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Buckling resistance of longitudinally stiffened panels 
with closed stiffeners under direct longitudinal stresses

Vahid Pourostad, Ulrike Kuhlmann

The buckling behaviour of panels may be determined accord-
ing to EN 1993-1-5 [1]. Most of the design rules relating to stiff-
ened panels in EN 1993-1-5 were derived on the basis of open-
section stiffeners. Several recent investigations have shown 
that the application of the design rules according to EN 1993-1-5 
considering the torsional stiffness of the stiffeners may over-
estimate the resistance of the panels. Therefore, the recent 
Amendment A2 to EN 1993-1-5 states that the torsional stiffness 
of stiffeners should generally be neglected in determining criti-
cal plate buckling stresses. In addition, prEN 1993-1-5 [2] pro-
vides rules for considering the torsional stiffness of stiffeners. 
However, in this article it is shown that even the rules of 
prEN 1993-1-5 are not sufficient to overcome the safety defi-
ciencies. The article focuses on the investigation of the buck-
ling behaviour of stiffened panels with closed-section stiffeners 
subjected to constant longitudinal compression stresses. Im-
proved rules have been developed that allow to consider the 
torsional stiffness of the stiffeners. Based on an extensive 
numeri cal parametric study, a new interpolation equation 
be tween column- and plate-like behaviour is proposed. In com-
parison to [3], the investigations have been extended to the 
effec tive width method. They show that the proposal provides a 
safe and economic solution for the reduced stress method and 
the effective width method when considering the torsional stiff-
ness of stiffeners by calculating the critical plate buckling 
stresses.

Keywords bridge design; plate-like behaviour; column-like behaviour; 
stiffened panel; longitudinal; reduced stress method; effective width method; 
torsional stiffness of stiffener

1 Introduction

The use of stiffened panels in modern bridges with large 
spans is indispensable. To optimise the structural perfor-
mance and the use of materials, the bridge cross-section 
may be built as a box girder cross-section where the web 
and bottom panels are stiffened with closed stiffeners. 
The closed stiffeners have significant structural advantag-
es. Due to large acting stresses, the panels are usually 
slender and the slender panels are prone to plate buck-
ling. The buckling resistance of the panels may be deter-
mined using EN 1993-1-5 [1]. These design rules were de-
rived on the basis of stiffened panels with open-section 
stiffeners. This means that the rules are not validated by 

investigations when the torsional stiffness is considered 
when calculating the critical plate buckling stresses. Sev-
eral investigations have meanwhile shown that the ap-
plication of the design rules according to EN 1993-1-5, 
considering the torsional stiffness of the stiffeners when 
calculating the critical plate buckling stresses, may lead to 
unsafe results. Consequently, the recent Amendment 
A2 to EN 1993-1-5 [1] specifies that the torsional stiff-
nesses of the stiffeners should generally be neglected for 
the determination of the critical plate buckling stresses. 
Neglecting the favourable effect of the torsional stiffness 
of the stiffeners may lead to a significant underestimation 
of the resistance of panels and consequently to an in-
crease in the weight of the steel structures and to an in-
crease in construction costs. The aim of this study is 
therefore to find a solution to consider the positive effect 
of torsional stiffeners in the design of stiffened panels 
with closed-section stiffeners. prEN 1993-1-5 [2] provides 
rules for considering the torsional stiffness of stiffeners. 
However, it is shown in the following that even the rules 
of prEN 1993-1-5 [2] overestimate the resistance of panels.

Slender panels tend to buckle due to high slenderness. To 
avoid stability failure, EN 1993-1-5 and prEN 1993-1-5 
provide two verification methods, namely, the reduction 
of the cross-section using the effective width method 
(EWM) or the reduction of the allowable stresses apply-
ing the reduced stress method (RSM). The reduction of 
the cross-section or stresses is determined by means of a 
reduction factor rc.

