level known as the critical buckling 

stress. To take this into account, no check is done against the yield strength but instead a reduced value is 

therefore used that depends on the plate’s geometry and material. This done by using a reduction factor, 

which reduces the yield stress based on how slender the plate is. This means the plate is only allowed to 

carry a lower stress, which is safe against buckling. 

 
𝜎௖௥ = 𝜌 ∗ 𝑓௬ (2.1)  

Where  

 𝜎௖௥ is the critical plate buckling stress  

 𝜌 is the plate buckling reduction factor  
 𝑓௬ is the yield stress 

 

The reduction factor depends on the relative slenderness of the plate, which is a way to describe how ‘thin 

and long’ the plate is compared to its strength.  

𝜆௥௘௟ = ඨ
𝑓௬

𝜎௖௥

 
 

(2.2)  

Where  

 𝜆௥௘௟ is the relative slenderness of the plate 

Figure 7 Column-like behaviour4. 
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Eq. (2.1) and Eq. (2.2) can be combined to express the reduction factor as a function of the plate relative 

slenderness, see Eq. (2.3). If a plate is very slender, the relative slenderness is high, which results in a small 

reduction factor and therefore a lower allowable stress.  

 

𝜌 =
𝜎௖௥

𝑓௬

=
1

𝜆௥௘௟
ଶ (2.3) 

 

The first contribution to buckling theory was made by Euler, who derived the linear elastic buckling load for 

an ideal, axially compressed column5. This fundamental concept can be extended to the buckling behaviour 

of plates. The critical plate buckling stress of a plate that is subjected to longitudinal compression stresses, 

see Figure 86, can be described by the Euler based formula shown in Eq. (2.4).  

 

𝜎௖௥,௣ = 𝑘ఙ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

  

(2.4) 

Where  
 𝜎௖௥,௣ is the critical plate buckling stress  

 𝑘ఙ is the buckling coefficient 

 𝐸 is the elastic modulus  

 𝜈 is the Poisson’s ratio 

 𝑡 is the thickness of the plate 

 𝑏 is the height of the plate 

 

The buckling factor depends on the support condition, stress ratio and aspect ratio, and is given in Eq. (2.5). 

However, the aspect ratio of the plate is not considered in the Eurocode. Instead a minimum value of 4 is 

assumed. This is a conservative simplification because for both low and high aspect ratios the buckling factor 

can be significantly higher, as illustrated in Figure 97.  

 

𝑘ఙ = ቀ
𝑚

𝛼
+

𝛼

𝑚
ቁ

ଶ

  

(2.5) 

Where  

 𝑚 is the amount of half sine waves in the plate 

 𝛼 is the aspect ratio 

Figure 8 Definition of a single plate subjected to 
longitudinal compression stresses6. 
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2.2.3 Von Kármán plate buckling 

As described in Section 2.2.1, the stress distribution in a plate subjected to compressive stresses is nonlinear 

and complex. The critical plate buckling stress, which is based on Euler’s formula is an approximation that 

assumes a linear stress distribution across the plate width as the load increases. To take this phenomenon 

of redistribution of stresses into account, the effective width method was introduced by Von Kármán in 19328. 

This method simplifies the complex nonlinear stress distribution of a plate that is subjected to compression 

stresses. The method models the plate as an idealized strip with a specific thickness and an effective width, 

in which the critical stress reaches the yield strength of the steel7. The real stress distribution is approximated 

by the two outer strips that carry the yield stress. The total width of these strips defines the plate’s effective 

width, which is shown in Figure 10. The reduction factor in this method is derived by equating the critical 

buckling stress of the plate calculated using the standard width to the yield strength of the steel calculated 

using the effective width. By replacing the standard width with the effective width in the buckling formula, we 

obtain the following expression: 

 

𝑓
𝑦

∗ ൬
𝑏𝑒𝑓𝑓

𝑡
൰

2

= 𝑘𝜎 ∗
𝜋2 ∗ 𝐸

12 ∗ (1 − 𝜈2)
= 𝜎𝑐𝑟 ∗ ൬

𝑏

𝑡
൰

2

 
(2.6) 

Where  
 𝑏𝑒𝑓𝑓 is the effective height of the plate 

 

Equation (2.6) can be simplified into Equation (2.7), which can then be further simplified to Equation (2.8). 

𝑏𝑒𝑓𝑓

𝑏
= ඨ

𝜎𝑐𝑟

𝜆𝑟𝑒𝑙

 
(2.7) 

𝜌 =
1

𝜆௥௘௟

 (2.8) 

Figure 9 Buckling factor for a simply supported 
plate as a function of aspect ratio7. 

Figure 10 Effective width concept6. 
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2.2.4 Winter plate buckling 

The effective width method that Von Kármán proposed did not take into account the effect of initial 

imperfections of the plate, such as residual stresses7. The effective width method based on Von Kármán 

theory showed different results in comparison with experimental results for small b/t ratios. The initial 

imperfections for plates with small b/t ratios do have a high impact on the buckling behaviour. Therefore, 

Winter developed a new formula to calculate the effective width, that does take into account the initial 

imperfections, see Eq. (2.9). 

𝑏𝑒𝑓𝑓

𝑏
= ඨ

𝜎𝑐𝑟

𝜆𝑟𝑒𝑙

∗ ቌ1 − 0,22 ∗ ඨ
𝜎𝑐𝑟

𝑓
𝑦

ቍ =
𝜆𝑟𝑒𝑙 − 0.22

𝜆𝑟𝑒𝑙
2  

 
 

(2.9) 

 

The Winter reduction factor is used in EN 1993–1-5:2006 for plate buckling calculations. 

2.3 Plates loaded in shear 

In the previous chapter, the buckling behaviour of a plate subjected to longitudinal compressive stresses was 

described. The plate tends to buckle which is a well-known phenomenon in structural engineering. A similar 

instability can occur when the plate is loaded in shear, often referred to as shear buckling. A square element 

in the plate, whose edges are oriented at 45 to the plate edges, experiences tensile stresses on two opposite 

edges and compressive stresses on the other two edges. The compressive stresses lead to local buckling of 

the element. As a result, the plate deforms out of plane in a wave-like pattern perpendicular to the 

compressive stress direction. The resulting wave formation is typical for plates that have buckled under shear 

loading9, see Figure 11.  

Although plates may buckle under shear, this does not necessarily mean they have failed. If we draw 

imaginary diagonals on the plate, the diagonal which gets loaded in compression buckles and cannot support 

additional load. However, the diagonal in tension continues to take more load and the plate becomes like a 

Figure 11 Shear buckling of a plate9. 

Figure 12 Tension field action10. 
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triangular truss with only tension diagonals9. This is called tension field action and can be shown with the use 

of Figure 1210. After a plate experiences elastic shear buckling, compressive stresses decrease, and tensile 

stresses (or tension fields) take over. These tension fields redistribute the load, enhancing the post-buckling 

strength of the plate. As a result, the plates subjected to combined tension and shear have improved stability 

because the tensile forces counteract the destabilizing effects of shear-induced compressive stresses. 

 

Three phases can be identified in the shear loading of a plate girder to failure11, see Figure 13. First is the 

linear elastic stage, where the web resists the shear through small deformations and exhibits linear stiffness. 

Second is Post-buckling Stage I, where the web begins to buckle and deform along the compression diagonal 

and the shear stiffness reduces progressively. Lastly, in Post-buckling Stage II, the web yields and the 

stiffness drops significantly as plastic mechanisms develop. In this stage, three different responses may occur 

based on how the flanges, stiffeners and post-yield web behaviour contribute to the resistance. 

 

 

In Stage II-A, shear resistance keeps increasing but at a lower rate because of the ongoing activation of the 

flanges and stiffeners after yielding, which is a type of positive hardening. In stage II-B resistance falls off at 

first upon yielding but increases once more as the web experiences strain hardening and stiffeners or flanges 

become more resistant. In stage II-C is where there can no longer be any additional resistance that is built up 

after there has been yielding because stiffeners and flanges are no longer able to offer enough support. This 

results in a steady drop in resistance as deformation continues and failure is achieved. 

 

2.3.1 Basler model 

Basler confirmed with experiments for the first time the stress distribution of the tension field that develops in 

a thin plate girder with transverse stiffeners12. The Basler model is displayed in Figure 14 and is based on 

two assumptions. The first assumption is that the flanges are not able to anchor the tension field because the 

flanges are assumed to be too flexible. The second assumption is that the buckling shear stress even after 

elastic buckling is uniformly distributed over the web. In the stage of elastic buckling the flat web plate loaded 

in pure shear will have principal stresses that are equal to the critical shear stress acting at a 45◦ angle13. The 

critical stress for a simple supported web panel is given by Eq. (2.10). Where the shear buckling factor 

depends on the aspect ratio of the web panel. 

 

𝜏௖௥ = 𝑘ఛ ∗ 𝜎௘  = 𝑘ఛ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 (2.10) 

Where  

Figure 13 Typical vertical load-displacement of slender plate 
girders up to shear failure11. 
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 𝜏௖௥ is the critical shear buckling stress  

 𝑘ఛ is the shear buckling factor  

 𝐸 is the elastic modulus  

 𝜈 is the Poisson’s ratio 

 𝑡 is the thickness of the plate 

 𝑏 is the height of the plate 

 

The flanges have practically no influence of the shear buckling resistance in the Basler model. Therefore, the 

post-buckling resistance is calculated using a tension field action which is only anchored in the transverse 

stiffener. As a result, the maximum post-buckling shear resistance can be calculated as a function of the 

diagonal tension field stress, which can be evaluated using the von Mises yield criterion. This post-buckling 

resistance combined with the elastic buckling resistance gives the ultimate shear resistance of a plate girder 

according to the Basler model13, see Eq. (2.11).  

 

𝑉𝑢 = 𝑉𝑐𝑟 + 𝑉𝑝𝑐 = ൭𝜏𝑐𝑟 +
(𝑓

𝑦
− √3 ∗ 𝜏𝑐𝑟)

2 ∗ √1 + 𝛼2 + 𝛼
൱ ∗ ℎ𝑓 ∗ 𝑡𝑤 

 

(2.11) 

Where  

 𝑉𝑢 is the ultimate shear resistance  

 𝑉𝑐𝑟 is the elastic buckling resistance  
 𝑉𝑝𝑐 is the post-buckling resistance of the plate girder  

 𝑓
𝑦
 is the yield stress 

 𝛼 is the aspect ratio of the web 
 ℎ𝑓 is the height of the plate 

 𝑡𝑤 is the thickness of the web 

 
2.3.2 Cardiff model 

Later experimental research at Cardiff University demonstrated that plate girder flanges can participate in 

Figure 14 Basler model: a) pre-buckling stage – pure shear stress state of the web plate, 
and b) post-buckling stage – tension field action at an angle φ = θ/2 to maximize the post 
buckling resistance13. 
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localized bending , which lead to contributions of the flanges to the post buckling resistance of slender webs14. 

The Cardiff model, which is shown in Figure 15, states that the tension field is anchored to both the stiffener 

and the flange, and that the formation of plastic hinges at the flange-to-stiffener joints and in the flanges, at 

the tension field width’s edge, impacts the ultimate post-buckling resistance15. 

 

When the web panel is subjected to the critical shear stress it can no langer resist any additional compressive 

loading and web load carrying system changes. In this case, the shear load is redistributed and is carried by 

a diagonal tension field 𝜎௧ in the web, see Figure 15. This tension field is anchored in the flanges an acts as 

a membrane, which results in causing the flanges to bend inward. This process is depended by the stiffness 

of the flanges. 

 

The girder will fail because of yielding in the web in combination with the formation of four hinges in the 

flanges. As a result, the ultimate shear resistance of a plate girder according to the Cardiff model is given by 

Eq. (2.12). In the equation can be seen that the ultimate resistance of the plate girder consist out of three 

contributions, which are the pre-buckling resistance, the web post-buckling resistance and the flange 

contribution to shear resistance. 

 

𝑉𝑢 = 𝑉𝑐𝑟 + 𝑉𝑝𝑐 = ൥𝜏𝑐𝑟 + 𝜎𝑡 ∗ (sin 𝜑)2 + ൭(𝑐𝑜𝑡𝜑 − cot 𝜃) +
1

ℎ𝑤

(𝑐𝑠 + 𝑐𝑖)൱൩ ∗ ℎ𝑤 ∗ 𝑡𝑤 
 

(2.12) 

Where  

 𝜎𝑡 is the diagonal tension field stress 

 𝜑 is the inclination of the tension field   

 𝜃 is the inclination of the web panel diagonal 

 𝑐𝑠 and 𝑐𝑖 is the distance of plastic hinges on the top and bottom flange 

Figure 15 Cardiff model: a) post-buckling stage – tension field action at an angle φ to be determined, and 
b) failure mode of the plate girder panel for pure shear13. 
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2.3.3 Höglund model 

Basler and Cardiff models determine the ultimate shear resistance by adding the elastic shear buckling 

resistance and the post-buckling resistance, which is defined differently in each model. Therefore both models 

assume the presence of two simultaneously stress fields acting in the web panel with different inkling angles, 

which is a physically unrealistic assumption. To solve this unrealistic assumption, Höglund proposed a model 

where the Cardiff tension field model was replaced by the rotated stress field model, which led to good 

agreement with experimental tests16, see Figure 16.  

Höglund replaced the Cardiff tension field model with the rotated stress field model, which assumes only one 

consistent stress field throughout the web panel after buckling. The compressive stress remains equal to the 

critical shear buckling stress but is considered as part of a rotated principal stress state. The post-buckling 

resistance of the web is therefore calculated based on this rotated stress field, which satisfies the von Mises 

yield criterion using a single set of principal stresses with a consistent orientation1313. As a result, the web 

shear resistance according to the Höglund model using the web modified slenderness is given in Eq. (2.13). 

 

𝑉𝑢 = 𝜏𝑐𝑟 ∗ ℎ𝑤 ∗ 𝑡𝑤 = 𝜒
𝑤

∗ ℎ𝑤 ∗ 𝑡𝑤 ∗ 𝑓
𝑦𝑤

/√3 (2.13) 

 

 

Where  

Figure 16 Hӧglund model: a) post-buckling stage – rotated stress field action; b) Mohr circle of the stress state at 
the middle of the web plate at failure; and c) plastic mechanism assumed at failure13. 
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 𝜒
𝑤

 is the shear buckling factor of the web  

 𝑓
𝑦𝑤

 is the yield stress in the web 

 

The ultimate shear resistance is limited to the web's plastic shear resistance to ensure that the calculated 

capacity does not exceed the actual material strength of the web. Although post-buckling effects and tension 

field actions can increase the shear resistance beyond the elastic buckling load, the web cannot sustain shear 

stresses beyond its plastic limit without failure. Therefore, the shear resistance is limited at the plastic shear 

capacity to reflect the true load-carrying capacity of the web panel, see Eq. (2.14).  

 

𝑉𝑤 = 𝑉𝑤 + 𝑉𝑓 ≤ 𝑉𝑝𝑙 =
𝜂 ∗ 𝑓

𝑦𝑤
∗ ℎ𝑤 ∗ 𝑡𝑤

√3
 

(2.14) 

Where  
 𝑉𝑝𝑙 is the plastic shear resistance  

 𝜂 is the steel hardening factor 

 

Höglund’s rotated stress field model is used in EN 1993–1-5:2006 for web shear buckling calculations. 

2.4 Global vs local buckling 

Stiffened plate buckling can be divided into two types of buckling: global buckling and local buckling. Global 

buckling involves the entire plate deforming as a single entity. Local buckling occurs in small sections, such 

as individual panels within a larger structure, where parts buckle independently. Figure 17 and Figure 18 

illustrates the difference between global buckling and local buckling using the example of a stiffened plate17. 

When buckling occurs, the structural member’s capacity depends whether the buckling is global or local, and 

whether the structure provides any post-critical load capacity18. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 17 Global buckling of stiffened steel plate 
subjected to compression17. 

Figure 18 Local buckling of stiffened steel plate 
subjected to compression17. 
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3 Methods for calculating buckling 
resistance 

3.1 Introduction 

In the Netherlands, the EN 1993-1-54 is used for calculating plate buckling in steel structures because the 

standard is part of the Eurocodes, which is a set of standardized European design rules. The standard is 

legally required under the Dutch Building Code to meet Dutch construction regulations and ensure the safety 

and reliability of structural designs in the Netherlands. The EN 1993-1-5 provides a reliable and efficient 

design method for steel structures because it is based on extensive research, offers standardized calculations 

for plate buckling, and is widely recognized and implemented in engineering practices, ensuring consistency 

and safety in structural design. 

 

The EN 1993-1-5 provide two different methods for the design of slender plates, in addition to the option of 

using the finite element method. The first method is called the effective width method and is described in 

great detail in the Eurocode. The second method is called the reduced stress method, which is less commonly 

used in the engineering community. In Section 3.2, the differences between these two methods are discussed, 

and then in Section 3.3, a more detailed explanation of the reduced stress method is provided, because it is 

the method applied throughout this thesis. The reasoning for this choice is also presented in Section 3.2. 

 

For the calculation of the buckling resistance of steel plates using the reduced stress method, the minimum 

load amplifier, is used in the calculation. This factor represents the minimum load amplifier for the design 

loads to reach the elastic critical load of the plate and can be calculated for very common cases obtained 

from formulas or specific charts found in EN 1993-1-5, which are based on simplified assumptions. However, 

these assumptions are often far from reality and tend to be conservative. Furthermore, these charts may not 

be applicable to more complicated situations because they are restricted to a limited number of configurations, 

such as particular geometries, stiffener properties and stress distributions19. 

