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Abstract 
In the paper research on advanced stability analysis of stiffened steel plates are presented. Regular 
panels are studied by laboratory and virtual tests and the buckling resistances are calculated and 
evaluated by conventional Eurocode method, by numerical buckling analyses of the plate elements under 
the actual stress conditions, and by material and geometrical nonlinear finite element analyses 
imperfections included, following the FEM based design recommendations. The stability analyses of 
complex plated elements are related to the design of a new Danube tied arch bridge. The non-
conventional constructional solutions and complex loading conditions are studied by refined multi-level 
finite element models. The relative safeties of the different methods of the critical plated elements are 
determined. The paper highlights the practical problems of the advanced stability analysis: definition of 
critical point of the element, handling stress concentrations and definition of imperfections. 

1 INTRODUCTION 

Design methodology based on advanced finite element analysis deserves special attention in the new 
Eurocodes [1, 2] dealing with buckling analysis of plated structures. The code provides a base in design 
of special structures with giving the general alternative of using different level of numerical analyses or 
simulations instead of standardized formulae. In the current research of the authors – partially published 
in the paper – the design methods of stiffened plates are studied, with a special focus on the application 
of numerical methods.  

In the first phase of the research regular multi-stiffened panels are studied by laboratory tests, with 
the detailed measurement of the geometric imperfections and residual stresses. In parallel with the 
experiments the buckling resistances are calculated and evaluated by three different ways: (i) 
conventional method of the Eurocode 3 for the separate orthotropic plates on the basis of the interaction 
of the plate and stiffener buckling, (ii) buckling analyses of the plate elements under the actual stress 
conditions, without separating the cross-section components; the stability resistance is derived on the 
bases of the critical load factor using the standardized method, and (iii) for model verification purposes, 
material and geometrical nonlinear finite element analyses with actual imperfections (geometrical 
imperfections and weld residual stresses) included, i.e. completing virtual experiments. 

In the second phase the study is extended for the stability analyses of complex plated elements, 
related to the design of a new Danube tied arch bridge with a span of 307.8 meters. The non-conventional 
constructional solutions of the arch and stiffening beam box girders during the erection and the complex 
loading conditions are studied by refined multi-level finite element models. The relative safeties of the 
different methods of the critical plated elements in the bridge are determined. The practical problems of 
the advanced stability analysis raised by the definition of critical point of the element, handling stress 
concentrations and definition of imperfections are studied. 

The experiences on the application of different design methods for practical problems are concluded. 
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2 USE OF FINITE ELEMENT METHOD IN PLATE STABILITY ANALYSIS 

The design and analysis of steel plated structures are specified in Eurocode 3 Part 1-5 (EC3-1-5, [1]). 
With respect to ultimate limit state analysis, governed by plate stability problems, the following levels 
can be distinguished (hereinafter called Method): 

1 basic procedure (no use of numerical models), 
2 partial application of numerical models in order to determine plate slenderness, 
3 reduced stress method, 
4 full numerical simulation. 
In Method 1, the formulae given in the code are applied, as from the plate slenderness to the 

reduction factors due to buckling and ultimate capacities inclusive. The reduction factors in any case of 
stability phenomena are related to the element non-dimensional slenderness parameter pλ . Generally, it 
can be written as follows: 
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where pλ  is the non-dimensional slenderness; Fy stands for the ultimate load with no respect to 

stability problem; while Fcr is the critical load corresponding to the stability phenomenon under 
investigation. 

Beside the formulations provided by EC3-1-5 for typical configurations, it is allowed to determine 
this non-dimensional slenderness by numerical analysis, i.e. through the calculation of critical load. In the 
above list this is referred as partial application of numerical model (Method 2). 

The reduced stress method (Method 3) is the general version of Method 2, where the non-dimensional 
plate slenderness is determined as: 
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where αult,k is the minimum load amplifier for the design loads to reach the characteristic value of the 

resistance of the most critical point, while αcr is the load amplifier to reach the elastic critical load under 
complex stress field. Based on this, the reduction factors for each load type (longitudinal, transverse and 
shear stresses) are to be calculated according to the standard formulae, from which an interpolated value 
can be determined or, conservatively, the smallest value can be chosen. The outcome of this method is 
the stress limit for the complex stress field. It can be recognized that this method is in principle the same 
as the previous one, but works with the general stress field instead of loads. Thus, it can be more 
generally applied for any complex geometry and stress field. Shortcoming of the method is that limit state 
is assigned with the most critical point of the structure and thus exceeding the stress limit anywhere 
means failure of the structure. Additionally, determining the critical point and the governing stability 
modes could be difficult task. 