In calculating the final reduction factor, plate- and col-
umn-like behaviour should be considered. The final 
reduc tion factor according to EN 1993-1-5 and prEN 
1993-1-5 may be determined with Eq. (1). This equation 
may be applied to the EWM and the RSM.

c c p c fρ χ ρ χ( )= + − ⋅ (1)

where rp is the reduction factor for plate-like behaviour 
and χc is the reduction factor for column-like behaviour. f 
is the interpolation function between column- and plate-
like behaviour determined as follows:

2ECf ξ ξ( )= − ⋅ (2)

Subscript “EC” in Eq. (2) indicates interpolation according 
to Eurocode and refers to EN 1993-1-5 or prEN 1993-1-5. 
The actual behaviour of panels usually is in between 
plate- and column-like behaviour. [1] and [2] therefore 
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results of the corresponding author’s dissertation [5], 
where more in-depth investigations are given and which 
will be published in near future.

2 Literature review

EN 1993-1-5 or prEN 1993-1-5 provides the Effective 
Width Method (EWM) and the Reduced Stress Method 
(RSM) for the buckling analysis of slender panels. Ac-
cording to the EWM, after determining the effective 
widths due to local buckling of sub-panels, the relative 
panel slenderness of the equivalent plate for global buck-
ling is defined as:
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where Ac is the gross area of the compression zone of the 
stiffened plate except the parts of sub-panels supported by 
an adjacent plate. Ac,eff,loc is the effective area of the same 
part of the plate with due allowance made for possible 
plate buckling of subpanels and stiffeners.

lp has to be used to determine the reduction factor for 
plate buckling rp. The relative column slenderness lc is to 
be applied for the calculation of χc. The relative column 
slenderness lc is defined as follows:
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Where Asl,1,eff is the effective cross-sectional area of the 
stiffener and the adjacent parts of the plate with due al-
lowance for plate buckling, and Asl,1 is the gross cross-
sectional area of the stiffener and the adjacent parts of the 
plate.

This means that the reduction factors rp and χc are to be 
calculated with two different relative slenderness ratios. 
The final reduction factor rc is determined considering 
the interpolation of the behaviour of the panel according 

give an interpolation equation between these two kinds 
of behaviour. The essential parameter to determine the 
behaviour is the ratio between the critical plate buckling 
stress σcr,p to the critical column buckling stress σcr,c. In 
this respect, [1] and [2] define a weighting factor as fol-
lows:

 1 0 1cr,p

cr,c

ξ
σ
σ

ξ= − ≤ ≤  (3)

In this formula, x equal to zero corresponds to column-
like behaviour and x equal to one corresponds to plate-
like behaviour.

Plate-like behaviour occurs when load transfer occurs in 
both directions and leads to a failure mode with signifi-
cant curvature in both directions. In this case, all edges are 
active for load support. The plate-like behaviour exhibits 
significant post-critical resistance. In contrast, the plate 
behaves like a column, when the load transfer is mainly in 
one direction, i.e., the edges parallel to the load only have 
little effect on supporting the panel, and the failure mode 
exhibits significant curvature in only one direction. This 
behaviour is referred to as a column-like behaviour (see 
Fig. 1). The expression ‘column-like behaviour’ refers to 
buckling cases, where the panel has no post-critical resis-
tance. In stiffened panels subjected to longitudinal com-
pression stresses, the column-like behaviour may occur 
because the panel is stiffer in the longitudinal direction 
due to the existing stiffeners, so that the longitudinal edges 
have little or no influence on the structural capacity of the 
panel. In these cases, the middle of the panel cannot ben-
efit from the support provided by the longitudinal edges 
and the panel behaves like a group of adjacent columns.

Torsional stiffness has a significant influence on the criti-
cal plate buckling stress σcr,p, while it has a rather small 
influence on critical column buckling stress σcr,c, and as a 
result the standard neglects torsional stiffness in deter-
mining critical column buckling stress σcr,c. If the tor-
sional stiffness is considered in the calculation of σcr,p, 
x  increases and there is a nominal shift to plate-like be-
haviour, which, as shown, may lead to overestimate the 
resistance of panels.