 

Nowadays, specialized software tools can be used to calculate the critical buckling coefficient with greater 

accuracy. EBPlate is a tool that offers values for elastic critical stresses in a far wider range of real-world 

situations than traditional design aids. EBPlate is a popular tool in the engineering community because it has 

an user-friendly graphical interface and is free of charge. Section 3.4 offers a more thorough description of 

the EBPlate software and how it was used in this thesis. 

 

The buckling resistance of steel plates can be determined as well using the finite element method (FEM), in 

addition to analytical techniques and software programs such as EBPlate. This numerical approach allows 

for detailed modelling of complex geometries, boundary conditions, and loading situations, offering a high 

level of accuracy. In Section 3.5 the application of FEM for this purpose is further discussed. 

3.2 Difference between effective width method and reduced stress method 

The effective width method and the reduced stress method do have a fundamental difference in the approach 

for determining an approximation for the real stress distribution. The reduced stress method checks at which 

stress level individual plate parts within a cross-section begin to buckle. When a cross-section consists of 

multiple plate parts, the lowest critical buckling stress governs the behaviour of the entire cross-section. As 

long as the applied stress does not exceed this critical stress, the section can be treated as Class 3. Class 3 
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cross-sections are defined as those in which the stress in the extreme compression fibre, under an assumed 

elastic stress distribution, can reach the yield strength, but local buckling may still prevent the full development 

of the plastic moment resistance. The usual cross-section verifications can be used, only with the yield stress 

multiplied by a reduction factor7. The reduction of the allowable stresses in comparison with the full strength 

is a function of the slenderness of the regarded plate. For the reduced stress method according to EN 1993-

1-5 the determination of the plate slenderness is based on the complete stress field, resulting in a unique 

plate slenderness without the differentiation for the single acting forces. Figure 19 shows the assumed stress-

distribution for an I-shaped cross-section loaded by a bending moment for both methods20. 

 

In contrast to the reduced stress method, the effective width method assumes that load shedding between 

cross-section elements is possible22. Load shedding refers to the redistribution of the load that was previously 

carried by a buckled part of the plate to other, non-buckled parts of the plate. As a result, other parts of the 

plate may also reach their buckled state7. The effective width method is founded on the reduction of the cross 

section due to local buckling of the subpanels between the stiffeners and global buckling. This verification is 

performed for axial force, shear force, bending moment and transverse force separately. In case multiple 

forces are acting simultaneously on the cross section, interaction formulas are used. The advantage of this 

method is that the method takes into account the stress redistribution between the panels. The disadvantage 

of this method is that it does not provide an option for verifying steel plates that are subjected to tension and 

shear stress simultaneously because the individual loads are in the first step considered separately1.  

 

In this thesis the main focus is on steel plates subjected to tension stress and shear stress. In contrast to the 

effective width method, the reduced stress method accounts for the combined effects of these loads in the 

verification process. Therefore the reduced stress method is used in this thesis and is described in detail in 

the next chapter.  

3.3 Reduced stress method 

3.3.1 Introduction 

The Eurocode EN 1993-1-5 provides the formulas used in the Reduced Stress Method, which forms the basis 

for the stress distribution and design rules of plated structural elements. With the use of the two following 

books: Commentary and Worked Examples to EN 1993-1-5 Plated Structural Elements21 and Design of 

Plated Structures22, the methodology of the reduced stress method is shown below, including how it should 

be applied and which formulas are required to calculate the buckling resistance of a steel plate. 

 
3.3.2 Global vs local buckling 

In Section 2.4 the distinction between global and local buckling was described. The reduced stress method 

can be used to determine both the local buckling resistance and the global buckling resistance of a stiffened 

plate. In the case of a stiffened plate, where a stiffener divides the entire plate into two subpanels, the reduced 

Figure 19 Assumed stress distribution for Effective width method 
and reduced stress method7. 
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stress method must be applied to each subpanel individually to evaluate their local reduction factors. 

Furthermore, the global reduction factor must be determined by applying the method to the full stiffened plate 

as a whole, treating it as a single structural system. The normative reduction factors are then used to 

determine to buckling resistance of the stiffened steel plate. For example, a stiffened steel plate with one 

longitudinal stiffener yields three reduction factors: one for the upper subplate, one for the lower subplate, 

and one for the global system. In the verification process, the lowest of these reduction factors is used. 

 

3.3.3 Methodology and implementation of the reduced stress method 

The basis of the reduced stress method is that, to reach the characteristic value of the ultimate resistance 

𝐹ோ௞, an amplification factor 𝛼௨ is applied to the design load 𝐹ாௗ. This amplification factor is derived using Eq. 

(3.1). 
𝛼௨ = 𝜌 ∗  𝛼௨௟௧,௞ (3.1) 

Where 

 𝛼௨ is the amplification factor 

 𝜌 is the plate buckling reduction factor depending on the plate slenderness to take account of out-of-

plane buckling 

 𝛼௨௟௧,௞ is the minimum load amplifier to reach the characteristic value of resistance without taking into 

account the out-of-plane instability 

 

The unity check of a structure system can now be displayed as Eq. (3.2). 

 
𝐹ாௗ

𝐹ோௗ

=
𝐹ாௗ

𝜌 ∗
𝛼௨௟௧,௞ ∗ 𝐹ாௗ

𝛾ெଵ

≤ 1 (3.2) 

Where 

 𝐹ாௗ is the design load 

 𝐹ோௗ is the design resistance 

 𝛾ெଵ is the partial factor 

 

Eq. (3.2) can now be rewritten as Eq. (3.3). 

 
𝜌 ∗ 𝛼௨௟௧,௞

𝛾ெଵ

≥ 1 (3.3) 

 
The yield criterion can be used to determine the minimum load amplifier 𝛼௨௟௧,௞ which may be obtained from 

the Von Mises criterion, as shown in Eq. (3.4). 

 
1

𝛼௨௟௧,௞
ଶ

= ቆ
𝜎௫,ாௗ

𝑓௬

ቇ

ଶ

+ ቆ
𝜎௭,ாௗ

𝑓௬

ቇ

ଶ

− ቆ
𝜎௫,ாௗ

𝑓௬

ቇ ቆ
𝜎௭,ாௗ

𝑓௬

ቇ + 3 ቆ
𝜏ாௗ

𝑓௬

ቇ

ଶ

 
 

(3.4) 

Where 
 𝜎௫,ாௗ and  𝜎௭,ாௗ are the design longitudinal and transverse stresses respectively 

 𝜏ாௗ is the design shear stress 
 𝑓௬ is the yield stress 
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Now, Eq. (3.1) and Eq. (3.4) can be combined into a single equation. The relevant plate buckling reduction 

factor 𝜌 may be obtained as either 𝜌௠௜௡ as the minimum reduction factor of 𝜌௫, 𝜌௭ or 𝜒௪, which is displayed 

as Eq. (3.5).  

 

൮
𝜎௫,ாௗ

𝑓௬

𝛾ெଵ

൲

ଶ

+ ൮
𝜎௭,ாௗ

𝑓௬

𝛾ெଵ

൲

ଶ

− ൮
𝜎௫,ாௗ

𝑓௬

𝛾ெଵ

൲ ൮
𝜎௭,ாௗ

𝑓௬

𝛾ெଵ

൲ + 3 ൮
𝜏ாௗ

𝑓௬

𝛾ெଵ

൲

ଶ

≤ 𝜌௠௜௡
ଶ  

 

(3.5) 

Where 

 𝜌௠௜௡ is as the minimum reduction factor of 𝜌௫, 𝜌௭ or 𝜒௪ 

 
Or by a value interpolated between the values of 𝜌௫, 𝜌௭ or 𝜒௪ by using the formula for 𝛼௨௟௧,௞ as interpolation 

formula, which is displayed as Eq. (3.6).  

 

൮
𝜎௫,ாௗ
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𝛾ெଵ

൲

ଶ
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𝛾ெଵ

൲
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(3.6) 

Where 

 𝜌௫ and 𝜌௭ are the reduction factors for longitudinal and transverse stresses respectively taking into 

account column-like behaviour where relevant 

 𝜒௪ is the reduction factor for shear stress 

 

In Eq. (3.6) is shown that the reduction factors reduced the yield stress due to plate buckling taking into 

account column-like behaviour. The determination of the plate slenderness is based on the complete stress 

field, resulting in a unique plate slenderness without the differentiation for the single acting forces. The 

reduction factors are determined only with one plate slenderness. The plate slenderness depends on the 

minimum load amplifier 𝛼௨௟௧,௞ for the design loads to reach the characteristic value of resistance of the most 

critical point of the plate and on the minimum load amplifier 𝛼௖௥ for the design loads to reach the elastic critical 

load of the plate, under the complete stress field. Eq. (3.7) shows the determination of the plate slenderness.  

 

𝜆௣
തതത = ඨ

𝛼௨௟௧,௞

𝛼௖௥

 
(3.7) 

Where 
 𝜆௣

തതത is the plate slenderness 

 𝛼௖௥ is the minimum load amplifier for the design loads to reach the elastic critical load of the plate, 

under the complete stress field 

 

The load amplifiers 𝛼௨௟௧,௞ and 𝛼௖௥ can be determined by hand calculations or 𝛼௖௥ may be obtained from 

relevant computer simulations like EBPlate. Assuming a plane stress field the equivalent stress 𝜎௘௤,ாௗ can be 

shown as Eq. (3.8) and is used to illustrate the procedure.  

 

𝜎௘௤,ாௗ = ට𝜎௫,ாௗ
ଶ + 𝜎௭,ாௗ

ଶ − 𝜎௫,ாௗ ∗ 𝜎௭,ாௗ + 3 ∗ 𝜏ாௗ
ଶ   

(3.8) 

Where 
 𝜎௘௤,ாௗ is the equivalent stress 
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The load amplifier 𝛼௨௟௧,௞ is het smallest factor for which the design equivalent stress has to be increased to 

reach the characteristic yield strength and can be written according to Eq. (3.4). Now, Eq. (3.4) and Eq. (3.8). 

can be combined into Eq. (3.9). 

 

𝛼௨௟௧,௞ =
𝑓௬

𝜎௘௤,ாௗ

  

(3.9) 

 

The load amplifier 𝛼௖௥ is the smallest factor for which the design equivalent stress has to be increased to 

reach the elastic critical equivalent stress. It can be written according to Eq. (3.10).  
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+

1 + 𝜓௭

4 ∗ 𝛼௖௥,௭
+ ඨ൬

1 + 𝜓௫

4 ∗ 𝛼௖௥,௫
+

1 + 𝜓௭

4 ∗ 𝛼௖௥,௭
൰

ଶ

+
1 − 𝜓௫

2 ∗ 𝛼௖௥,௫
ଶ +

1 − 𝜓௭

2 ∗ 𝛼௖௥,௭
ଶ +

1
𝛼௖௥,ఛ

ଶ

  

(3.10) 

Where  

 𝜓௫ and 𝜓௭ are the stress ratios for longitudinal and transverse respectively 

 𝛼௖௥,௫ and 𝛼௖௥,௭ are the critical factors for longitudinal and transverse stresses respectively 

 𝛼௖௥,ఛ is the critical factor for shear stress 

 

The minimum load amplifier 𝛼௖௥,௫, 𝛼௖௥,௭ and 𝛼௖௥,ఛ can be calculated for each component individually according 

to Eq. (3.11a, 3.11b and 3.11c) 

 

𝛼௖௥,௫ =
𝜎௖௥,௫

𝜎௫,ாௗ

 (3.11a) 

𝛼௖௥,௭ =
𝜎௖௥,௭

𝜎௭,ாௗ

 (3.11b) 

𝛼௖௥,ఛ =
𝜏௖௥,ఛ

𝜏ఛ,ாௗ

 (3.11c) 

Where  
 𝜎௖௥,௫ and 𝜎௖௥,௭ are the critical longitudinal and transverse plate buckling stresses respectively 

 𝜏௖௥,ఛ is the critical shear stress 

 

The critical plate buckling stress of an unstiffened steel plate is calculated by multiplying the buckling factor 

with the Euler critical stress, as shown in Eq. (3.12). The buckling factor is dependent on the support condition 

and the stress ratio. The table used by the Eurocode to calculate the buckling factor for internal compression 

elements is shown below as Table 1. The Euler critical stress is the stress at which an ideal, thin plate would 

buckle elastically under compressive loading, assuming no imperfections or plasticity. 

 

𝜎௖௥,௣ = 𝑘ఙ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 (3.12) 

Where  
 𝜎௖௥,௣ is the critical plate buckling stress  

 𝑘ఙ is the buckling coefficient 

 𝐸 is the elastic modulus  

 𝜈 is the Poisson’s ratio 

 𝑡 is the thickness of the plate 

 𝑏 is the height of the plate 

 

Table 1 Buckling factors for internal compression elements4. 
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For a stiffened steel plate with one stiffener the following method can be used to calculate the elastic critical 

plate buckling stress. The stiffened plate is substituted by a fictive column on a continuous elastic support. 

The column represents a stiffener with the contributing part of the plate according to Figure 20 and the elastic 

support represents the flexural stiffness of the plate. With this method the elastic critical buckling stress of the 

stiffener can be calculated according to Eq. (3.13) 

 

𝜎௖௥,௦௟ =
1.05 ∗ 𝐸

𝐴௦௟,ଵ

∗
ඥ𝐼௦௟,ଵ ∗ 𝑏 ∗ 𝑡ଷ

𝑏ଵ ∗ 𝑏ଶ

 𝑖𝑓 𝑎 ≥ 𝑎௖ 

𝜎௖௥,௦௟ =
𝜋ଶ ∗ 𝐸 ∗ 𝐼௦௟,ଵ

𝐴௦௟,ଵ ∗ 𝑎ଶ
+

𝐸 ∗ 𝑎ଶ ∗ 𝑏 ∗ 𝑡ଷ

4 ∗ 𝜋ଶ ∗ (1 − 𝜈ଶ) ∗ 𝐴௦௟,ଵ ∗ 𝑏ଵ
ଶ ∗ 𝑏ଶ

ଶ  𝑖𝑓 𝑎 < 𝑎௖ 

𝑎௖ = 4.33 ∗ ඨ
𝑏ଵ

ଶ ∗ 𝑏ଶ
ଶ ∗ 𝐼௦௟,ଵ

𝑏 ∗ 𝑡ଷ

ర

 

 

 

 

(3.13) 

Where 

 𝜎௖௥,௦௟ is the elastic critical buckling stress of the stiffener 

 𝐴௦௟,ଵ is the gross area of the column 

 𝐼௦௟,ଵ is the second moment of area of the gross cross-section of the column 

 𝑏ଵ, 𝑏ଶ are the distances from the longitudinal edges of the web of the stiffener (𝑏ଵ + 𝑏ଶ = 𝑏) 

 𝑎 is the distance between transverse stiffeners 

 𝑎௖ is the threshold length that determines which of the two formulas is used to calculate the elastic 

critical plate buckling stress 

 

 

Figure 20 Notations for longitudinally stiffened plates4. 
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The parameters 𝐴௦௟,ଵ and 𝐼௦௟,ଵ are the gross area and gross second moment area of the stiffener, which can 

be calculated with the use of Figure 20. To determine the relevant elastic plate buckling stress 𝜎௖௥,௣, defined 

at the most stressed compression part of the plate, 𝜎௖௥,௦௟ should be extrapolated to this edge. 

 

The plate buckling reduction factor 𝜌 for internal compression elements can be calculated according to Eq. 

(3.14). 

 
𝜌 = 1,0   for 𝜆௣

തതത ≤ 0,5 + ඥ0,085 − 0,055 ∗ 𝜓 

𝜌 =
ఒ೛ି଴,଴ହହ(ଷାట)

൫ఒ೛൯
మ   for 𝜆௣

തതത < 0,5 + ඥ0,085 − 0,055 ∗ 𝜓 

 

(3.14) 

 

The critical column buckling stress of an unstiffened steel plate is calculated according to Eq. (3.15) with the 

assumption that the plate is complete unsupported along the longitudinal edges. 

 

𝜎௖௥,௖ =
𝜋ଶ ∗ 𝐸 ∗ 𝑡ଶ

12 ∗ (1 − 𝜈ଶ) ∗ 𝑎ଶ
 (3.15) 

 

The elastic critical column buckling stress of a stiffened steel plate is calculated by extrapolating 𝜎௖௥,௦௟, which 

is the buckling stress of a single stiffener closest to the panel edge having the highest compression, to the 

edge of the stiffened panel. The buckling stress of the stiffener can be calculated with the use of Eq. (3.16).  

 

𝜎௖௥,௦௟ =
𝜋ଶ ∗ 𝐸 ∗ 𝐼௦௟,ଵ

𝐴௦௟,ଵ ∗ 𝑎ଶ
  (3.16) 

 

The column buckling reduction factor for unstiffened compression elements can be calculated according to 

Eq. (3.17) by selecting buckling curve a (𝛼 = 0,21).  

 
𝜒௖ =

ଵ

థାටథమିఒ೛
തതതതమ

   but 𝜒௖തതത ≤ 1,0 

Where 

 𝜙 = 0,5 ∗ (1 + 𝛼 ∗ ൫𝜆௣ − 0.2൯ + 𝜆௣
തതതଶ

) 

 

(3.17) 

 

For stiffened compression elements the imperfection parameter 𝛼 must be increased according to Eq. (3.18) 

with 𝛼 = 0,34 for closed stiffeners. 