Ultimate limit checks by non-linear simulation (Method 4) are supported by Annex C of EC3-1-5 that 
provides a general guidance on numerical analysis. It determines the geometrical, material models to be 
applied. For common structural elements, recommendations on initial (geometric and structural) 
imperfections are also given. The determined design load amplifier αu shall cover the design model and 
analysis uncertainties: 
 
 21ααα ≥u  (3) 
 

where α1 represents the numerical model uncertainties (should be evaluated by test verifications), 
while α2 covers the design model uncertainties (γM1 or γM2 partial factors). 

Note that EC3 Part 1-6 [2] dealing with shell structures discusses even more general use of FEM. 
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3 EXPERIMENTAL STUDIES ON MULTI-STIFFENED STEEL PLATE GIRDERS 

3.1 Experimental program 
To realize the ultimate resistance, an experimental study is conducted on conventionally welded plate 

girders with multi-stiffened web plate, as shown in Figure 1, [3]. The experimental program is 
summarized in Table 1. The series included one reference specimen with no stiffener and seven multi-
stiffened girders. Flange-to-web joints of girders S8~S12 are prepared by automatic welding, while the 
longitudinal and vertical stiffeners are placed by manual welding. Except for case J1 where pure bending 
is obtained by 4-point-loading, the girders are subjected to 3-point-loading arrangement so dominant 
shear as well as interaction of shear and bending is analyzed. In the design the stiffener dimensions are 
determined so that overall buckling due to bending is avoided. Failures other than web buckling, namely 
lateral torsional buckling, flange buckling, etc. are excluded. 
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Figure 1: Test specimens. 
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Figure 6: Stiffened plate girder subjected to bending – EC3-1-5 method. 

4.2 Buckling coefficients of multi-stiffened plates 
In the framework of parametric study invoking energy method, elastic buckling of plates stiffened 

with multiple stiffeners is analyzed in [3, 5]. Based on the results, buckling coefficients are formulated. 
Interaction of the different loads, as well as overall and local buckling is also investigated. 

The author proposed modifications for the standard Eurocode calculations of critical loads in [3, 5]. 
On the one hand, the modifications aim to generalize the buckling coefficient formula for interaction of 
compression and bending. On the other hand, corrections of shear buckling coefficient is made to 
increase the accuracy and to consider interaction of local and overall shear buckling where relevant [3]. 

Note that the theoretical achievements and the conceived concept are also verified by numerical and 
experimental studies [3]. 

4.3 Calculation of tested girders with Methods 1 and 2 
For the tested girders, ultimate capacities are calculated according to EC3-1-5. In the calculation, the 

λw plate slenderness for shear is determined either by the original formulas provided by EC3-1-5 
(denoted as orig.) or by the help of the modified buckling coefficient formulas proposed by the authors 
(mod.). The plate slenderness λp for bending is calculated only by the proposed modifications. Actual 
material properties are applied; the yield stress of the web plate at specimens S0~S12: fy

web = 479 MPa, at 
girders J1~J3: fy

web = 380 MPa. 
Completing the calculation, it is found that overall buckling is characterized by plate-type behavior 

(ξ = 1), and that – except for girder S8 – the reduction factor ρc = 1, meaning that overall buckling is not 
dominant. Consequently, the standard calculation also reflects that these small stiffeners efficiently 
impede the overall buckling due to bending. Comparing the standard results to the test values (Table 2), it 
is clear that the original EC3-1-5 procedure underestimates the shear resistance: the difference varies 
between -30% and -6%. 

Application of the modified critical stress formulations (practically meaning Method 2) leads to better 
approximation of the shear resistance, as Table 2 and Figure 7 confirm. The difference between the 
original and the modified procedure is larger in case of three stiffeners (S8~S12), while it can be 
neglected in case of two stiffeners (J2~J3). Note that the deviation increases with stronger stiffener. It is 
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Figure 18 shows the load-deflection curves of typical cases. Ultimate capacity calculated by EC3-1-5 
and results corresponding to large imperfection (i.e. choosing the twist imperfection as leading) are also 
indicated. As the figure confirms, the extremely large imperfection may lead to large differences in 
certain cases. 

6.1.4 Comparison 
As it is already stated, Method 1 and 2 do not give significant differences because of the concurrent 

critical stresses. Hereafter, just Method 1 and 4 are compared. 
Table 5 lists the calculated ultimate loads. It can be observed that the difference between the standard 

method and full numerical analysis can exceed 25%. Note that as it is also found by [3], the differences 
can be even higher if actual strain hardening is also taken into account. It is observed that with increasing 
dominance of buckling the underestimation by the standard method (compared to FEM) is also 
increasing, thus, the larger the slenderness, the larger the safety. Needless to say, when failure occurs due 
to overall yielding, there is no difference in the results (Case 1 and 3). 