To consider the torsional stiffness of stiffeners in this 
study, a new interpolation equation between plate- and 
column-like behaviour is proposed. This article reflects 

Fig. 1 Column-like behaviour of a) unstiffened and b) stiffened panels [4]
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According to prEN 1993-1-5, lp0 = 0.7 and ap = 0.34 for 
welded elements under direct stress ψ ≥ 0.

Fig. 2 shows both buckling curves for plate buckling ac-
cording to [1] and [2].

The number of existing investigations, which consider 
the effect of the torsional stiffness of stiffeners on the 
buckling behaviour and the design of stiffened panels, 
is  limited. Martin et al. [8, 9] investigated the effects of 
the torsional stiffness of closed stiffeners on the resis-
tance of longitudinally stiffened panels according to 
EN 1993-1-5.

In [9], the critical plate buckling stresses are determined 
using different approaches, like the formula given in 
Annex A of EN 1993-1-5 [1], which neglects the torsional 
stiffness of stiffeners. Alternatively, the critical plate buck-
ling stresses are calculated using the software EBPlate 
[10], modelling the trapezoidal stiffener, which takes the 
torsional stiffness into account. Finally, the resistances 
based on these assumptions were numerically compared 
with geome tric and material nonlinear analysis with im-
perfections (GMNIA) using finite element method (FEM). 
In this study, it was concluded that if the torsional stiff-
ness of the closed-section stiffeners is considered to calcu-
late the critical plate buckling stress σcr,p (using advanced 
tools such as finite element software or EBPlate), the load 
capacity of the panel under pure compression may be 
overestimated according to the verification given in 
EN 1993-1-5. In this study, it is concluded that advanced 
tools such as finite element software or EBPlate can 
still  be used to assess σcr,p when applying the EWM of 
EN  1993-1-5, provided that the torsional stiffness of 
closed cross-section stiffeners is neglected.

Kövesdi et al. [11, 12] also investigated the buckling be-
haviour of stiffened panels with closed-section longitu-
dinal stiffeners subjected to pure constant compression 

to Eq. (1). With the final reduction factor rc, the final ef-
fective cross-section area is determined. The verification 
of direct stresses is then conducted on the basis of the 
final effective cross-section.

To design a panel according to the RSM in [1] and [2], the 
load amplification factors ault,k and acr are determined 
using the complete stress state. The factor ault,k is the 
smallest factor for increasing the design loads in order to 
achieve the characteristic value of the resistance at the criti-
cal point of the panel and acr is the load amplifier of the 
design loads associated to the relevant elastic critical buck-
ling mode under the corresponding complete stress field. It 
should be noted that the corresponding eigenmodes of the 
local and global buckling have to be considered. The sys-
tem slenderness under combined stresses (σx, σz, t) can be 
calculated by means of ault,k and acr factors by applying 
Eq. (6). In case of panel subjected to only direct longitudi-
nal stresses, the slenderness may be determined using 
Eq. (7).
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With lp, the reduction coefficients for the plate-like rp 
and column-like χc behaviour with the corresponding 
buckling curves may be determined. The interpolation 
between plate- and column-like behaviour must be con-
sidered by a weighting factor. Then the final reduction 
factors for the verification have to be determined accord-
ing to Eq. (1).

[1] and [2] provide two buckling curves for plate buckling 
rp. In Section 4 [1] or Section 6 [2], the Winter curve is 
given. The proposed Winter curve was derived by Winter 
[6] on the basis of experiments and is formulated as follows:
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The buckling curve in Annex B [1] or clause 12.4 (5) [2] is 
known as the general reduction curve for direct and shear 
stresses and was originally proposed by Müller [7]. Post-
critical resistance is considered by this curve; however, 
the resulting values are more conservative compared to 
the Winter curve (see Fig. 2). The buckling curves were 
derived by Müller [7] as a solution of the Ayrton–Perry 
formulation.