 

𝛼௘ = 𝛼 +
0,09

𝑖/𝑒
 

Where 

 𝑖 = ට
ூೞ೗,భ

஺ೞ೗,భ
 

 

(3.18) 

 

Section 2.2.1 introduced the distinction between plate-like and column-like buckling behaviour. This 

interaction is taken into account through the interpolation formula given in Eq. (3.30), which is used to 

calculate the final reduction factor 𝜌௖ as presented in Eq. (3.19). Figure 21 shows the interactions between 

plate and column like behaviour. 

 

𝜌௖ = (𝜌 − 𝜒௖) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒௖ (3.19) 

 
𝜉 =

ఙ೎ೝ,೛

ఙ೎ೝ,೎
− 1, but 0 ≤ 𝜉 ≤ 1 (3.20) 
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The critical shear buckling stress of an unstiffened steel plate is calculated by multiplying the shear buckling 

factor with the Euler critical stress, as shown in Eq. (3.21).  

𝜏௖௥ = 𝑘ఛ ∗ 𝜎ா (3.21) 

Where  

 𝜏௖௥ is the critical shear buckling stress  

 𝑘ఛ is the shear buckling factor  

 

The shear buckling factor of unstiffened panels is dependent on the length and the height of the panels and 

can be calculated according to Eq. (3.22). 

 

𝑘ఛ = 5,34 + 4,00 ∗ ቀ
௛ೢ

௔
ቁ

ଶ

 for 
௔

௛ೢ
≥ 1 (3.22) 

 
For stiffened panels the shear buckling stiffened panels with one longitudinal stiffener and where 𝛼 =

௔

௛ೢ
< 3 

can be calculated according to Eq. (3.23).  

 

𝑘ఛ = 4,1 +
6,3 + 0,18 ∗

𝐼௦௟

𝑡ଷ ∗ ℎ௪

𝛼ଶ
+ 2,2 ∗ ඨ

𝐼௦௟

𝑡ଷ ∗ ℎ௪

య

 
 

(3.23) 

The second moment of area 𝐼௦௟ is determined with an effective plate width of 15 ∗ 𝜀 ∗ 𝑡 on each side of the 

stiffener.  

 
The table used by the Eurocode to calculate the shear buckling reduction factor 𝜒

𝑤
 is shown below as Table 

2. A distinguish is made between rigid end post and non-rigid end post because the axial and flexural stiffness 

of the end post influence the post-critical reserve. The recommended value for the coefficient that includes 
the increase of shear resistance at smaller web slenderness (𝜂) according to EN1993-1-5 for 𝑓௬ ≤ 460 𝑁/𝑚𝑚ଶ 

is equal to 1,2. This coefficient is derived from tests and depends on the strain hardening of the steel and on 

the contribution from the flanges.  

 

In the case of stiffened steel plates, stiffeners should be dimensioned in such a way that the buckling failure 

occurs in the plate itself, before it occurs in the stiffener. The design of longitudinal stiffeners subject to direct 

stresses is fully incorporated into the design procedures for longitudinally stiffened panels and an additional 

check of the stiffeners alone is not necessary. Also when stiffened plates are loaded in shear, no special 

design checks are needed for longitudinal stiffeners. The influence of longitudinal stiffeners is reflected in the 

Figure 21 Interaction between plate and column buckling4. 

Table 2 Contribution from the web χ_w to shear buckling resistance4. 
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calculation of the shear buckling coefficient of a stiffened panel22. 

 

The relative flexural stiffness of the stiffener is defined as the ratio between the flexural rigidity of the stiffener 

and that of the plate and it influences the plate's buckling behaviour. The formula on how to determine the 

relative flexural stiffness of a stiffener is shown in Eq. (3.24), where the reference flexural stiffness D of the 

plate is defined as given in Eq. (3.25).  

 

γ =
𝐸 ∗ 𝐼௦

𝑏 ∗ 𝐷
  

(3.24) 

Where  

 γ is the relative flexural stiffness of the stiffener 

 𝐸 is the elastic modulus  

 𝐼௦ is the second moment of area of the gross cross-section of the column 

 𝑏 is the height of the plate 

 𝐷 is the reference flexural stiffness of the plate 

 

D =
𝐸 ∗ 𝑡ଷ

12(1 − 𝑣ଶ)
  

(3.25) 

Where  

 𝑡 is the thickness of the plate 

 𝜈 is the Poisson’s ratio 

3.4 Reduced stress method with EBPlate 

3.4.1 Introduction 

In the previous section is described in which way the EN 1993-1-5 deals with the plate buckling resistance of 

steel plates. It was shown that the calculation of plate buckling involves determining the critical elastic buckling 

stress or associated parameters such as plate buckling factors and minimum load amplifiers. These 

parameters can be difficult to determine accurately due to variations in stress distribution and stiffening 

configurations. For this reason, a computer tool has been developed: a piece of software called EBPlate, 

which stands for Elastic Buckling of Plates.  

 

When calculating the critical stress the designer may feel relatively helpless because Annex A of EN 1993-1-

5 gives a few analytical formulas, but their field of application only covers a restricted number of stiffened 

plate configurations. These formulas neglect some favourable effects, such as the presence of stiffeners in 

the tension zone of the plate, which in reality enhance the global stiffness and stability of the structure. In 

some cases, the formulas may even prove to be inconsistent. EBPlate can be used in combination with the 

reduced stress method to calculate the buckling resistance of a plate. Instead of using Eq. (3.10) to calculate 

the minimum load amplifier with a complex formula, EBPlate can be used to calculate this minimum load 

amplifier for the design loads to reach the elastic critical load of the plat under the complete stress field. An 

alternative way to determine the critical buckling stress is to use a Finite Element Method program. But this 

is more time-consuming, sometimes difficult to perform and gives different results23.  

 

EBPlate can be used in combination with the reduced stress method to calculate the buckling resistance of a 

plate. EBPlate is able to calculate the minimum load amplifier for the design loads to reach the elastic critical 

load of the plat under the complete stress field.  

 

EBPlate is a semi-analytical calculation tool that uses classical plate theories, such as Kirchhoff’s theory or 

first-order shear deformation theory, in combination with the Rayleigh-Ritz method. It is designed for 
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structured plate problems, typically rectangular plates with uniform thickness and standard boundary 

conditions and provides results for buckling, load capacity, eigenvalues and deformations. Unlike FEM 

software such as RFEM or Abaqus, EBPlate does not use finite elements, does not support free geometry or 

complex material behaviour and is not a general purpose differential equation solver. While some of its results 

may resemble those from FEM, EBPlate is best described as an analytical tool with a numerical solution 

technique, rather than a true FEM program. 

 
3.4.2 Methodology used by EBPlate 

The general methodology employed by EBPlate in calculating critical stresses is explained with the use of 

the Presentation Manual EBPlate19. EBPlate computes the minimum load amplifier, which must be applied to 

the reference stresses (𝜎௫ and 𝜏௫) defined by the user and acting within the plate to reach the elastic buckling 

point. The critical stresses are then calculated according to Eq. (3.26) and Eq. (3.27). 

 

𝜎௫,௖௥ = 𝛼௖௥ ∗ 𝜎௫ (3.26) 

 

𝜏௖௥ = 𝛼௖௥ ∗ 𝜏 (3.27) 

 

At the buckling level point, the deformation shape of the plate is expressed by a Fourier series, which 

describes the deformations of the plate as sinusoidal functions. 

 

𝑤(𝑥, 𝑦) = ෍ ෍ (

௡೘ೌೣ

௡ୀଵ

௠೘ೌೣ

௠ୀଵ

𝑎௠௡ ∗ sin (
𝑚 ∗ 𝜋 ∗ 𝑥

𝑎
) ∗ sin (

𝑛 ∗ 𝜋 ∗ 𝑦

𝑏
)) 

(3.28) 

Where 

 𝑚௠௔௫ is the maximum number of half-waves considered in the x direction 

 𝑛௠௔௫ is the maximum number of half-waves considered in the y direction 

 𝑎௠௡ are the displacement parameters or degrees of freedom of the system 

 

The minimum load amplifier is calculated using the Rayleigh-Ritz Method (energy method). According to this 

method, a plate will buckle when the deformation energy (∆𝑈) equals the internal energy generated by the 

applied stresses (∆𝑊𝑖𝑛𝑡). At the buckling point, the following condition holds: 

 

∆𝑈 − ∆𝑊௜௡௧(𝑆௖௥) = 0 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 (3.29) 

Where 

 ∆𝑈 is the variation of strain energy of the plate 

 ∆𝑊𝑖𝑛𝑡 is the variation of internal work of critical stresses 𝑆𝑐𝑟 

 𝑆𝑐𝑟 = 𝛼𝑐𝑟 ∗ 𝑆 are the critical  stresses 

 

This equation represents the equilibrium point at which the system energetically favors a "buckling shape." 

 

EBPlate calculates the energy variations in the system, and then uses these variations to derive the stiffness 

matrices. Subsequently EBPlate solves an eigenvalue problem to calculate the minimum load amplifier. The 

equation for this eigenvalue problem is as follows: 

 

𝑑𝑒𝑡[𝑅଴ − 𝛼௖௥ ∗ 𝑅ீ(𝑆)] = 0 (3.30) 

Where 

 𝑅0 is the initial stiffness matrix (from strain energy) 

 𝑅𝐺 is the geometrical stiffness matrix (from internal work of stresses) 

 𝑆 are the stresses 
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This is a standard form in stability analysis, and the smallest value of 𝛼௖௥ that satisfies this equation 

corresponds to the minimum load amplifier. Once the minimum load amplifier is determined, EBPlate can 

calculate the critical stresses for the plate, see Eq. (3.26) and (3.27). 

3.5 FEM 

3.5.1 Introduction 

As previously mentioned, EN 1993-1-5 provides two main design methods for (un)stiffened steel plates: the 

effective width method and the reduced stress method. In addition to these, an alternative verification 

approach based on the Finite Element Method (FEM) is presented in the informative Annex C of EN 1993-1-

5. Compared to the two main design methods the Finite Element Method is much more universal and can be 

applied on a larger scale. However, this increases flexibility comes at the cost of greater complexity, requiring 

specialized software and a solid understanding of numerical modelling26. 

 

Steel structures behave in a nonlinear way because of structural and geometric imperfections that arise from 

fabrication and due to nonlinear material behaviour. There are different possible FEM-based approaches to 

asses structural performance. Two of those approaches are the Linear Buckling Analysis (LBA) and the 

Geometric and Material Nonlinear Analysis including Imperfections (GMNIA), which will be further explained 

and used in this thesis. 

 

Linear Buckling Analysis treats the system as a bifurcation problem using the stresses caused by the applied 

load, resulting in the determination of eigenvalues and their corresponding buckling modes. However, LBA 

does not account for geometric imperfections, residual stresses and material nonlinearity, all of which can 

significantly influence the actual buckling behaviour. The GMNIA considers initial imperfections and material 

nonlinearity, therefore it is not a bifurcation problem like in the case of the LBA, but a nonlinear stress problem 

that must be solved stepwise.  

 
3.5.2 Imperfections 

As previously described, GMNIA makes use of initial imperfections. There are two sources of initial 

imperfections in steel structures: geometric imperfections and residual stresses. These initial imperfections 

develop during the production and treatment processes of the plate elements. Both imperfections can be 

modelled together by using equivalent geometric imperfections. Equivalent geometric imperfections account 

for both effects by increasing the amplitude of the geometric imperfection.  

 

 
  

Table 3 Equivalent geometric imperfections4. 
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The EN 1993-1-5 give recommendations for defining the deformed shapes(Figure 26 Modelling of equivalent 

geometric imperfections4.Figure 26) and the corresponding amplitudes(Table 3) of these equivalent 

imperfections. Imperfection shapes can be based either on the buckling shapes obtained from eigenmodes 

or on predefined sinusoidal shapes described by Eq. (3.31), (3.32), and (3.33) and is explained in combination 

with Figure 22. 

𝑤ଵ = min ൬
𝑎

400
,

𝑏

400
൰ ∗ cos ቀ

𝜋 ∗ 𝑥

𝑏
ቁ ∗ sin (

𝜋 ∗ 𝑧

𝑏
) (3.31) 

𝑤ଶ = min ൬
𝑎

200
,

𝑏ଵ

200
൰ ∗ cos ൬

𝜋 ∗ 𝑥

𝑏ଵ

൰ ∗ sin (
𝜋 ∗ 𝑧

𝑏ଵ

) (3.32) 

𝑣 =
𝑦

50
∗ sin (

𝜋 ∗ 𝑧

𝑏
) (3.33) 

Where 

 𝑤ଵ is the imperfection amplitude of the global buckling 

shape of the plate 

 𝑤ଶ is the imperfection amplitude of the local buckling 

shape of the plate 

 𝑣 is the imperfection amplitude of the local buckling shape 

of the stiffener 

 𝑎 is the length of the plate 

 𝑏 is the height of the plate 

 𝑥 is the longitudinal coordinate along the length of the 

plate  

 𝑧 is the vertical coordinate along the height of the plate 

 

 

These predefined shapes represent the global and local buckling modes of the plate and the stiffener and are 

shown in Figure 23, Figure 24 and Figure 25. Any one of these sinusoidal shapes may be taken as the leading 

imperfection (applied at 100% amplitude), while the others may be included as accompanying imperfections 

(applied at 70% amplitude)1010. 

Figure 26 Modelling of equivalent 
geometric imperfections4. 

Figure 25 Sinusoidal buckling shape plate 𝑤1
22. 

Figure 24 Sinusoidal buckling shape plate 𝑤2
22. 

Figure 23 Sinusoidal buckling shape stiffene 22. 

Figure 22 Stiffened steel plate22. 
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Part 2 
Parametric study 
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4 Methodology of parametric study 

4.1 Introduction 

In the second part of this thesis, a parametric study is conducted. The parametric study will focus on 

unstiffened and stiffened steel plates. The buckling resistance of various steel plates will be calculated using 

three different approaches: the reduced stress method (Chapter 5), the reduced stress method in combination 

with EBPlate (Chapter 6) and RFEM (Chapter 7). These three approaches are already explained in more 

detail in the literature study. A separate chapter is dedicated to each method, including a brief introduction, 

the methodology and specific topics relevant to that particular method.  

 

In Chapter 8, an individual analysis of the results per method is done. Afterwards, the three methods are 

compared and analysed side by side. This includes an analysis of the main findings and evaluation 

of differences in results among the reduced stress method, the EBPlate method, and RFEM method. These 

differences form the basis for the development of a new conservative design approach, which is presented in 

Chapter 9. 

 

Chapter 9 presents the development of a new design approach for stiffened steel plates, based on insights 

gained from the results of the EBPlate method and the RFEM method. This newly proposed approach aims 

to provide safe and practical design guidance for engineering applications when using EBPlate to calculate 

the buckling resistance of stiffened steel plates.  

 

This approach makes it possible to determine if the reduced stress method and the reduced stress method 

in combination with EBPlate takes into account the positive effect of tensile stresses on the plate buckling 

resistance. Both approaches are semi-analytical and require significantly less computational effort compared 

to a FEM analysis. The results of these approaches are compared to the results of a validated RFEM model, 

which forms the basis for answering the main research question.  

 

First the parameters of the steel plates that will be investigated, along with the different loading conditions will 

be presented in the next section. 

4.2 Material and parameters 

The buckling resistance calculations are carried out with nominal values for structural steel S355 with an 
elastic modulus 𝐸 = 210000𝑁/𝑚𝑚ଶ; Poisson’s Ratio 𝜈 = 0,3; and a yield strength 𝑓௬ = 355𝑁/𝑚𝑚ଶ. The 

height of each steel plate is equal to 1500mm. The focus of the parametric study is on single steel plates, 

which means that the plate does not have flanges or is surrounded by surrounding plates. Therefore is the 

coefficient that includes the increase of shear resistance at smaller web slenderness (η) equal to 1,0. 

Reasoning for why η is equal to 1,0 for single steel plates is in more detail explained in Section 3.3.3. 

Moreover, for both the reduced stress method and the EBPlate method, the calculations were performed 

assuming both a rigid and a non-rigid end post 
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4.2.1 Unstiffened steel plates 

In the parametric study, rectangular and square steel plates are considered corresponding to α = 1 and α =

2 with a plate thickness that is equal to 6mm; 10mm; 15mm or 21,4mm. The plates are subjected to 

compressive and tensile loading with stress ratios (ψ) equal to 1,0; 0,5; 0,0 and -0,5. The applied shear-to-

normal stress ratios (τ/σ), as well as the rest of the parameters, are presented in Table 4. In total, 512 

different cases have been analysed. Figure 28 and Figure 27 provides a clear overview of all parameters 

used in the parametric study for unstiffened steel plates. These parameters are chosen in order to give a 

broad and representative range of geometric and loading conditions, allowing the buckling resistance to be 

investigated across a broad variety of practical cases. 

 

  

Table 4 Input parameters for the unstiffened parametric study. 

Figure 27 Graphical representation of analysed parameter combinations for unstiffened plates with α =1 , shown 
here under compressive loading conditions. Equivalent  tensile loading combinations are also part of the study. 

Figure 28Graphical representation of analysed parameter combinations for unstiffened plates with α =2, shown 
here under compressive loading conditions. Equivalent  tensile loading combinations are also part of the study. 