However, the authors should emphasize that the imperfections proposed by EC3-1-5 are dependent 
only on the plate dimensions a and b, and independent from the fabrication process, stiffener geometry, 
etc., which would otherwise significantly influence the actual imperfections. In this way, it is queried 
whether the proposed imperfection magnitude is sufficient or not. Consequently, the conclusion of the 
above comparison can be drawn in two ways: 

1 If the applied imperfections are assumed sufficient, the safety in the standard EC method can be 
relatively large. 

2 If the applied imperfections are not sufficient, the FE analysis cannot be considered accurate, 
and the arising error is on the unsafe side. 

Recall that the measurements discussed in Section 3 presume larger amplitude of imperfections than 
the ones currently applied in the code. Note that the analyses are completed with 2-4 times larger 
imperfections (leading twist imperfections) as well. Even with this extreme imperfection, the analyses – 
except for Case 2, where anyway overall yielding is dominant – give larger load capacity than Method 1. 

It is also noted that with increasing slenderness the imperfection sensitivity is also increasing. 
 

Et = E/10000

          

a) 

c) b) 
 

Figure 17: Applied material model and equivalent geometrical imperfections. 
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Determination of buckling reduction factor is also complicated by the fact that a type of distortional 
stability failure mode occurs with interaction of the gusset plate and the stiffening diaphragms (Figure 
20/c). Conservatively, column buckling mode is considered; however, selecting more reasonable plate 
buckling curves would drastically change the results: for the relevant slenderness parameter one may find 
yielding instead of stability failure (i.e. reduction factor equals to 1.0). 

6.2.4 Shortcomings of the advanced methods 
As demonstrated, the general use of the reduced stress method for complex plated elements is 

complicated by the facts that: 
1) Definition of critical point of the element is not straightforward: 

a) Finite element analysis may result in unrealistic peak stresses due to the mesh. 
b) Element stability behavior is not necessarily related to the peak stress (e.g. bearing stress 

distribution along perimeter of pin hole). 
c) The analysis does not necessarily reflect whether a certain buckling mode governs the failure. 

2) Choice of appropriate buckling curve is not straightforward: 
a) High confidence is needed to estimate the actual failure mode and post-critical behavior. 
b) To combine plate-type and column-like behavior, one may have to analyze the same detail with 

different boundary conditions, which is not practical, especially when the element boundaries 
cannot be clearly defined. 

3) The method may lead to extremely conservative results and thus uneconomic design, which may set 
back its use: 
a) The limit state is assigned with the most critical point of the structure and thus exceeding the 

stress limit anywhere means failure of the structure. 
b) Accordingly, conservatively selecting the worst cases (i.e. peak stress point and column 

buckling curve) may result in extremely underestimated capacity of the whole element or may 
presume certain failure (e.g. eligibility of the pinned connection cannot be confirmed). 

 
The above problems could be overcome by using full non-linear simulation or virtual experimenting. 

However, such simulation requires careful detail modeling, relatively accurate estimations on material 
behavior and imperfections. 

7 CONCLUSIONS 

In the paper the stiffened plates are studied by experimental, standard based and advanced stability 
analyses. The investigations are related to regular test plate elements and complex plated elements of a 
bridge. The conclusions of the research can be drawn on different fields, as follows: 

Buckling checking of regular stiffened plates: 
- Based on experimental, numerical and theoretical studies buckling coefficients are of multi-

stiffened plates are formulated and modifications are proposed for the standard Eurocode 
calculations of critical loads. 

- The application of the modified critical stress formulations leads to better approximation of the 
shear resistance and it gives back the experimentally observed actual failure mode. 

 
FEM based buckling checking: 
- Geometrically and material nonlinear FE models are developed in parallel with experiments 

considering measured geometrical imperfections and residual stresses.  
- The results of the analyses are in high accordance with the actual tests with respect to the 

ultimate behavior and capacities. 
- By the virtual experimenting all the relevant details can be considered, and the results prove that 

FEM based design using advanced numerical simulation may be rewarding due to the increased 
resistance. 
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Practical checking of irregular plates by FEM analysis:  
- Different plate buckling design methods are applied to check the complex plate elements on a 

new Danube bridge in Hungary, under dominant compression stress, subjected to complex stress 
field and having irregular configuration and stress field. 

- By comparison of the results it is concluded the difference between the standard method of the 
Eurocode and full numerical analysis can exceed 25% for dominantly compressed multi-
stiffened elements. 

- Practical shortcomings of using the reduced stress method of Eurocode standard for complex 
geometry and stress field on the basis of numerical calculation are observed due to the (i) 
uncertainties of definition the critical point of the element, (ii) choice of appropriate buckling 
curve. 

The advanced stability analysis is refined for stiffened plates and extended for other type of structures 
(e.g. girders with trapezoidally corrugated webs) in the frame of ongoing research of the authors. 
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