 1.0 for p p0ρ λ λ= ≤  (10)

Fig. 2 Comparison of the reduction curves for plate buckling



232 Steel Construction 15 (2022), No. 4

V. Pourostad, U. Kuhlmann: Buckling resistance of longitudinally stiffened panels with closed stiffeners under direct longitudinal stresses

 1 0.6 if 2.0Kövesdi
cr,p

cr,c

cr,p

cr,c

f
σ
σ

σ
σ

= −










⋅ ≤  (12)

 ln 0.5 if 2.0Kövesdi
cr,p

cr,c

2.2
0.455

cr,p

cr,c

f
σ
σ

σ
σ

=
























⋅ >  (13)

3 Numerical model

3.1 General

The model was developed in ABAQUS [13] using a Py-
thon script that can be used to create numerical models 
with different parameters and for different load cases. The 
direct stresses were applied constantly in longitudinal di-
rections. The same assumptions apply for the numerical 
model as for the recalculation of the tests.

First, a linear plate buckling analysis (LBA) was per-
formed to obtain the buckling mode for the local imper-
fections and the critical plate buckling stress for the glob-
al buckling verification. Subsequently, a GMNIA was 
conducted. Both calculations were done with the finite 
element software ABAQUS. For the modelling of panels 
in ABAQUS, shell elements of type S4R were chosen [13].

A distinction was made in the modelling between the 
GMNIA and the LBA investigation. In the GMNIA inves-

numerically. A study on the column-like buckling was 
conducted, and it was concluded that the influence of 
torsional stiffness of the stiffeners on the column-like be-
haviour is negligibly small. It was also concluded that for 
the calculation of the critical column buckling stress the 
formula of EN 1993-1-5 gives sufficiently good results. 
Also, if the design approach of EN 1993-1-5 is applied 
which means determination of the critical plate buckling 
stresses using the given formula in EN 1993-1-5, Annex 
A and calculation of the interaction behaviour according 
to current EN 1993-1-5, the predicted resistance is safe, 
but not economical in many cases. Kövesdi [11] pro-
posed to improve the design procedure assuming that the 
critical plate buckling stresses should be determined 
using a finite element model to consider the torsional 
stiffness of stiffeners and that the critical column buck-
ling stress may be calculated using the formula of EN 
1993-1-5. To determine the reduction factor for column-
like behaviour, the current rules do not need to be 
changed. However, the reduction factor for plate buck-
ling should be determine using the curve by Müller, 
which is given in Annex B of EN 1993-1-5 [1] or Section 
12.4 (5) of prEN 1993-1-5 [2].

Kövesdi also proposed a new formula as interpolation 
between column- and plate-like behaviour for the calcula-
tion of the final reduction factor to consider the positive 
effect of torsional stiffness of closed stiffener in design. 
The proposal of Kövesdi for the interpolation function is 
given in Eqs. (12) and (13) and should be used as f in 
Eq. (1).

Fig. 3 Numerical model for LBA: a) boundary conditions and b) loading

Fig. 4 Numerical model for GMNIA: a) boundary conditions and b) loading
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14 [15] or Annex C EN 1993-1-5 [1]. It should be noted that 
in the parametric study the global imperfections were ap-
plied in both directions.

Two different imperfection approaches according to 
EN 1993-1-5 Annex C [1] were applied as local imperfec-
tions. First, the local imperfections between the stiffeners 
were applied using a sine function. The number of waves 
of sub-panel was 1 and 3 sine half-waves. In the second 
approach of the local imperfections, the buckling mode 
obtained from the LBA was applied (see Fig. 7). The first 
buckling modes of each sub-panel were found. These 
were then combined and applied as local imperfections. 
Fig. 6 shows the selected buckling mode for a stiffened 
panel as an example. Fig. 7 illustrates in an exaggerated 
way the superposition of the buckling modes and the 
local imperfection modes used in the numerical models. 
For the amplitude of the imperfection, the value of 
min(a, bi)/200 as given in prEN 1993-1-14 was applied, 
where bi is the width of sub-panel i. The global and local 
imperfections were then combined according to Tab. 1. 
This led to 15 different combinations of imperfections. A 

tigation, transverse stiffeners were additionally modelled 
along both panel ends to give a membrane restraint. Fig. 3 
shows the simulated boundary conditions and the sche-
matic loading for LBA and Fig. 4 for the GMNIA calcula-
tion.