 
 
 

43 
 

 

4.2.2 Stiffened steel plates 

For stiffened steel plates, the same parameters for the aspect ratio, plate thickness and stress ratio are used. 

Less shear-to-normal stress ratios values are used in comparison to unstiffened steel plates to reduce the 

number of calculations, while still providing a comprehensive and clear overview of the buckling resistance of 

the plates. The relative flexural stiffness (γ) of the stiffeners in the stiffened plates is also considered as a 

parameter, with values equal to be 10, 25, 50, 75 and 100. A γ value of 10 represents a very flexible non-stiff 

stiffener, while a γ value of 100 represents a very stiff stiffener. Relevant properties of the stiffeners are 

defined on the following page. All the different parameters considered for the stiffened plates in the parametric 

study are shown in Table 5. In total, 1600 different cases have been analysed. Figure 29 and Figure 30 

provides a clear overview of all parameters used in the parametric study for stiffened steel plates. 

Table 5 Input parameters for the stiffened parametric study. 

Figure 30 Graphical representation of analysed parameter combinations for stiffened plates with α =1, 
shown here under compressive loading conditions. Equivalent  tensile loading combinations are also 
part of the study. 

Figure 29 Graphical representation of analysed parameter combinations for stiffened plates with α =2, 
shown here under compressive loading conditions. Equivalent  tensile loading combinations are also 
part of the study. 
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In the case of stiffened steel plates, parameters for longitudinal stiffeners must be selected. In the parametric 

study, only single-sided flat bar stiffeners are used. This choice is motivated by their simplicity, frequent use 

in practice and suitability for studying a wide range of configurations by varying the relative flexural stiffness. 

In Section 3.3.3 is described on how the relative flexural stiffness is defined.  

 

Table 6 shows maximal width-to-thickness ratios for flat longitudinal stiffeners to prevent torsional buckling. 

In the parametric study, single-sided flat bar stiffeners made of S355 steel are used. The table shows that if 

the b/t ratio of the stiffener is equal to 10.6 or lower, the torsional buckling can be excluded for the longitudinal 

stiffener. As a result, the b/t ratio used for the single-sided flat bar stiffeners in the parametric study are equal 

to 10.  

For the parametric study, five values were considered for the relative flexural stiffness (γ) of the stiffeners. 

These values are 10, 25, 50, 75 and 100, where a value of 10 represents a weak stiffener and a value of 100 

represents a very strong stiffener. These values were chosen with the objective to capture the transition from 

global buckling behaviour, typical for weak stiffeners, to local buckling behaviour, which occurs when using 

strong stiffeners.  

 

With the use of Eq. (3.24), Eq. (3.25) and Table 6 the dimensions of the stiffeners for the parametric study 

are determined and are presented in Table 7. 

The location of the stiffener plays an important role in the buckling resistance of the stiffened steel plates. 

The optimal position of the stiffener depends on the stress ratio and the shear stress acting on the steel 

plate24. The optimal ratios of the stiffener placement height to the total plate height for various normal stress 

ratios and for pure shear are shown in Figure 32 and Figure 31. However, no research has yet done on the 

optimal stiffener location for the combination of various stress ratios and shear. The focus of this thesis is on 

shear stress, therefore the optimal stiffener position for shear loading is used, rather than the one based on 

the stress ratio. As a result, the location of all longitudinal stiffeners are located at the middle of the plate, 

regardless of the applied normal stress ratio. 

Table 6 Limit ratio b/t for flat stiffeners to prevent torsional buckling22. 

Table 7 Dimensions of the longitudinal stiffeners used in the parametric study. 

Figure 31 Buckling factor vs b/h diagram for 
various normal stress ratios and flat stiffeners24. 
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Figure 32 Buckling factor vs b/h diagram for flat 
stiffeners in panels subjected to pure shear24. 
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5 Reduced stress method (Approach 1) 

5.1 Introduction 

The reduced stress method has already been extensively addressed in the literature study. This chapter aims 

to clarify how the reduced stress method is being applied in the parametric study for both the unstiffened and 

stiffened steel plates. The focus is on the practical application of the method and calculation steps. In Section 

Methodology5.2 the methodology and the corresponding workflows are discussed. 

5.2 Methodology 

5.2.1 Unstiffened steel plates 

On the next page, a workflow is presented that illustrates how the reduced stress method is applied to each 

case of the parametric study for unstiffened steel plates. In the workflow the most important steps of the 

calculation are shown and briefly described. A comprehensive explanation of the full calculation, including all 

formulas used, can be found in the literature study in part 1 of this thesis.  

 

The workflow starts with a case consisting of an unstiffened steel plate, including its corresponding properties 

and stress state(1). The critical plate buckling stress(2.1), critical column buckling stress(2.2) and the critical 

shear buckling stress(2.3) are calculated for the unstiffened steel plate with the use of formulas that are given 

in the Eurocode. The weighting factor(5.0) can be determined with the use of the critical plate buckling 

stress(2.1) and critical column buckling stress(2.2). With the use of the critical plate buckling stress(2.1) and 

the critical shear buckling stress(2.3) the load amplifiers(3) are computed, which are then used to calculate 

the plate slenderness(4). This plate slenderness allows for the calculation of the plate (5.1), column (5.2), and 

shear (5.3) reduction factors. While the shear reduction factor(5.3) can be used directly in the verification 

formula(7), the plate(5.1) and column(5.2) reduction factors have to be converted into the interpolation factor 

(6) first using the weighting factor(5.0). This interpolation factor(6) is then also used in the verification 

formula(7). The verification formula provides a maximum shear and normal stress, which represents the 

buckling resistance of the corresponding case. 
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 1. Stress state 
 
 

2.1 Critical plate buckling stress 

𝜎௖௥,௣ = 𝑘ఙ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 

2.2 Critical column buckling stress 

𝜎௖௥,௖ =
𝜋ଶ ∗ 𝐸 ∗ 𝑡ଶ

12 ∗ (1 − 𝜈ଶ) ∗ 𝑎ଶ
 

2.3 Critical shear buckling stress 

𝜏௖௥ = 𝑘ఛ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 

3. Load amplifiers 

𝛼௨௟௧,௞ =
𝑓௬

ට𝜎௫,ாௗ
ଶ + 3 ∗ 𝜏ாௗ

ଶ

 

𝛼௖௥ =
ଵ

భశഗೣ
ర∗ഀ೎ೝ,ೣ

ାඨ൬
భశഗೣ

ర∗ഀ೎ೝ,ೣ
൰

మ
ା

భషഗೣ

మ∗ഀ೎ೝ,ೣ
మ ା

భ

ഀ೎ೝ,ഓ
మ

 with 
ఈ೎ೝ,ೣୀ

഑೎ೝ,೛

഑ೣ,ಶ೏

ఈ೎ೝ,ഓୀ
ഓ೎ೝ

ഓഓ,ಶ೏

 

4. Plate slenderness 

𝜆௣
തതത = ඨ

𝛼௨௟௧,௞

𝛼௖௥

 

5.2 Column reduction factors 

𝜒௖ =
1

𝜙 + ට𝜙ଶ − 𝜆௣
തതതଶ

≤ 1 

With 𝜙 = 0,5 ∗ (1 + 𝛼 ∗ ൫𝜆௣ − 0.2൯ + 𝜆௣
തതതଶ

) 
and 𝛼 = 0,21 for unstiffened steel plates 

5.1 Plate reduction factors 

𝜌௫ =
𝜆௣ − 0,055(3 + 𝜓)

൫𝜆௣൯
ଶ ≤ 1 

 
 
 

5.0 Weighting factor 
𝜉 = 1 if 𝑎/𝑏 ≥ 1 

 

𝜉 =
𝜎௖௥,௣

𝜎௖௥,௖

− 1 𝑖𝑓 𝑎/𝑏 < 1 

 
 

5.3 Shear reduction factors 
For calculation 𝜒௪൫𝜆௣

തതത൯, 
see Table 2 in Section 3.3.3 

6. Interpolation factor 
𝜌௖ = (𝜌௫ − 𝜒௖) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒௖ 

 

7. Verification 

൮
𝜎௫,ாௗ

𝜌௖ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

+ 3 ൮
𝜏ாௗ

𝜒௪ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

≤ 1 

Workflow: RSM (Approach 
1) - non stiffened steel 

plate buckling resistance  
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5.2.2 Stiffened steel plates 

On the next page, a workflow is presented that illustrates how the reduced stress method is applied to each 

case of the parametric study for stiffened steel plates. The workflow for stiffened steel plates has a lot of 

similarities with the workflow for unstiffened steel plates, but a few additional steps are required. Instead of 

two reduction factors, one shear reduction factor and one normal reduction factor, now six reduction factors 

are calculated. Two reduction factors for the upper subplate, two for the lower subplate and two for the total 

stiffened plate.  

 

The workflow starts with a case consisting of a stiffened steel plate, including its corresponding properties 

and stress state(1). This stiffened steel plate is analysed in three different ways: the plate as a whole(1.3), 

the upper subplate(1.1) and the lower subplate(1.2). For both the upper and lower subplates, the workflow 

for unstiffened steel plates can now be followed. This results in a shear reduction factor and a final reduction 

factor for each subplate (6.1 and 6.2).  

 

For the complete stiffened steel plate (1.3), the critical plate buckling stress (2.1), critical column buckling 

stress (2.2), and critical shear buckling stress (2.3) are calculated. The formulas that are used in these steps 

are different from the formulas that are applied in the calculation for unstiffened plates. From that point 

onward, the same steps and formulas are used to determine the shear reduction factor(5.3) and final reduction 

factor(6.3) for the total stiffened plate. The minimum of the reduction factors of the upper subplate, lower 

subplate and total stiffened plate are the normative reduction factors(6.4) and are used in the final verification 

formula(7). As a result the buckling resistance of the corresponding stiffened steel plate can be calculated.  
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 1. Stress state 
 
 

Workflow: RSM (Approach 
1) - stiffened steel plate 

buckling resistance  
 

1.1 Upper subplate 
  
  
  
 
 
 
 

Follow workflow “Eurocode non stiffened steel 
plate buckling resistance calculation” 

  

1.3 Total stiffened plate 
  
 
 
 
  
  
  
 
 
  

6.1 Final reduction 
factors 
𝜌௖,௨௣௣௘௥ 
𝜒௪,௨௣௣௘௥ 

3. Load amplifiers 

𝛼௨௟௧,௞ =
𝑓௬

ට𝜎௫,ாௗ
ଶ + 3 ∗ 𝜏ாௗ

ଶ

 

𝛼௖௥ =
ଵ

భశഗೣ
ర∗ഀ೎ೝ,ೣ

ାඨ൬
భశഗೣ

ర∗ഀ೎ೝ,ೣ
൰

మ

ା
భషഗೣ

మ∗ഀ೎ೝ,ೣ
మ ା

భ

ഀ೎ೝ,ഓ
మ

 with 
ఈ೎ೝ,ೣୀ

഑೎ೝ,೛

഑ೣ,ಶ೏

ఈ೎ೝ,ഓୀ
ഓ೎ೝ

ഓഓ,ಶ೏

 

 

4. Plate slenderness 

𝜆௣
തതത = ඨ

𝛼௨௟௧,௞

𝛼௖௥

 

2.2 Critical shear buckling stress 

𝜏௖௥ = ൮4,1 +
6,3 + 0,18 ∗

𝐼௦௟

𝑡ଷ ∗ ℎ௪

𝛼ଶ
+ 2,2 ∗ ඨ

𝐼௦௟

𝑡ଷ ∗ ℎ௪

య

൲ ∗ 𝜎ா  

 

2.2 Critical column buckling stress 

𝜎௖௥,௖,௦௟ =
𝜋ଶ ∗ 𝐸 ∗ 𝐼௦௟,ଵ

𝐴௦௟,ଵ ∗ 𝑎ଶ
 

𝜎௖௥,௖ = 𝐸𝑥𝑡𝑟𝑎𝑝൫𝜎௖௥,௖,௦௟൯ 

 

2.1 Critical plate buckling stress 

𝜎௖௥,௣,௦௟ =
𝜋ଶ ∗ 𝐸 ∗ 𝐼௦௟,ଵ

𝐴௦௟,ଵ ∗ 𝑎ଶ
+

𝐸 ∗ 𝑎ଶ ∗ 𝑏 ∗ 𝑡ଷ

4 ∗ 𝜋ଶ ∗ (1 − 𝜈ଶ) ∗ 𝐴௦௟,ଵ ∗ 𝑏ଵ
ଶ ∗ 𝑏ଶ

ଶ 

𝜎௖௥,௣ = 𝐸𝑥𝑡𝑟𝑎𝑝൫𝜎௖௥,௣,௦௟൯ 
 

6.3 Interpolation factor 
𝜌௖,௧௢௧௔௟ = (𝜌௫ − 𝜒௖) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒௖  

 

5.2 Column reduction factors 

𝜒௖ =
1

𝜙 + ට𝜙ଶ − 𝜆௣
തതതଶ

≤ 1 

With 𝜙 = 0,5 ∗ (1 + 𝛼௘ ∗ ൫𝜆௣ − 0.2൯ + 𝜆௣
തതതଶ

) 

and 𝛼௘  = 0,49 +
଴,଴ଽ

௜/௘
 for stiffened steel 

5.3 Shear reduction factors 
For calculation 𝜒௪,௧௢௧௔௟൫𝜆௣

തതത൯, 
see Table 2 in Section 3.3.3 

7. Verification 

൮
𝜎௫,ாௗ

𝜌௖ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

+ 3 ൮
𝜏ாௗ

𝜒௪ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

≤ 1 

6.4 Normative reduction factors 
𝜌௖ = min (𝜌௖,௨௣௣௘௥; 𝜌௖,௟௢௪௘௥; 𝜌௖,௧௢௧௔௟) 

𝜒௪ = min (𝜒௪,௨௣௣௘௥; 𝜒௪,௟௢௪௘௥; 𝜒௪,௧௢௧௔௟) 
 
 
 
 
 

5.1 Plate reduction factors 

𝜌௫ =
𝜆௣ − 0,055(3 + 𝜓)

൫𝜆௣൯
ଶ ≤ 1 

 
 
 
 

5.0 Weighting factor 

𝜉 =
𝜎௖௥,௣

𝜎௖௥,௖

− 1 

 
 
 
 
 

6.2 Final reduction 
factors 
𝜌௖,௟௢௪௘௥ 
𝜒௪,௟௢௪௘௥ 

1.2 Lower subplate 

  

  

  
 
 
 

Follow workflow “Eurocode non stiffened steel 
plate buckling resistance calculation” 
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6 EBPlate (Approach 2) 

6.1 Introduction 

In this chapter, the methodology is presented for how EBPlate is used in combination with the reduced stress 

method in the parametric study to determine the buckling resistance of both unstiffened and stiffened steel 

plates. The material properties and boundary conditions used in the EBPlate calculations are also described. 

6.2 Material properties and boundary conditions 

Standard linear elastic material properties are used for the buckling analysis in EBPlate. The elastic modulus 

is taken as 𝐸 = 210000𝑁/𝑚𝑚ଶ and the Poisson’s Ratio is taken as 𝜈 = 0,3. The effective width of the plate 

to be considered in the calculation of the stiffeners flexural inertia is taken as ten times the plate thickness, 

see Figure 33 Effective width of plate for stiffener inertia calculation1919. 

The rotational restraints of all four edges of the plate are hinged supports. This means that the edges are 

simply supported, allowing rotation but not moment transfer. EBPlate does not provide options for additional 

boundary conditions, for example custom constraints, because EBPlate is specifically designed for elastic 

buckling analysis with predefined supports and loading options.  

6.3 Methodology 

6.3.1 Unstiffened steel plates 

On the next page, a workflow is presented that illustrates how the reduced stress method in combination with 

EBPlate is applied to each case of the parametric study for unstiffened steel plates. The workflow is, apart 

from one adjustment, identical to the one used for calculating the buckling resistance of unstiffened steel 

plates using the reduced stress method. The load amplifier 𝛼௖௥ (3) is calculated by the program EBPlate, 

corresponding to the first global buckling mode, instead of Eq. (3.10). Figure 34 shows the first global buckling 

mode, with the corresponding load amplification factor for a case of the parametric study. 

 
 
 
 
 
 
 
 
 
 
 
  

Figure 33 Effective width of plate 
for stiffener inertia calculation1919. 

Figure 34 First global buckling mode of a steel plate 
from the parametric study (α = 2, t = 6 mm, ψ = 1 and 
τ/σ = -1), showing the corresponding load amplification 
factor19. 
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1. Stress state 

 
 

2.1 Critical plate buckling stress 

𝜎௖௥,௣ = 𝑘ఙ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 

2.2 Critical column buckling stress 

𝜎௖௥,௖ =
𝜋ଶ ∗ 𝐸 ∗ 𝑡ଶ

12 ∗ (1 − 𝜈ଶ) ∗ 𝑎ଶ
 

2.3 Critical shear buckling stress 

𝜏௖௥ = 𝑘ఛ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 

3. Load amplifiers 

𝛼௨௟௧,௞ =
𝑓௬

ට𝜎௫,ாௗ
ଶ + 3 ∗ 𝜏ாௗ

ଶ

 

𝛼௖௥ = 𝐸𝐵𝑝𝑙𝑎𝑡𝑒 

4. Plate slenderness 

𝜆௣
തതത = ඨ

𝛼௨௟௧,௞

𝛼௖௥

 

5.2 Column reduction factors 

𝜒௖ =
1

𝜙 + ට𝜙ଶ − 𝜆௣
തതതଶ

≤ 1 

With 𝜙 = 0,5 ∗ (1 + 𝛼 ∗ ൫𝜆௣ − 0.2൯ + 𝜆௣
തതതଶ

) 
and 𝛼 = 0,21 for unstiffened steel plates 

5.1 Plate reduction factors 

𝜌௫ =
𝜆௣ − 0,055(3 + 𝜓)

൫𝜆௣൯
ଶ ≤ 1 

 
 
 

5.0 Weighting factor 
𝜉 = 1 if 𝑎/𝑏 ≥ 1 

 

𝜉 =
𝜎௖௥,௣

𝜎௖௥,௖

− 1 𝑖𝑓 𝑎/𝑏 < 1 

 
 

5.3 Shear reduction factors 
For calculation 𝜒௪൫𝜆௣

തതത൯, 
see Table 2 in Section 3.3.3 

6. Interpolation factor 
𝜌௖ = (𝜌௫ − 𝜒௖) ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒௖ 

 

7. Verification 

൮
𝜎௫,ாௗ

𝜌௖ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

+ 3 ൮
𝜏ாௗ

𝜒௪ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

≤ 1 

Workflow: EBPlate (Approach 
2) - non stiffened steel plate 

buckling resistance  
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6.3.2 Stiffened steel plates 

On the next page, a workflow is presented that illustrates how the reduced stress method in combination with 

EBPlate is applied to each case of the parametric study for stiffened steel plates. The workflow for stiffened 

steel plates has a lot of similarities with the workflow for unstiffened steel plates, but a few additional steps 

are required. Instead of two reduction factors, one shear reduction factor and one normal reduction factor, 

now four reduction factors are calculated. Two reduction factors for the global buckling of the total stiffened 

plate and two reduction factors for the local buckling of the total stiffened plate. 

 

The workflow starts with a case consisting of a stiffened steel plate, including its corresponding properties 

and stress state(1). For the complete stiffened plate, a distinction is made between global and local buckling. 

For both types of buckling, a final reduction factor and a shear reduction factor are determined. First of all, for 

the complete stiffened steel plate (1), the critical plate buckling stress (2.1), critical column buckling stress 

(2.2), and critical shear buckling stress (2.3) are calculated. The formulas that are used in these steps are 

different from the formulas that are applied in the calculation for unstiffened plates. The weighting factor(5.0) 

can be determined with the use of the critical plate buckling stress(2.1) and critical column buckling stress(2.2) 

and will be used later on to calculate the interpolation factor for global buckling(6.1). For both global and local 

buckling are the load amplifiers(3.1 and 3.2) 𝛼௖௥ calculated by the program EBPlate, as described in the 

following paragraph, while the load amplifiers(3.1 and 3.2) 𝛼௨௟௧,௞ are calculated according to the given 

formulas. As a result, two plate slendernesses are determined, one for global buckling(4.1) and one for local 

buckling(4.2). With the use of these two plate slendernesses the final reduction factors and shear reduction 

factors are determined for global and local buckling. The minimum of the reduction factors of the upper 

subplate, lower subplate, global total plate and local total plate are the normative reduction factors(6.2) and 

are used in the final verification formula(7). As a result the buckling resistance of the corresponding stiffened 

steel plate can be calculated. 

 

EBPlate performs a linear buckling analysis for each case of the parametric study. EBPlate computes for the 

first 10 buckling modes the load amplifiers. However, EBPlate itself does not distinguish between global and 

local buckling modes. An additional step is therefore required to determine if a buckling mode and its 

corresponding load amplifier classifies as global or local. This extra step must also be done during the RFEM 

approach. In Section 7.4.2 the procedure used in the RFEM method on how a buckling mode is classified as 

global or local buckling is described. The same classification of buckling modes, so whether a buckling mode 

is classified as global or local, obtained from the RFEM analysis is also used in the EBPlate method. Figure 

35 shows the first global buckling mode and Figure 36 shows the first local buckling mode, both with their 

corresponding load amplification factors, for a case from the parametric study. 

Figure 35 First global buckling mode of a steel plate 
from the parametric study (α = 2, t = 6 mm, ψ = 1,  τ/σ 
= -1 and γ=50), showing the corresponding load 
amplification factor19. 

Figure 36 First local buckling mode of a steel plate 
from the parametric study (α = 2, t = 6 mm, ψ = 1,  
τ/σ = -1 and γ=50), showing the corresponding load 
amplification factor19. 
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1. Stress state 

 
 Workflow: EBPlate (Approach 

2) - stiffened steel plate 
buckling resistance  

 
 

3.1 Load amplifiers global 

𝛼௨௟௧,௞ =
𝑓௬

ට𝜎௫,ாௗ
ଶ + 3 ∗ 𝜏ாௗ

ଶ

 

𝛼௖௥,௚௟௢௕௔௟ = 𝐸𝐵𝑃𝑙𝑎𝑡𝑒 
 

4.1 Plate slenderness global  

𝜆௣,௚௟௢௕௔௟
തതതതതതതതതത = ඨ

𝛼௨௟௧,௞

𝛼௖௥,௚௟௢௕௔௟

 

 

2.3 Critical shear buckling stress 

𝜏௖௥ = ൮4,1 +
6,3 + 0,18 ∗

𝐼௦௟

𝑡ଷ ∗ ℎ௪

𝛼ଶ
+ 2,2 ∗ ඨ

𝐼௦௟

𝑡ଷ ∗ ℎ௪

య

൲ ∗ 𝜎ா  

 

2.2 Critical column buckling stress 

𝜎௖௥,௖,௦௟ =
𝜋ଶ ∗ 𝐸 ∗ 𝐼௦௟,ଵ

𝐴௦௟,ଵ ∗ 𝑎ଶ
 

𝜎௖௥,௖ = 𝐸𝑥𝑡𝑟𝑎𝑝൫𝜎௖௥,௖,௦௟൯ 

 

2.1 Critical plate buckling stress 

𝜎௖௥,௣ = 𝑘ఙ ∗
𝜋ଶ ∗ 𝐸

12 ∗ (1 − 𝜈ଶ)
∗ ൬

𝑡

𝑏
൰

ଶ

 

 

6.1 Interpolation factor 
𝜌௖,௚௟௢௕௔௟ = ൫𝜌௫,௚௟௢௕௔௟ − 𝜒௖,௚௟௢௕௔௟൯ ∗ 𝜉 ∗ (2 − 𝜉) + 𝜒௖,௚௟௢௕௔௟ 

 

5.2.1 Column reduction factors global 

𝜒௖,௚௟௢௕௔௟ =
1

𝜙 + ට𝜙ଶ − 𝜆௣
തതതଶ

≤ 1 

With 𝜙 = 0,5 ∗ (1 + 𝛼௘ ∗ ൫𝜆௣,௚௟௢௕௔௟ − 0.2൯ + 𝜆௣,௚௟௢௕௔௟
തതതതതതതതതതଶ

) 

and 𝛼௘  = 0,49 +
଴,଴ଽ

௜/௘
 for stiffened steel plates 

5.3.1 Shear reduction factors global 
For calculation 𝜒௪,௚௟௢௕௔௟൫𝜆௣,௚௟௢௕௔௟

തതതതതതതതതത൯, 
see Table 3.2 in chapter 3.3.3 

7. Verification 

൮
𝜎௫,ாௗ

𝜌௖ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

+ 3 ൮
𝜏ாௗ

𝜒௪ ∗ 𝑓௬

𝛾ெଵ

൲

ଶ

≤ 1 

6.2 Normative reduction factors 
𝜌௖ = min (𝜌௖,௚௟௢௕௔௟; 𝜌௖,௟௢௖௔௟) 

𝜒௪ = min (𝜒௪,௚௟௢௕௔௟௟; 𝜒௪,௟௢௖௔௟) 
 

5.1.2 Plate reduction factors local 

𝜌௖,௟௢௖௔௟ =
𝜆௣ − 0,055(3 + 𝜓)

൫𝜆௣൯
ଶ ≤ 1 

 

5.0 Weighting factor 

𝜉 =
𝜎௖௥,௣

𝜎௖௥,௖

− 1 

 

3.2 Load amplifiers local 

𝛼௨௟௧,௞ =
𝑓௬

ට𝜎௫,ாௗ
ଶ + 3 ∗ 𝜏ாௗ

ଶ

 

𝛼௖௥,௟௢௖௔௟ = 𝐸𝐵𝑃𝑙𝑎𝑡𝑒 
 

4.2 Plate slenderness local 

𝜆௣,௟௢௖௔௟
തതതതതതതതത = ඨ

𝛼௨௟௧,௞

𝛼௖௥,௟௢௖௔௟

 

 

5.3.2 Shear reduction factors local 
For calculation 𝜒௪,௟௢௖௔௟൫𝜆௣,௟௢௖௔௟

തതതതതതതതത൯, 
see Table 3.2 in section 3.3.3 

5.1.1 Plate reduction factor global 

𝜌௫,௚௟௢௕௔௟ =
𝜆௣ − 0,055(3 + 𝜓)

൫𝜆௣൯
ଶ ≤ 1 
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7 FEM (Approach 3) 

7.1 Introduction 

In this chapter, the methodology is presented on how RFEM is used in the parametric study to determine the 

buckling resistance of both unstiffened and stiffened steel plates. The material properties, imperfections, 

mesh, boundary conditions, solving method, and validation are discussed as well in this chapter. 

 

7.2 Methodology 

7.2.1 Unstiffened steel plates 

To determine the buckling resistance of unstiffened steel plates using FEM, a parametric workflow was 

created using RFEM in combination with a Python script. The process begins with a RFEM model of a 

standard steel plate without any applied loads. A Python script is then run, which contains all the input 

parameters: aspect ratio, plate thickness, stress ratio and tau-sigma ratios. For each combination of these 

parameters, the script performs the following steps: 

1. Linear Buckling Analysis (LBA):  

RFEM first performs an LBA to determine the first eigenmode of the plate under the given load 

parameters.  

2. Application of Initial Imperfections:  

The buckling shape of the first eigenmode obtained from the LBA is used as the initial imperfection. 

More details about the imperfections are discussed in Section 7.4.  

3. Geometrically and Materially Nonlinear Analysis with Imperfections (GMNIA):  

After the initial imperfection is applied, the script initiate that RFEM performs a GMNIA. The GMNIA 

takes into account: second-order effects (geometrical nonlinearity), initial geometric imperfections 

and material inelasticity (e.g., yielding and plastic behaviour). 

4. Retrieval of Critical Load Step: 

The Python script saves this critical load increment, which is determined with the GMNIA in RFEM. 

The critical load increment is the last successfully converged load step in the analysis, this point 

represents at which the plate can no longer sustain additional loading. Beyond this increment, 

convergence fails due to instability, plastic failure or a combination of both. 

5. Calculation of Buckling Resistance: 

Next, the critical load increment is multiplied by the initial applied load to calculate the buckling 

resistance of the plate for the current set of parameters. 

6. Parameter Iteration: 

Now the script automatically updates the model with a new set of input parameters and repeats the 

entire process. 

 
7.2.2 Stiffened steel plates 

Stiffened steel plates have an extra parameter (the dimension of the stiffener), which is added to the Python 

script. In addition, not one but two GMNIA analyses are performed for stiffened steel plates. One GMNIA 

analyse is performed with the first global eigenmode shape as imperfection and the second one with the first 

local eigenmode shape as imperfection. If an eigenmode shape is classified as a local buckling shape or a 

global buckling shape is explained in Section 7.4.2. 

 

So instead of only calculating the first eigenmode, what was done for unstiffened steel plates, the first ten 

eigenmodes are determined using a LBA in RFEM. After the LBA is performed, the results of these LBA are 
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Python script 

read by the python script which identifies each eigenmode shape as either local or global buckling shape. 

The first eigenmode shape that identifies as local and the first eigenmode shape that identifies as global are 

then used as imperfection for the GMNIA analyse. As a result, two buckling resistances are determined for 

each stiffened steel plate. The lower of the two is considered the normative value and is presented in the 

results. Once this is done, the workflow continues in the same way as for the unstiffened steel plates. 

 

Here a workflow is shown on how the buckling resistance is calculated for stiffened steel plates using RFEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Workflow on how to calculate the buckling resistance of stiffened steel plates using RFEM. 

Input parameters Base model 
 

Threshold value global vs local 
Amplitude initial imperfection 

LBA 
(10 eigenmodes) 

 

Local initial imperfection 
Global initial imperfection 

 

Critical load step saved 
 
 

Local GMNIA calculation 
Global GMNIA calculation 

 

Buckling resistance calculation 
 
 

RFEM model 

Results buckling resistance 
 

Excel file 
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7.3 Material properties 

In the parametric study that is performed in RFEM, structural steel S355 is used as the material. The material 
is defined with an elastic modulus of E = 210000 N/mm²; Poisson’s Ratio 𝜈 = 0,3; yield strength 𝑓௬ =

355𝑁/𝑚𝑚ଶ  and to avoid numerical instabilities in the analysis, a small plastic plateau is introduced with a 

slope of E/10000, resulting in a bi-linear material model without strain hardening. 

7.4 Imperfections 

7.4.1 Number of imperfection shapes 

In the literature review in Section 3.5.2, the handling of imperfections applied for GMNIA was discussed 

according to EN 1993-1-5. The following imperfection shapes for a stiffened plate must be considered: global 

eigenmode, local eigenmode, global sinusoidal buckling shape (plate), local sinusoidal buckling shape (plate), 

local sinusoidal buckling shape (stiffener) and various combinations of the last three shapes. For a stiffened 

plate with one stiffener, this results in 14 buckling shapes that must be used for the GMNIA, see Figure 37. 

 

In this parametric study, only the first global eigenmode for unstiffened steel plates and only the first global 

eigenmode and the first local eigenmode for stiffened steel plates are considered as equivalent imperfections. 

These two imperfection shapes typically represent the most critical and fundamental instability patterns for 

stiffened steel plates. In practice, using the eigenmodes as imperfection shapes is common, as they 

effectively capture the dominant effects of geometric imperfections. Including all 14 imperfection shapes 

defined in the Eurocode would significantly increase computational effort and complexity, which is not the 

main focus of this study. Since the objective is to identify general trends in buckling resistance rather than to 

perform a full design verification, the selected imperfection shapes, based on the eigenmodes, are deemed 

sufficient to capture the essential structural behaviour. 

 

Figure 37 Number of imperfections shapes for buckling verification. 
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7.4.2 Global vs local buckling 

As described before, in case of stiffened plates two GMNIA analyses are performed in RFEM for the stiffened 

plate: one with the first global eigenmode shape as imperfection and one with the first local eigenmode shape 

as imperfection. The classification of which eigenmode shape corresponds to a global or a local buckling 

shape is explained below. 

 

For each stiffened steel plate case, the first ten eigenmodes are determined using a LBA. In the RFEM model 

19 nodes are placed at mid height of the plate, which is the same location of the stiffener. From the LBA 

results, the deformation amplitude of the out of plane direction is known and normalized between 0 and 1, 

where 1 represent the maximum deformation observed. The normalized deformation amplitudes of the 19 

nodes that are placed at mid height of the plate are also computed. 

 

If any of these nodes exceeds a normalized amplitude exceeding the threshold of 0.35, the corresponding 

eigenmode shape is classified as a global buckling mode. If none of the node amplitudes exceed this 

threshold, the eigenmode shape is considered as a local buckling mode. The choice to make this threshold 

value equal to 0.35 is based on several examples demonstrating a clear distinction between local and global 

buckling behaviour.  

 

Annex D provides the full analysis of the plate with parameters α=2, t=6mm, ψ=-0.5, γ=10, and τ/σ=0.5, where 

the first 10 eigenmodes along with their corresponding out-of-plane normalized amplitudes for the 19 mid-

height nodes are shown. The first four eigenmodes are shown in the figures below, where the normalized out 

of plane displacements of the stiffener are plotted along the plate length. Eigenmode 1 has a maximum 

normalized displacement of 0.97001 at one of the 19 nodes and is therefore classified as a global eigenmode. 

Eigenmode 2 has a maximum normalized displacement of 0.5594 at one of the nodes and is therefore also 

classified as global buckling. Eigenmode 3 has a maximum normalized displacement of 0.20404 at one of 

the nodes and is thus classified as local buckling. As a result, the buckling shapes of the eigenmodes 1 and 

3 are selected as imperfection shapes for the GMNIA analyses. 

 

 
  
 
 
 
 
 

 
 

Figure 39 First eigenmode shape with u=0.97001, 
which results in first global eigenmode. 

Figure 38 Second eigenmode shape with u=0. 5594, 
which results in second global eigenmode. 
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7.4.3 Unstiffened steel plates 

In the case of unstiffened plates only global buckling exist and no local buckling exist because no stiffener is 

present. Therefore, only the first global eigenmode shape is used as the imperfection shape. The amplitude 

of this imperfection shape according to EN 1993-1-5 is equal to min(𝑎/400;  𝑏/400). Table 8 shows the 

amplitude used for the first global eigenmode shape in the GMNIA analysis of unstiffened plates.  

 
7.4.4 Stiffened steel plates 

In the case of stiffened plates, two imperfection shapes are considered for two GMNIA analyses (global and 

local). The imperfection amplitude that belongs to the global eigenmode shape does have the same amplitude 

as the global eigenmode shape of unstiffened steel plates, see Table 8. The amplitude of the local eigenmode 

shape according to EN 1993-1-5 [6] is equal to min(𝑎/200;  0,5𝑏/200). Table 9 shows the amplitude used for 

the first local eigenmode shape as imperfection shape in the GMNIA analysis of stiffened plates. 