Fig. 4 shows the arrangement of the transverse stiffeners, 
which were only modelled below the plate. The lack of 
contact with the longitudinal stiffeners is intentional to 
prevent a favourable influence of the transverse stiffener 
on the longitudinal stiffeners. In addition, the transverse 
stiffener is hinged to the panel to allow rotation of the 
panel and to provide a hinged or simply supported 
boundary condition. The rotation of the lower edge of the 
transverse stiffeners was supported due to avoid instabili-
ty of transverse stiffeners.

3.2 Imperfections

Zizza [14] has investigated possible interpretations of ap-
plying global imperfections in the case of panels with more 
than one stiffener (see Fig. 5). Zizza [14] assumes that 
equal amplitude between the longitudinal stiffeners of im-
perfection (interpretation 1 in Fig. 5) gives the most realis-
tic and less advantageous imperfection shape. Regarding 
the behaviour and failure of the plate under pure compres-
sion stresses, it should be noted that interpretation 1 with 
equal amplitude of stiffeners corresponds to column-like 
behaviour and interpretation 3 corresponds to plate-like 
behaviour. As the buckling behaviour of stiffened panels is 
expected to be predominantly column-like behaviour or 
interaction between column- and plate-like behaviour, 
global imperfections according to interpretation 1 were ap-
plied in this study to be safe and realistic as possible. If 
there were more than one stiffener, all stiffeners were de-
formed with the same amplitude min(a, b)/400 of imper-
fections as initial imperfection according to prEN 1993-1-

Fig. 5 Possible interpretations of applying global imperfections based on [14]: a) interpretation 1; b) interpretation 2; c) interpretation 3

Tab. 1  Combination of imperfections

Number Combination

1 Local (LBA)
(2) and [9] Global (p) [n]
(3) and [10] Global (p) [n]+ 0.7 local (1 sine half-waves)
(4) and [11] Global (p) [n]+ 0.7 local (3 sine half-waves)
(5) and [12] Global (p) [n]+ 0.7 local (LBA)
(6) and [13] 0.7 Global (p) [n]+ local (1 sine half-waves)
(7) and [14] 0.7 Global (p) [n]+ local (3 sine half-waves)
(8) and [15] 0.7 Global (p) [n]+ local (LBA)

( ) Refers to the global imperfection in the direction of the stiffeners (positive 
direction); [ ] refers to the global imperfection in the opposite direction of the 
stiffeners (negative direction)

Fig. 6 Selected buckling modes for local buckling of the stiffened bottom plate under constant compression in longitudinal and transverse direc tion (a = 1; 
bglobal/t = 180; g = 80): a) buckling mode 1 (local); b) buckling mode 12 (local)
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3.4 Validation and verification

Twelve tests on web panel subjected to interaction of 
bending and patch loading were conducted within the 
research projects [16] and [17] at Technical University of 
Munich with cooperation of University of Stuttgart. The 
tests conducted within the framework of the research 
project [16] are indicated with TH and the tests from [17] 
with D. Eleven tests were recalculated and the numerical 
model was validated by this recalculation. The recalcula-
tion of the experimental tests shows good agreement with 
the experimental results for the ultimate load and the 
failure mode. The deviations between numerical and ex-
perimental results are summarised in Tab. 2.