 

Figure 41 Third eigenmode shape with u=0.20404, 
which results in first local eigenmode. 

Figure 40 Fourth eigenmode shape with u=0.2360, 
which results in second local eigenmode. 

Table 8 Imperfection amplitude for global eigenmode. 

Table 9 Imperfection amplitude for global eigenmode. 
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7.5 Mesh 

Two dimensional shell elements are used to represent the steel plate for the discretization of the finite element 

model in RFEM. The shape of the finite elements are triangles and quadrangles, where the quadrangles 

shapes are used wherever possible to ensure mesh regularity. The shell elements that are used in RFEM are 

based on the Reissner-Mindlin theory, which takes bending and transverse shear deformation into account. 

Therefore are the shell elements suitable for modelling thin and thick plates. RFEM generates the mesh 

automatic, which ensures appropriate element shape and aspect ratios.  

 
The Mindlin-Reissner plate theory requires that the 𝑚௫௬ approaches zero at the edges. Larger mesh size can 

result in edge warping and inaccurate stress distributions. Normally small elements near the plate edges are 

generated to capture this behaviour. However, in this study, no local mesh refinement near the edges was 

applied due to the global mesh size constraints and to avoid inconsistencies in the model's mesh pattern. 

 

This choice may influence the accuracy of the shear stress distribution near the edges and could slightly 

affect the computed buckling resistance. A sensitivity check was performed using a uniformly refined mesh 

across the entire plate. The difference in critical buckling load was found to be 3.35%, which is relatively 

small. However, it cannot be conclusively stated that this difference is solely due to the absence of refined 
edge elements or the inaccurate enforcement of 𝑚௫௬ = 0 at the edges. 

 

The mesh size of approximately 50 x 50 mm is applied for the model to balance computational efficient with 

solution accuracy. Additionally, a finer mesh of 25 x 25 mm was analysed for comparison for one of the cases 

of the parametric study. The table below shows the resulting buckling resistance and out of plane deflection 

obtained from the GMNIA analysis for both mesh sizes, as well as the percentage difference between the 

two. A mesh density corresponding with less than a 5% difference within the obtained result compared to the 

larger mesh, generally provides a good approximation of the results25. 

7.6 Boundary conditions 

7.6.1 Modelling of “straight edges” boundary conditions in RFEM 

An important parameter in the analysis of plate buckling effects is the applied boundary condition. Several 

type of boundary conditions can be used, one of which consist of hinged boundary conditions, where the 

edges that are loaded due to normal stress remain straight in plane (constrained) and the edges that are not 

loaded due to normal stress are free to move in plane (unconstrained)3 . This particular boundary condition 

provides accurate results for plates that are subjected to normal and shear stress1. 

 

 
 
 
 
 
 
 

In Section 8.2,the buckling resistance of a steel plate with straight-edge boundary conditions is compared to 

that of the same steel plate positioned between two adjacent steel plates. 

Table 10 Mesh sensitivity analysis. 

Figure 42 Different type of boundary conditions, left one is used in parametric study1. 
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Figure 43 Edges remain straight modelled in RFEM. 

In some finite element software, like Abaqus, the boundary condition “edges remain straight” can be easily 

realised using constraint equations. These equations link the displacements of nodes along the edge to 

ensure they stay aligned, preventing the edge from bending25. 

 

However, RFEM is commonly used in engineering firms, whereas Abaqus is more often used in research 

institutions. Because of this, it is important that the model can also be implemented in RFEM. Unfortunately, 

RFEM does not have a straightforward way to model this type of boundary condition. Therefore, in RFEM an 

alternative modelling approach is needed to achieve the same boundary condition.  

 

In RFEM the boundary condition “edges remain straight” are modelled as follows. All edges of the plate are 

supported with line supports that prevent out-of-plane deformation. A fully fixed nodal support is located on 

the right side of the steel plate. From this support, multiple rigid members are extended to the plate and are 

connected to the plate with the use of hinges. The fully fixed nodal support prevents both translation and 

rotation, serving as a stiff reference point. The rigid members ensure that the nodes along the plate edge 

move together, maintaining a straight edge, maintaining a straight edge, while the hinge connections allow 

for rotational freedom at the connection points, preventing artificial constraints and allowing realistic 

deformation of the plate. 

 
 
 
 
 
 
 
 
 
Another nodal support is located on the left side of the plate. From this support, rigid members also extend 

towards the plate again connected with hinges. The hinged rigid members in combination with the nodal 

support, ensure that the edge remains straight while still permitting in-plane movement along the edge. The 

nodal support prevents out-of-plane displacement and movement perpendicular to the edge, but allows 

translation along the edge and local rotations through the hinges. In Figure 43 is shown how the steel plate 

is modelled in RFEM. 

 

In Figure 44, the 𝑢௫displacement plot is shown of a plate that is subjected to both normal and shear stress. 

The consistent colour along the left and right edges indicate that the nodes along these edges experience 

nearly identical in-plane displacements. This uniform displacement distribution confirms that the edges remain 

straight and do not deform individually.  

Figure 44 u_x displacement for edges remain straight (left and 
right side). 
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An important aspect of this modelling approach is that the mesh size is aligned with the spacing between the 

hinge connections, ensuring that nodes along the supported edges move collectively. This modelling 

approach does not exactly replicate the constraint equations used in software like Abaqus, but it has been 

validated against Abaqus results in Section 7.6.2 and proven to produce equivalent behaviour.  

 

7.6.2 Validation boundary conditions 

To validate if the boundary condition “edges remain straight” have been correctly modelled in RFEM, multiple 

cases of the parametric study were also calculated using a geometrically and materially nonlinear analysis 

with imperfections (GMNIA) in Abaqus. The buckling resistance calculated from both software programs were 

then compared with each other. The cases with their corresponding parameters and buckling results are 

shown in the Table 11. The table shows that the highest percentage difference between the results from 

Abaqus and RFEM is 1,53%, which is considered as acceptable.  

 

7.7 Solving method 

In RFEM the iterative method for nonlinear analysis is conducted using the Newton-Raphson method, which 

iteratively solves thee equilibrium equations for each load increment. In this study is the load increase in steps 

of 1, which enables a steady and systematic increase toward the critical state. This method captures the point 

where the steel plate loses its stability and buckling of the plate begins. At this point the critical load can be 

determined. The analysis uses load control, where the load is the driving parameter during each step. This is 

in contrast to arc-length control (e.g., the Riks method used in software such as Abaqus), which follows the 

entire post-buckling path by controlling a combination of load and displacement. Both approaches rely on the 

Newton-Raphson iteration method to solve the nonlinear equations. However, the research focuses on the 

maximum buckling resistance and not on the post-buckling behaviour of the plates. The load controlled 

Newton-Raphson approach used in RFEM is therefore sufficient for the scope of the study.  

7.8 Validation 

Validation is comparing the obtained results with experimental data or with known accurate numerical models. 

For unstiffened and stiffened steel plates two validations have been performed which are described in Section 

7.8.1 for unstiffened steel plates and in Section 7.8.2 for stiffened steel plates. 

 

7.8.1 Unstiffened steel plates 

The RFEM model for unstiffened plates that has been used in the parametric study of this thesis has been 

validated against numerical models presented in 1. These numerical models were validated by experimental 

data. Although the parametric study that was performed in 1 was smaller compared to this thesis, it can be 

used for validation. To validate the RFEM model, the numerical results of an unstiffened steel plate from the 

parametric study are compared to the numerical results from 1, which is shown in Figure 45. The unstiffened 

steel plate that is used to validate has the following parameters: α=2, b/t=150 and ψ=0. The results from both 

studies have been overlaid in the graph. On how to interpretate the graph is described in detail in Section 8.1. 

In the graph, the red triangles represent the plate buckling resistance results obtained from the parametric 

Table 11 Comparison between ABAQUS GMNIA and RFEM GMNIA calculations. 
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study which was performed in this thesis. The black triangles correspond to the results from the numerical 

models in 1. The graph shows that the results align closely, which indicates that the RFEM model used in this 

study accurately determines the buckling resistance of unstiffened steel plates and can therefore be 

considered validated. 

 

Additionally, the RFEM model was as well validated by comparing it with an example from the book: Design 

of Steel Plated Structure with Finite Elements26. In this book a numerical model is used to calculate the plate 

buckling resistance of an unstiffened steel plate, which showed good alignment with the buckling resistance 

calculated with the use of EN 19993-1-5. This same unstiffened steel plate was modelled using the RFEM 

approach of this study. The parameters of the plate are as follows: a=1200mm, b=1000mm, 𝑡𝑤=12mm and 
𝑓௬=355MPa. The first global eigenmode was selected as the shape for the initial geometric imperfection, with 

an amplitude of min(a/400,b/400) and applied to the RFEM model. In Table 12 the results are shown, which 

show good alignment to each other.   

 
 Design of Steel Plated Structure 

with Finite Elements26. 
Own RFEM analysis % Difference 

 
 
 
First buckling mode 

  

 
 
 
 

Eigenvalue 1.12 1.13 0.88 
Resistance (MPa) 176 178 1.12 

Table 12 Validation of the model for unstiffened steel plate with 26. 

7.8.2 Stiffened steel plates 

For the validation of stiffened steel plates, the results from the RFEM model were compared with an example 

from the book: Design of Plated Structures22. The example is shown in Figure 46 and has the following 
parameters: a=1200mm, b=1000mm, 𝑡𝑤=12mm, 𝑏௦௟=100mm , 𝑡𝑠𝑙=10mm and 𝑓௬=355MPa. The first global 

Figure 45 Validation RFEM model with 1. 

Figure 46 Stiffened steel plate used to validate22. 
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eigenmode was selected as the shape for the initial geometric imperfection, with an amplitude of 

min(a/400,b/400) and applied to the RFEM model. In Table 13 the results are shown, which show good 

alignment to each other.   
 Design of Steel Plated 

Structure22 
Own RFEM analysis % Difference 

 
 
 
First buckling mode 

  

 
 
 
 

Ultimate Force (kN) 443 452 2.03 
Table 13 Validation of the model for stiffened steel plate with 22. 

Additionally, experimental data was used to validate the stiffened steel plates which are subjected to shear 

stress. This study in 27 conducted a series of experiments on stiffened steel plates loaded in shear. One of 

these experiments was reproduced using the RFEM approach that is used in this study. The girder that was 
used in the experiment has the following parameters: a=360mm, ℎ𝑤=750mm, 𝑡𝑤=3.3mm, 𝑏௙=125mm, 

𝑡௙=10mm, 𝑏௦௟=125mm, 𝑡𝑠𝑙=10mm and ℎ௦௟=360, see Figure 48. The same girder was modelled in RFEM, see 

Figure 47. The exact imperfection of the girder that was used in the experiment could not be found, therefore, 

the first eigenmode was chosen as the imperfection shape, with an amplitude of min(a/200, ℎ௦௟/200).  

 

 

Table 14 presents the results, which show good agreement between the experimental data and the RFEM 

model. 
 Ultimate Strength of Stiffened 

Plate Girders Subjected to Shear27 
Own RFEM analysis % Difference 

Ultimate Force (kN) 564 537 4.79 
Table 14 Validation of the model for stiffened steel plate with27 . 

 

Figure 48 Girder 
parameters used in 27. 

Figure 47 RFEM model with the same 
parameters as 27. 



 
 
 

64 
 

 

 
 
 

Part 3 
Research outcome 

 



 
 
 

65 
 

 

8 Results 

8.1 Introduction to the buckling resistance results 

In this chapter, the buckling resistance of a plate with a rigid end post and a non-rigid end post is compared 

in Section 8.2. Section 8.3 presents the results, which are the buckling resistances, obtained from all three 

approaches and compares them for both unstiffened and stiffened steel plates. Subsequently, Section 8.4 

investigates the influence of individual parameters on the difference in results between approach 2 and 

approach 3. Finally, Section 8.5 examines the outliers observed in approach 3. 

 

The results of the parametric study, which is the buckling resistance of steel plates, are visualized with the 

use of a normalized interaction diagram. The horizontal axis represents the normal stress divided by the yield 
stress (𝜎ாௗ/𝑓௬) and the vertical axis represents the shear stress multiplied by √3 and divided by the yield 

stress (𝜏ாௗ ∗ √3/𝑓௬). In the graph, the negative side of the horizontal axis corresponds to tensile stresses and 

the positive side right side of the horizontal axis corresponds to compressive stresses.  

 

In each graph, a circular boundary is plotted, representing the Von Mises yield criterion. To obtain a circular 

shape, the shear stress axis is scaled by a factor of √3. The resulting criterion can be written as: ൬
ఙಶ೏

௙೤
൰

ଶ

+

൬
ఛಶ೏∗√ଷ

௙೤
൰

ଶ

= 1. This transformation allows the yield surface to appear as a circle in the graph, making 

comparison with the buckling resistance curve more intuitive. The Von Mises circle represents the material’s 

yielding limit under combined normal and shear loading, assuming an ideal elastic-plastic behaviour without 

strain hardening. Besides the Von Mises criterium, the buckling resistance of a steel plate is also plotted. It 

shows the combinations of normalized normal and shear stresses at which the plate becomes unstable due 

to elastic buckling. This representation is chosen because it allows for a clear comparison between the 

buckling resistance of the plate and the material’s yielding limit under the combined loading conditions. 

 

RFEM is considered to provide the most accurate results due to its ability to model geometric imperfections, 

boundary conditions, and material nonlinearities in greater detail. Therefore, RFEM is assumed as the 

benchmark for realistic structural behaviour. As a result, the results of Approach 1 and Approach 2 are 

compared with those of Approach 3 (RFEM). This is done with the use of a parity plot, where the buckling 

factors of Approach 1 and 2 are plotted against the buckling factors of Approach 3. This is done as follows: 

in the parity plots, the buckling factors of Approach 1 or Approach 2 (y-axis) are plotted against the results of 

RFEM (x-axis). A 1:1 line, which is called the identity line, is also included in the figure, representing perfect 

agreement with the RFEM buckling factors. If the data points in the graph are above the identity line, it means 

that the buckling resistance from approach 1 or approach 2 are higher than those from RFEM.  

 

To gain an understanding of the accuracy and reliability of Approach 1 and Approach 2 compared to the 

RFEM results, three statistical indicators are used: the coefficient of determination (𝑅ଶ), the mean absolute 

error (MAE) and the root mean square error (RMSE). These three statistical indicators provide a detailed 

analysis of how well Approach 1 and Approach 2 calculates the buckling resistance in comparison to the 

RFEM Approach.  

 

The coefficient of determination (𝑅ଶ) indicates how well the calculated buckling resistance from Approach 1 

or 2 corresponds to the calculated buckling resistance from RFEM. It shows the degree in which Approach 1 

or 2 follows the same trend or pattern in comparison with RFEM. 𝑅ଶ value equal to 1.0 represents perfect 

correlation and a value of 0.0 represents no correlation at all. However, 𝑅ଶ does not reveal whether the 
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predictions are systematically too high or too low. The 𝑅ଶ is calculated according to Eq. (8.1). 

 

𝑅ଶ = 1 −
∑(𝑦௜ − 𝑦పෝ)ଶ

∑(𝑦௜ − 𝑦ො)ଶ
  

(8.1) 

Where 

 𝑅2 is the coefficient of determination 
 𝑦

𝑖
 is the RFEM buckling resistance 

 𝑦
𝑖

ෝ  is the buckling resistance calculated from method 1 or 2 

 𝑦ො is the mean of the RFEM results  

 

The mean absolute error (MAE) is the average of the absolute differences between the results from Approach 

1 or 2 and the results from RFEM. The MAE indicates how far off, on average, the results from Approach 1 

or 2 are from the RFEM results. MAE value equal to 0.0 indicates the best accuracy. The MAE  is calculated 

according to Eq. (8.2). 

 

𝑀𝐴𝐸 =
1

𝑛
෍|𝑦௜ − 𝑦పෝ|

௡

௜ୀଵ

 
 

(8.2) 

 

The root mean square error (RMSE) has the same idea as the MAE but it gives more weight to larger errors 

due to the squaring differences in the formulas. Therefore, it is more sensitive to outliners. RMSE value equal 

to 0.0 indicates that Approach 1 or 2 does not have large differences in results in comparison with RFEM. 

The RMSE is calculated according to Eq. (8.3). 

𝑅𝑀𝑆𝐸 = ඩ
1

𝑛
෍|𝑦௜ − 𝑦పෝ|

௡

௜ୀଵ

 

 

(8.3) 

 

8.2 Rigid vs non-rigid end post 

The parametric study assumes that the edges of the plate, which are subjected to normal stress, remain 

straight RFEM model. In the reduced stress method, the calculation of the shear buckling reduction factor 

depends whether the end posts of the plate are assumed to be rigid or non-rigid. For both assumptions (rigid 

and non-rigid), the buckling resistance was calculated using approach 2 for a steel plate with parameters 

equal to α=1, b/t=250 and ψ=1. The blue line in Figure 49 represents the rigid assumption and the orange 

line represents the non-rigid assumption.  

Figure 49 Buckling resistance stiffened steel plate: α=1; b/t=250;  ψ=1. 