The failure mode of the test is shown as an example in 
Fig. 9. It should be mentioned that due to the complexity 
of the test procedure and particularly the biaxial loading, 
the numerical result obtained can be considered accepta-
ble. Details of this validation of model can be found in [16] 
and [17]. The numerical model was also validated by recal-
culating tests on web plates. The web plates were subject-
ed to bending and one-sided transverse stresses, while the 
bottom plates were subjected to constant stresses.

reduction of 70 % of the accompanying imperfections ac-
cording to prEN 1993-1-14 was considered in this investi-
gation. As a global imperfection, the equivalent geometric 
imperfection was applied in the direction of the stiffeners 
and in the opposite direction of the stiffeners. In this in-
vestigation, the imperfection in the direction of the stiff-
eners was denoted as positive global imperfection and in 
the opposite direction as negative global imperfection. 
In Tab. 1, the round brackets refer to positive global im-
perfection and the square brackets refer to negative glob-
al imperfection. Fig. 8 shows schematically the imperfec-
tion combination 8 and 15 for the example of a = 1; 
bglobal/t = 180; sl,i

*γ  = 80 under pure longitudinal compres-
sion.

It should be noted that no residual stresses were simulat-
ed in this study and it was assumed that this type of im-
perfection is covered by the equivalent geometric imper-
fection. This assumption has been confirmed by the recal-
culation of the tests. The tests were numerically 
recalculated using the imperfection amplitude according 
to prEN 1993-1-14 [15] and it was concluded that the re-
sidual stresses can be neglected if the amplitude accord-
ing to prEN 1993-1-14 [15] is applied and as global imper-
fection both directions of imperfection are considered.

3.3 Material

The steel grade S355 with yield strength 355 MPa was ap-
plied in the parametric study. A bilinear material model 
without strain hardening was chosen for the material 
properties according to prEN 1993-1-14 [15]. A modulus 
of elasticity of 210,000 N/mm2 and a Poisson’s ratio of 0.3 
were assumed. The gradient in the plastic range was set at 
E/10,000 to avoid numerical problems.

Tab. 2 Deviations of the ultimate load in transverse direction [5]

Test Deviation [%] Test Deviation [%]

D1 19 TH1 2
D2 15 TH3 8
D3 10 TH4 1
D4 4 TH5 2
D5 4 TH6 4
D6 –12 Mean value 5

Fig. 8  Combinations of the imperfections of the stiffened buckling panels under constant compression in longitudinal and transverse direction – (imperfec-
tions increased by a factor 75): a) combination number (8) positive; b) combination number [15] negative

Fig. 7 Applied imperfections for local buckling of the stiffened bottom plate under constant compression in longitudinal and transverse direction (a = 1; 
bglobal/t = 180; γ sl,i

*  = 80) – (imperfection increased by a factor 75): a) 1 sine half-waves; b) 3 sine half-waves; c) local (LBA): superposition of buckling 
modes 1 and 12
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The lowest calculated ultimate stresses resulted from the 
minimum stresses from combinations 1 to 8, which cor-
respond to the positive imperfections, and were com-
pared with the presented results in [3, 18]. The compari-
son shows that the imperfection combinations lead to 
similar and slightly safer results than the example in [18]. 
The comparison of the results confirms that the model 
and the assumptions of the imperfection combinations 
for the bottom plate are also verified and may be used for 
the parametric study.

3.5 Parameter range

The parametric study was conducted under variation of 
the following input variables:

– Slenderness of panels: b/t(global) = from 22 to 533
– Width: b = (nst + 1) ⋅ 400 + nst ⋅ 300 → b = 1100; 1800; 

3200 [mm]
– Aspect ratios of panels: a (global = a/b = 1.0; 1.5; 2.0; 

3.0
– Relative bending stiffness of the stiffeners sl,i

*γ  = 25; 
50; 80; 110; 150

– Number of stiffeners: nst = 1; 2; 4
– For the loading, the yield stress of the steel fy = 

355 MPa was applied on the edges of the plate and the 
stiffeners in the longitudinal direction.

The relative bending stiffness of the stiffeners 
sl,i
*γ  is de-

fined according to prEN 1993-1-5 [2] by:

 sl,i
* sl,i

*E I

b D
γ =  (14)

where E is the young’s modulus and D is the bending stiff-
ness of the plate. sl,i

*I  is the second moment of area of the 
stiffener for out-of-plane bending, its cross-section includ-
ing a participating width of the plate of 10 ⋅ t each side of 
stiffener-to-plate junction.