 
 
 

67 
 

 

In addition, the buckling resistance was also determined according to approach 3 (RFEM) with the assumption 

that the edges remain straight. These results are plotted as red triangles in Figure 49 and in Figure 50 can 

be seen how the boundary conditions are modelled in RFEM. In order to illustrate the influence of non-rigid 

edges, which are when the edges do not remain straight, the buckling resistance was also determined for 

three different values for 𝜏/ 𝜎, using a model in which the steel plate is surrounded by other steel plates, see 

Figure 51. This is opposed to the "edges remain straight" scenario shown in Figure 50. 

 

The results of these three cases are plotted in purple in Figure 49 and show a strong alignment with the non-

rigid assumption. 

 

8.3 Comparison of RSM, RSM with EBPlate and RFEM results 

8.3.1 Unstiffened steel plates 

In Annex A, the buckling resistance results for unstiffened plates calculated with Approach 1, Approach 2 and 

Approach 3 are combined in one graph for comparison. Figure 52, taken from Annex A, shows the same 

trends observed in all the other plots from Annex A. When the unstiffened plate is subjected to compression 

and shear all three approaches calculates similar results for the buckling resistance. However, when the plate 

is subjected to tension and shear the EBPlate and RFEM method give similar results and clearly show an 

increase in the buckling resistance as tensile stresses increase.  

 

In contrast, the reduced stress method does not capture this effect. From the reduced stress method graph, 

it can be observed that increasing the tensile stresses does not lead to higher buckling resistance, the curve 

remains nearly horizontal on the tension side. As a result, the reduced stress method underestimate the 

buckling resistance by a wide margin compared to the other two methods. 

Figure 51 Unstiffened steel plate surrounded by other steel plates (α=1; b/t=250;  ψ=1). 

Figure 50 Unstiffened steel plate modelled with edges 
remain straight (α=1; b/t=250;  ψ=1). 
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8.3.2 Stiffened steel plates 

In Annex B, the buckling resistance results for stiffened plates calculated with Approach 1, Approach 2 and 

Approach 3 are combined in one graph for comparison. Figure 53, taken from Annex B, shows the same 

trends observed in all the other plots from Annex B. Figure 53 and the remaining plots in Annex B illustrates 

that the reduced stress method consistently calculates lower buckling resistances in comparison with RFEM, 

while the EBPlate method calculates consistently higher buckling resistances in comparison with RFEM.  

 

The buckling factors for both Approach 1 and 2 are compared to the RFEM buckling factors using the three 

statistical indicators that are determined and shown in the corresponding figures. In each figure the results of 

Approach 1 or 2 (y-axis) is plotted against the results of RFEM (x-axis). The identity line is also plotted in the 

figure which represents the RFEM results.  

 

In Figure 54 is the buckling factor of the reduced stress method (Approach 1) compared to the results of 

RFEM. Almost all datapoints lie below the identity, which indicates that the buckling resistance determined 

with the reduced stress method results are consistently lower in comparison with the RFEM results.  

 

Figure 52 Buckling resistance unstiffened steel plate: α=1; b/t=250;  
ψ=1.0 

Figure 53 Buckling resistance stiffened steel plate: α=2; b/t=250;  ψ=0.5;  γ=75 
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In the plot vertical groupings of data points are shown at specific locations. These represent cases where 

RFEM has determined that the buckling resistance is equal to the Von Mises criterium However, Approach 1 

determines a lower buckling resistance for the same shear-normal stress ratio. As a result, the data points 

share the same horizontal position but differ in vertical value, forming vertical lines in the plot. 

 

In Figure 55, the buckling factor of the reduced stress method with EBPlate (Approach 2) are compared with 

the buckling factors obtained from the RFEM approach. A lot of the datapoints are found above the identity 

line, which indicates that the EBPlate approach finds higher bucking resistance of the stiffened plates than 

the RFEM approach does. However, there are as well datapoints below the identity line. When in buckling 

factor is increased the datapoints in the graph tend to be randomly scattered with both points above and 

below the identity line.  

 

Figure 54 Parity plot: RFEM vs Reduced stress method. 

Figure 55 Parity plot: RFEM vs Reduced stress method with 
EBPlate. 
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Compared to Approach 1, the datapoints of Approach 2 lie closer to the identity line, indicating a better overall 

agreement with the RFEM results. Table 15 shows that approach 2 indeed outperforms approach 1 in 

calculating the buckling resistance if RFEM is assumed to be the benchmark for realistic structural behaviour. 

All statistical indicators demonstrate significantly better agreement with the RFEM results when using the 

reduced stress method with EBPlate compared to the reduced stress method. The higher accuracy of the 

statistical indicators was expected, based on the findings of the parametric study.  

 
To explain the differences in the buckling factors between the approaches, all parameters that influence these 

difference are looked into in Section 8.4. Since Approach 2 takes the positive influence of tensile stress into 

account and consistently predicts higher buckling resistance values than RFEM, the following analysis 

specifically focuses on the differences between the results of Approach 2 and RFEM in order to clarify this 

variation. 

8.4 Influence of parameters on the buckling resistance 

To illustrate the systematic difference between reduced stress method with EBPlate and RFEM, the buckling 

factors calculated with RFEM are plotted on the x-axis, and those calculated with reduced stress method with 

EBPlate are plotted on the y-axis. The identity line is also included to indicate perfect agreement between the 

two approaches. However, the data points are now color-coded according to the parameter under 

investigation, allowing for a clear visual comparison of how the differences depend on this parameter. 

 

8.4.1 Influence of the shear-to-normal stress ratio on buckling resistance 

From Figure 56, a pattern can be observed with respect to the shear-to-normal stress ratio. When the plate 

is subjected to pure compression stress, tau/sigma equal to 0.0001, approach 2 consistently predicts lower 

buckling resistance values compared to RFEM. This is illustrated by the data points that lie below the identity 

line which indicates that RFEM gives higher buckling resistances in comparison with reduced stress method 

with EBPlate approach. 

Table 15 Statistical indicators RSM and RSM with EBPlate. 
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8.4.2 Influence of the α-ratio on buckling resistance 

From Figure 57, it is observed that no clear trend is visible with respect to the α-ratio. The data points 

corresponding to α = 1 and α = 2 are scattered and overlap throughout the graphs, indicating that the 

difference between reduced stress method with EBPlate and RFEM does not systematically depend on the 

α-ratio.. 

Figure 57 Parity plot: RFEM vs Reduced stress method witb EBPlate (aspect ratio coloured). 

In addition to the comparison between the reduced stress method with EBPlate and RFEM results, the 

influence of the α-ratio on the buckling resistance is also investigated. From the outcome of all three 

calculation approaches, and for both unstiffened and stiffened steel plates, it is observed that the plate with 

aspect ratio equal to 1 has a higher buckling resistance than the plate with aspect ratio equal to 2 for any 

shear-to-normal stress ratio. This trend is illustrated in Figure 58. Plates with a higher aspect ratio are more 

prone to buckling. The increased length reduces the lateral support of the plate, increasing its slenderness 

and makes it easier for out-of-plane deformations to develop. As a result, the plate reaches at a lower stress 

level its buckling resistance. 

Figure 56 Parity plot: RFEM vs Reduced stress method witb 
EBPlate (τ/σ coloured). 



 
 
 

72 
 

 

 

8.4.3 Influence of the plate thickness on buckling resistance 

Figure 59 do not indicate a clear pattern in the different results between the reduced stress method with 

EBPlate and RFEM results as a function of the plate thickness. The datapoints for the different plate 

thicknesses scatter and overlap on the graph. However, it is observed that the results of plates with smaller 

thicknesses are more often on the safe side in comparison than plates with larger thicknesses. However, 

reduced stress method with EBPlate results do still often give higher buckling resistance results as the RFEM 

approach for thinner plates.   

 
Figure 59 Parity plot: RFEM vs Reduced stress method witb EBPlate (plate thickness coloured). 

Figure 58 Buckling resistance - influence of aspect ratio 
Left: Approach 1, right: Approach 2, bottom: Approach 3 
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In addition to the comparison between the reduced stress method with EBPlate and RFEM results, the 
influence of plate thickness on buckling resistance is also investigated. From the outcomes of all three 
calculation approaches, and for both unstiffened and stiffened steel plates, it can be observed that the 
buckling resistance increases as the plate slenderness decreases. Thicker plates do have higher bending 
stiffness and therefore greater resistance to deformation when subjected to normal and shear loads, which 
lead to higher buckling resistance, see Figure 60. 

 

8.4.4 Influence of the stress ratio on buckling resistance 

Figure 61 do not indicate a clear pattern in the different results between the reduced stress method with 

EBPlate approach and RFEM results as a function of the stress ratio. The datapoints for the different stress 

ratios scatter and overlap on the graph. Nevertheless, the results of approach 2 for a stress ratio equal to -

0.5 are lower than the results of the RFEM approach than for the other stress ratios. Still, it is frequently 

observed that reduced stress method with EBPlate  approach calculates a higher buckling resistance than 

RFEM for a stress ratio equal to -0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60 Buckling resistance - influence of plate thickness 
Left: Approach 1, right: Approach 2, bottom: Approach 3 
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Figure 61 Parity plot: RFEM vs Reduced stress method witb EBPlate (stress ratio coloured). 

In addition to the comparison between the reduced stress method with EBPlate approach and RFEM results, 

the influence of the stress ratio on buckling resistance is also investigated. Based on the outcomes of all three 

calculation methods, and for both unstiffened and stiffened steel plates, it can be observed that the buckling 

resistance increases as the stress ratio decreases on the positive side of the graph, when the plate is 

subjected to combined shear and compressive stresses because lowering the stress ratio results in lower 

compression stress.  

 

 

Figure 62 Buckling resistance - influence of stress ratio 
Left: Approach 1, right: Approach 2, bottom: Approach 3 
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When the plate is subjected to combined shear and tension stresses, the negative side of the graph, the 

opposite trend is observed. The buckling resistance decreases as the stress ratio decreases because a lower 

stress ratio results in less tensile stresses acting on the steel plate.   

 

The reduced stress method calculates the same buckling resistance for stress ratios equal to 1; 0,5 and 0 in 
case of a steel plate subjected to tension and shear. This is because 𝛼௖௥,௫ (Eq. (3.11a)) is assumed as infinite, 

for stress ratio 1; 0,5 and 0, because only tension stress acts on the steel plate and therefore 𝛼௖௥ (Eq. (3.10)) 

will only depend on the shear stress acting on the steel plate. The shear stress is for all three stress ratios 

the same which leads to the same buckling resistance.  

 
8.4.5 Influence of the relative flexural stiffness of the stiffener on buckling resistance 

From Figure 63, it is observed that no clear trend is visible with respect to the relative flexural stiffness of the 

stiffener. The data points corresponding to different values of the relative flexural stiffness are scattered and 

overlap throughout the graphs, indicating that the difference between reduced stress method with EBPlate 

approach and RFEM results does not systematically depend on this parameter.  

Figure 63 Parity plot: RFEM vs Reduced stress method witb EBPlate (relative flexural stiffness coloured). 

In addition to the comparison between the reduced stress method with EBPlate approach and RFEM results, 

the influence of the relative flexural stiffness on buckling resistance is also investigated. Based on the 

outcomes of all three calculation methods, and for both unstiffened and stiffened steel plates, it can be 

observed that the buckling resistance increases as the relative flexural stiffnesses of the stiffener increases. 

How stiffer the longitudinal stiffener, how greater the restraint against out-of-plane deformation, which lead to 

an improvement of the structural stability of the plane. 
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8.5 Analysis of RFEM Outliers 

In rare cases, the buckling resistance obtained from RFEM shows a clear deviation from the general trend 

observed in the other RFEM results. This deviation can be observed in Figure 65 and Figure 66, where the 

RFEM results, indicated by the red triangles, drop below the expected trend line. These outliners are only 

present for steel plates with weak stiffeners. It is observed that in these specific cases, the failure is governed 

by local buckling of the stiffener instead of failure in the plate. As a result, the computed buckling resistance 

is significantly lower than the buckling resistance would have been, if the failure mode was not in the stiffener 

but in the plate. 

 

 

Figure 65 Buckling resistance stiffened steel plate: α=2; b/t=250;  
ψ=0.5;  γ=10 

Figure 64 Buckling resistance - influence of relative flexural stiffness 
Left: Approach 1, right: Approach 2, bottom: Approach 3 
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Figure 66 Buckling resistance stiffened steel plate: α=1; b/t=150;  
ψ=-0.5;  γ=25 
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9 Development of an accurate design 
approach based on EBPlate 

9.1 Introduction 

In the previous chapter is shown that for stiffened steel plates the EBPlate approach generally calculates 

higher buckling resistance values compared to the RFEM approach. In this thesis, RFEM is assumed as the 

benchmark for realistic structural behaviour, as it is considered to provide more accurate results due to its 

refined modelling capabilities. However, because FEM simulations take long, EBPlate remains a preferred 

tool in engineering practice due to its efficiency and ease of use. However, the consistent overestimation of 

buckling resistance by the EBPlate approach raises concerns regarding safety. 

 

To tackle this issue, this chapter proposes the development of new reduction formulas that can be applied in 

the EBPlate approach. As a result the buckling resistance of stiffened steel plates calculated with the EBPlate 

approach in combination with the reduction formulas will be equal to, or lower, than the buckling resistance 

values obtained with RFEM. In Section 9.2 the methodology used to derive this correction is discussed, while 

Section 9.3 presents the application of the reduction formulas and compares the adjusted EBPlate results to 

RFEM results. 

 

9.2 Methodology 

The verification formula that is used in the EBPlate approach is shown below as Eq. (9.1). In order to obtain 

more conservative buckling resistance results using the EBPlate approach, a modification to this formula is 

proposed. Instead of applying a constant exponent value of 2 to the shear stress term, this value of 2 is 

replaced with a factor E3, see Eq. (9.2). By reducing the exponent applied to the shear term, so E3 is lower 

than 2, the buckling resistance will be lower than it was calculated with E3 value equal to 2. The choice to 

reduce the shear stress term and not the normal stress term is because the RFEM results compared to the 

EBPlate approach results were lower when there was only normal stress applied, see Section 8.4.1. However, 

when shear is involved, EBPlate approach tends to overestimate the buckling resistance compared to RFEM. 
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(9.2) 

 

For each case in the parametric study the factor E3 is calculated, such that the buckling resistance derived 

from the EBPlate approach match the RFEM results. The buckling resistance calculated with RFEM are used 
as values for 𝜎௫,ாௗ and 𝜏ாௗ in Eq. (9.2) and the reduction factors calculated with the EBPlate approach are 

used as values for  𝜌௫ and 𝜒௪ in Eq. (9.2), which results in factor E3 being the only unknown. The factor E3 

can now be solved for each case to match the buckling resistance of EBPlate approach to that of RFEM. The 

calculated E3 values are plotted against their corresponding relative slenderness 𝜆௥௘௟ values, which is shown 

in Figure 67.  
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Eq (9.3) provides the formula for the relative plate slenderness. The E3 values were plotted against the 

relative plate slenderness because no clear trend was identified in Section 8.4 regarding which individual 

parameter influences the difference between the results of Approach 2 and the RFEM approach. The relative 

plate slenderness includes 𝛼௖௥, which is the minimum load amplifier for the design loads to reach the elastic 

critical load of the plate, under the complete stress field. This minimum load amplifier depends on all 

investigated parameters, such as the aspect ratio, plate thickness, stress ratio, and the relative stiffness of 

the stiffener. 

 

𝜆௥௘௟ = ඨ
𝑁௣௟

𝑁௖௥

= ඨ
𝛼௨௟௧

𝛼௖௥

 
 

(9.3)  

 

Three reduction formulas will be introduced to guarantee conservative design results when the EBPlate 

approach is used. Reduction Formula 1 (RF1) is formulated so that, when applied in combination with the 

EBPlate approach, only 1% of the resulting buckling resistance values are higher than the corresponding 

values calculated using RFEM. Similarly, Reduction Formula 5 (RF5) and Reduction Formula 10 

(RF10) guarantee that only 5% and 10% of the results from the EBPlate approach in combination with the 

new reduction formulas, are higher than the RFEM results. 

 

The percentile method is used in order to compute these new reduction formulas. The dataset is divided into 

bins, each bin contains 10% of the cases of the total datapoints. As a result there are 10 bins each containing 

160 cases of the parametric study.  For each bin, the 1st, 5th and 10th percentiles of the required E3 reduction 

factor is calculated and plotted in Figure 68.  

 

 

 

 

 
 

 

 

Figure 67 𝜆௥௘௟values vs E3 values for all stiffened plate cases. 
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The 1st, 5th and 10th percentiles of the first three bins is equal or close to a value of 2. These cases show 

already good agreement between Approach 2 and the RFEM results. Therefore, no reduction is needed when 

the relative plate slenderness 𝜆௥௘௟ is less than or equal to 0.559. As a result, a curve will be fitted starting from 

bin number 4. Six polynomial curves are fitted in total, two for each percentile, using either the form 𝑥ଶ + 𝑏𝑥 +

𝑐 or 𝑎𝑥ଶ + 𝑏. These fits are based on the calculated percentile values, excluding the first three bins.  

 

This results in two different set of reduction formulas, each set containing three reduction formulas. In Figure 

69 the three reduction formulas, with the form 𝑎𝑥ଶ + 𝑏, are plotted in the 𝐸3 𝑣𝑠 𝜆௥௘௟ plot. In Figure 70 the three 

reduction formulas, with the form 𝑎𝑥ଶ + 𝑏𝑥 + 𝑐, are plotted in the 𝐸3 𝑣𝑠 𝜆௥௘௟ plot. The reduction formulas with 

the form 𝑎𝑥ଶ + 𝑏𝑥 + 𝑐 are chosen to be used because it resulted in fitted reduction formulas that more closely 

matched the targeted 1%, 5%, and 10% thresholds, see Table 16. 

 

 

 

Figure 69 𝜆௥௘௟ values vs E3 values with new RF (ax^2+c) 

Figure 68 𝜆௥௘௟ values vs E3 values for all stiffened plate cases with interval percentiles. 
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Table 16 Overview new fitted reduction formulas. 

In Table 17 the new proposed reduction formulas are shown with their corresponding abbreviation and 

percentage indicating the safety margin, which must be used in combination with the verification formula, 

which is Eq. (9.2).  
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(9.2) 

 

Figure 70 𝜆௥௘௟ values vs E3 values with new RF (ax^2+bx+c) 

Table 17 New proposed reduction formulas in combination with Eq. (9.2). 
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Figure 72 Parity plot: RFEM vs NF1. 

9.3 Implementation 

The new reduction formulas have been applied to calculate the buckling resistance of the same steel plates 

that were investigated in the parametric study. The results of these calculations are displayed in plots and 

provided in Annex C. One of these plots is shown below as Figure 71. From this figure, it can be seen that 

the buckling resistance, if calculated using one of the new reduction formulas, is indeed lower than the 

buckling resistance calculated with RFEM. The reduction formulas do not have any impact on the buckling 

resistance if only normal stress is applied on the steel plates.  

Figure 71 Buckling resistance stiffened steel plate with new RF: α=1; b/t=250;  ψ=1;  γ=50 

The results obtained with the use of the new reduction formulas are plotted against the RFEM results. The 

same statistical indicators as those in Chapter 8 have also been calculated for each new reduction formula 

and can be found in each corresponding plot. In this way a good comparison can be made between the new 

reduction formulas and against the results of approach 1 and 2. In figure 73 the NF1 is plotted  74 nf5 en 75 

nf10 

 

The results obtained using the newly developed reduction formulas are plotted against the RFEM results in 

Figure 72 for NF1, Figure 74 for NF5 and Figure 73 for NF10. The same statistical indicators as those 

presented in Chapter 8 have been calculated for the results obtained with the new reduction formula and are 

included in the corresponding plots. This allows for a clear comparison between the newly obtained results 

from the new reduction formulas and for the results of Approach 1 and Approach 2. 



 
 
 

83 
 

 

 

If we compare these figures with Figure 55, it can be seen that the datapoints are now plotted on the safe 

side of the 1:1 line, which was not the case with Figure 55 where the EBPlate approach without reduction 

was compared to the RFEM results. In Figure 72, it can be seen that for NF1 almost no datapoints (around 

1% of all datapoints) are plotted on the unsafe side of the identity line. However, as the NF values increase, 

more and more datapoints are plotted on the unsafe side of the identity line. 

 
 
 
 
 
 
 
 
 

Figure 74 Parity plot: RFEM vs NF5. 

Figure 73 Parity plot: RFEM vs NF10. 
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From the statistical indicators that are shown in Table 18 it can be seen that the EBPlate approach still 

provides results that are the closest to the RFEM results. However, it was observed that the EBPlate approach 

calculates higher buckling resistances compared to the RFEM calculations. Therefore, new reduction 

formulas are developed, which calculates more conservative buckling resistances and provide results that 

align more closely with RFEM than the reduced stress method. The statistical indicators show that all three 

new reduction formulas demonstrate better agreement with RFEM than the reduced stress method. Among 

these new reduction formulas, NF10 is the one that is closest to the RFEM results, offering a safer and more 

reliable approach in comparison with the EBPlate method.  

 
 
 

Table 18 Statistical indicators of the new reduction formulas. 
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10 Discussion 

10.1 Interpretation of the results 

For unstiffened steel plates that are subjected to compression and shear all three approaches gave roughly 

the same results. This consistency is due to the relatively straightforward buckling behaviour of unstiffened 

plates under compression and shear stresses. The governing buckling shapes are global and well 

understood. Without stiffeners, there are no additional localized effects or stiffness variations that can cause 

divergence between simplified analytical methods and more advanced numerical methods.  

 

When an unstiffened plate is subjected to tension and shear Approach 2 (EBplate) en Approach 3 (RFEM) 

also gave roughly the same results. However, Approach 1 (reduced stress method) did not match the results 

of the other two methods. The results of Approach 1 showed a horizontal line in the buckling resistance plot 

when an unstiffened plate was subjected to tension and shear loading. This is because in case of tension, it 

is assumed that a steel plate does not buckle and therefore the critical plate buckling stress is not defined, 

which leads to 𝛼௖௥,௫ (Eq. (3.10a)) to be assumed as infinite. As a result, the minimum load amplifier 𝛼௖௥ (Eq. 

(3.9)) will only depend on the shear stress acting on the steel plate. This leads to a horizontal buckling 

resistance, independent of the amount of applied tensile stress. 

 

Approach 2 and 3 do not assume the critical plate buckling stress being infinite. The two approaches model 

the actual stress state and deformations of the plate, including the positive stabilizing effect of tensile stresses 

on the shear buckling. This trend can also be observed in the results, where the buckling resistance increases 

when higher tensile stresses are applied. 

 

For stiffened steel plates, the buckling behaviour becomes more complex due to the presence of stiffeners. 

The stiffeners cause both local and global buckling modes to occur. This complexity leads to stress 

distributions and deformation behaviours that are not possible for simplified methods to model. The reduced 

stress method assume linear-elastic material behaviour, neglect of post-buckling strength and simplified 

stress redistribution. Moreover, stabilizing effects are not taken into account, such as the beneficial interaction 

between tensile and shear stresses or the support provided by adjacent stiffeners. As a result, the buckling 

resistance is calculated lower compared to the buckling resistances determined with RFEM. 

 

The EBPlate approach also consistently calculates buckling resistances higher than the reduced stress 

method because the load amplifier that EBPlate calculates is consistently higher. This is because EBPlate 

models the actual stress distribution and deformation shape of the plate using classical plate theory combined 

with the Rayleigh-Ritz method, which is more accurate in comparison with the simplified formulas used in the 

reduced stress method. However, the EBPlate approach still relies on many simplified formulas to convert 

the load amplifier into the final buckling resistance, for example the interaction between plate-like and column-

like behaviour is still treated using Eurocode based formulas.  

 

In comparison with the EBPlate approach, the RFEM approach calculates lower buckling resistance values. 

RFEM includes a more detailed and realistic structural behaviour because it considers geometric and material 

nonlinearities, post-buckling behaviour and imperfections. Unlike the EBPlate approach, RFEM does not use 

simplified assumptions or Eurocode-based interaction formulas. RFEM instead performs a full numerical 

analyses, which allows RFEM to take into account the reduction in stiffness after buckling, the redistribution 

of stresses in the plate and the influence of imperfections on the buckling resistance. Although EBPlate 

applies the Rayleigh-Ritz method to approximate deformation shapes and calculate the load amplifier, it still 

simplifies the interaction between different buckling modes and does not take destabilizing effects into 
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account. As a result, RFEM is assumed as the benchmark for realistic structural behaviour.  

 

However, it is important to note that RFEM is itself a finite element model and therefore subject to its own 

assumptions and limitations. The results of RFEM depends on model choices such as boundary conditions, 

mesh size, imperfections and material definitions. The RFEM results should be considered a relative 

benchmark and not the absolute truth because no experiments were conducted.  

 

No clear trends were observed in the influence of specific parameters, such as plate slenderness, stress ratio 

and relative flexural stiffness of the stiffener, that could consistently explain why the EBPlate approach 

obtained higher results than the RFEM approach. However, when plates were subjected to pure compression, 

the EBPlate results were not higher than those from RFEM but rather showed closer agreement. A possible 

explanation for this is that under such loading conditions, the buckling behaviour remains relatively global and 

less prone to local buckling effects. From the results of the parametric study of unstiffened steel plates was 

found that the EBPlate approach was able to accurately capture the global behaviour of the plate and produce 

similar results as RFEM. The presence of stiffeners and more complex loading conditions(shear and normal 

stress) introduce local buckling phenomena and stress redistributions, which increase the complexity of the 

structural behaviour. The EBPlate approach appears to be unable to fully capture these effects, which could 

explain the observed overestimation of buckling resistance in those cases. 

10.2 Application  

The three new proposed reduction formulas are for engineers that need to determine the buckling resistance 

of stiffened steel plates, but do not have the time or resources to model the stiffened steel plates in a FEM 

model. With the use of FEM the most accurate buckling resistance can be determined, but they are time-

consuming and require significant expertise. On the other hand, the reduced stress method can be used, but 

it calculates overly conservative buckling resistances for stiffened steel plates. Therefore, the new proposed 

formulas in combination with EBPlate offer an alternative between the two extremes. The new proposed 

formulas improve the accuracy of the EBPlate approach without requiring a time-consuming FEM model and 

avoid the excessive conservatism of the reduced stress method. This ensures broad applicability in practical 

engineering situations 

 

The new proposed formulas were developed using a large dataset that includes a wide de range of design 

parameters, including large ranges of slenderness ratios, stress ratios and relative flexural stiffness of the 

stiffeners. The new proposed reduction formulas may only be used for steel plates that have parameters 

within the investigated parametric study. 

 

Three predetermined safety margins of 1%, 5% and 10% can be chosen by the user for the desired level of 

safety, which gives the user flexibility in their design approach. The user can select the desired level of safety 

margin depending upon the conservatism required. A 1% safety margin will provide a lower buckling 

resistance, but it is a safer and more conservative solution. On the other hand, a 10% safety margin provides 

a less conservative solution, with the buckling resistance calculated to be much higher. The trade-off between 

safety and accuracy must be considered carefully. While stronger resistance values are provided by the 

increased safety margins, they may also lead to too safe results that do not align with RFEM results. It should 

be understand that safety is a fundamental consideration in engineering design, but it is equally essential to 

have realistic predictions with good agreement to real behaviour as provided by RFEM. 
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10.3 Limitations 

The scope of the parametric study is limited to stiffened plates with a single longitudinal stiffener positioned 

at mid-span. Only single sided flat bar stiffeners were considered, while closed stiffeners are not used in the 

parametric study. Only for this type of stiffener and location of this stiffener the new proposed formulas can 

be used with full reliability and cannot be used with full reliability for stiffened steel plates with multiple 

stiffeners or different kind of stiffeners.  

 

For each case in the parametric study two GMNIA analyses were performed with two different imperfections. 

The imperfections were based on the buckling shapes from the first local eigenmode and the first global 

eigenmode. To determine if an eigenmode was classified as local or as global a threshold value for the 

normalized deformation amplitude was used. The classification threshold of 0.35 for distinguishing between 

global and local eigenmodes was determined based on visual inspection and multiple examples within this 

parametric study. The threshold was effective in separating clearly different buckling behaviours, it is 

important to note that this value was not derived from literature. 

 

The new proposed reduction formulas developed in this study are specifically designed based on the 

modelling assumptions and computational framework of EBPlate. The formulas are not directly transferable 

to other engineering software because they are based on the computational methods and boundary 

conditions of EBPlate, which limits their general applicability.  
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11 Conclusion and recommendation 

The aim of this thesis has been to get a better insight of the influence of tensile stress,  in combination with 

shear stress, on the buckling resistance of unstiffened and stiffened steel plates. The main research question 

is:  

 

“How to consider the effect of tensile stress on the shear buckling resistance of stiffened steel plates with 

varying normal stress distributions and geometric parameters in an accurate analytical approach.” 

11.1 Conclusion 

When unstiffened plates are subjected to compression and shear, the buckling resistance that is calculated 

is the same for the reduced stress method (Approach 1), the reduced stress method combined with EBPlate 

(Approach 2) and RFEM (Approach 3). Reasoning therefore is that de buckling behaviour of unstiffened steel 

plates is well understood. Approach 1 does not take into account the positive influence of tensile stresses. As 

a result, Approach 1 calculates lower buckling resistance for an unstiffened plates that is subjected to tension 

and shear in comparison to Approaches 2 and 3. 

 

For stiffened plates, the presence of stiffeners leads to a distinction between global and local buckling modes, 

increasing the complexity of the buckling behaviour of the plate. This buckling behaviour is now also 

influenced more strongly by column-like behaviour, rather than purely plate-like behaviour. Approach 1 

consistently predicts lower buckling resistance for compression-shear and tension-shear than the other two 

approaches because it is based on simplified analytical formulas that assume uniform stress distribution and 

do not take into account he interaction between global and local buckling. Furthermore, the reduced stress 

method assumes a conservative estimation of the critical stress by neglecting post-buckling strength and 

stress redistribution effects. However, Approach 2 consistently calculates the highest buckling resistance 

among the three methods. The load amplifier computed by EBPlate which is used in Approach 2 is higher 

than de load amplifier computed by the reduced stress method. EBPlate models the actual stress distribution 

and deformation shape of the plate to determine the load amplifier, in contrast to Approach 1 that calculates 

the load amplifier with simplified formulas.  

 

RFEM is assumed as the benchmark because it uses detailed finite element modelling, including geometrical 

and material nonlinearities as well as imperfections. This leads to predictions that closely represent actual 

structural behaviour. No trends were observed in the influence of specific parameters that could explain why 

the EBPlate Approach consistently obtained higher results than the RFEM method. Except that in cases of 

pure compression, EBPlate provides equal or lower buckling resistance values compared to RFEM results. 

This is likely because pure compression involves less complexity, which is dominated by global buckling. 

 

As a result, the verification formula Eq. (9.1) that is used in Approach 2 is modified for the shear stress term, 

which leads to three new proposed reduction formulas, see Eq. (9.2) in combination with Table 9.2. Each 

reduction formula has a different safety margin, so that the user is able to select the desired level of safety 

margin depending upon the conservatism required. A lower safety margin calculates a higher buckling 

resistance but increases the risk that the EBPlate result exceeds the RFEM result. The reduction formulas 

were also applied to the parametric study and demonstrated their effectiveness. They ensure that the buckling 

resistance values calculated with EBPlate fall below the RFEM results while being closer to the RFEM results 

than the results of the original reduced stress method. 
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11.2 Recommendations for Modelling 

For unstiffened plates subjected to compression and shear the reduced stress method or the EBPlate 

approach is recommended to use to calculate the buckling resistance of the unstiffened steel plates because 

the results are in good agreement with the results from RFEM analyses. However, when tensile stresses are 

subjected to unstiffened steel plates the reduced stress method can be used, but is not recommended. The 

reduced stress method does not take into account the positive influence of tensile stresses on the shear 

buckling resistance. However, the EBPlate approach will take into account these positive influence of tensile 

stresses, which leads to buckling resistances that closely match those obtained from RFEM. 

 

For stiffened plates subjected to pure compression the EBPlate method without reduction formulas is 

recommended because the buckling resistance calculated with the use of the EBPlate method are similar to 

the RFEM results. However, if shear is added to the plate the EBPlate approach in combination with the new 

reduction formulas is recommended. As a result, the buckling resistance will be calculated close to the RFEM 

results.  

11.3 Recommendations for Future Studies 

The main focus of this thesis was on the buckling resistance of (un)stiffened steel plates with an aspect ratio 

of 1 or higher. The stiffened steel plates were stiffened with a single longitudinal stiffener which was located 

at mid-height of the plate. To broaden the scope and improve the general applicability of the findings, the 

following points are recommended for future research: 

 
Varying stiffener position: In the parametric study conducted in this thesis, the location of the stiffener was 

for all cases placed in the middle of the height of the plates. With varying the location of the stiffener, it can 

be investigated whether the differences in the buckling resistance calculated by the three different methods 

increase or decrease when the stiffeners are placed, for example, at their optimal position.  

 

Multiple stiffeners: Expand the scope to steel plates with multiple stiffeners instead of only adding one single 

stiffener. With would allow the influence of both the number of stiffeners and distribution of stiffeners on the 

buckling resistance of plates that are subjected to normal and shear tress to be explored. In this way it can 

be assessed whether the new proposed reduction formulas in combination with EBPlate provide safe results 

for multi-stiffened plates in comparison to RFEM results.  

Table 19 New proposed reduction formulas in combination with Eq. (9.2). 
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Plates with aspect ratio lower than 1: Expand the study to plates with an aspect ratio lower than 1. These 

type of plates are also commonly used plates which are found in steel structures in for example steel bridges. 

Future search should assess whether the same differences between the three methods are observed for 

these type of plates and whether the new proposed reduction formulas remain applicable and yield safe 

results for plates with an aspect ratio of 1 or lower.  

 

To expand the scope with the above recommendations, the overall relevance and robustness of the 

conclusions will increase. It will also further validate the use of the new proposed reduction formulas in 

combination with EBPlate under a wider range of geometric and structural conditions.  
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Appendix A: Buckling resistance for 
unstiffened plates - Approach 1, 2 and 3 
side by side 
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Appendix B: Buckling resistance for 
stiffened plates - Approach 1, 2 and 3 side 
by side 
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Appendix C: Buckling resistance for 
stiffened plates - Approach 2 and 3, RF1, 
RF5 and RF10 side by side 
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Appendix D: Global vs local buckling 
classification of stiffened steel plate (α=2, 
t=6mm, ψ=-0.5, γ=10, and τ/σ=0.5) 
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