The panels were stiffened with closed trapezoidal stiffen-
ers. To vary the relative stiffness of the stiffeners, the 
lower and upper widths of the trapezoidal stiffeners were 
kept constant at 300 and 150 mm, respectively, and the 

In addition, the model is verified by comparison with a 
detailed numerical analysis of a stiffened bottom plate 
with closed cross-section as published in [18]. The exam-
ple concerns a stiffened panel with closed-section stiffen-
ers under pure longitudinal stresses, which was calculated 
including all verifications according to EN 1993-1-5, 
namely, the Effective Width Method (EWM), the Reduced 
Stress Method (RSM) and the finite element method 
(FEM).  In this example, LBA and GMNIA were also per-
formed. This allows to verify the model with both types of 
analyses. The geometry of the panel is shown in Fig. 10. 
The imperfections were applied as described in Sec-
tion 3.2. The comparison between the GMNIA analyses 
thus gives a test of the assumptions of imperfections.

The corresponding buckling values from [18] were com-
pared with determined buckling values from own calcula-
tions and are listed in Tab. 3. The comparison allows the 
conclusion that the model is sufficiently validated for the 
linear buckling analysis (LBA).

Fig. 9  Failure modes after reaching ultimate load: a) D6 (test); b) D6 (FE)

Fig. 10 Bottom plate – example 2 in [18]: a) system lines; b) stiffener detail

Tab. 3 Comparison of buckling values from own calculations with Timmers 
et al. [18]

Buckling 
mode

acr Own calculation
[–]

acr Timmers [18]
[–]

Deviation
[%]

1 1.701 1.712 –0.67

9 5.650 5.744 –1.64
12 5.979 6.075 –1.57
18 6.757 6.888 –1.90
20 7.214 7.307 –1.28
21 7.260 7.385 –1.83
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interpolation equation between plate- and column-like 
behaviour which allows to calculate the critical plate 
buckling stress considering the torsional stiffness of the 
stiffener, e.g. by FEM.

The reduction factor for column-like behaviour χc was 
determined according to prEN 1993-1-5 [2] in all design 
approaches described below, whereby prEN 1993-1-5 re-
fers to prEN 1993-1-1 [19].

For all design approaches, the local and global verifica-
tions were verified separately. The reduction factor for 
the verification of sub-panels was determined according 
to the Winter curve.

The design approaches for the investigation of panels 
under longitudinal stresses are designated ‘X N’, where X 
indicates that the panels were only stressed under longitu-
dinal stresses and N represents the number of the design 
approach. Tab. 4 summarises the differences between the 
various design approaches.

The same load was applied on the numerical model and 
the model of the design approaches and then the loading 
factors to achieve the resistance of panel were deter-
mined. As panels are loaded with the yield stress of the 

thickness and height of the trapezoidal stiffeners were 
varied. The stiffeners were arranged so that the width of 
all sub-panels equalled each other. The geometry and the 
arrangement of the stiffeners of panels with one, two and 
four stiffeners are shown in Fig. 11.

4 Evaluation and development of a design approach

4.1 General

Different design approaches were developed to deter-
mine the resistance of longitudinal stiffened panels. In 
this article, the results from the numerical parametric 
study were compared with the resistances determined 
from different design approaches. The aim was to de-
velop a reliable and economical design procedure to de-
termine the resistance of the stiffened panels with closed 
stiffeners. For this purpose, the torsional stiffness of the 
longitudinal stiffener was to be considered. This investi-
gation is based on the RSM and EWM according to 
prEN 1993-1-5 [2] (which is principally the same proce-
dure as EN 1993-1-5 [1]).

Thereby, the longitudinally stiffened panels under direct 
stresses have been investigated in order to develop a new 

Fig. 11 Dimensions and arrangement of the stiffeners in panels in the parametric study: a) 1 stiffener (nst = 1); b) 2 stiffeners (nst = 2); c) 4 stiffeners (nst = 4)

Tab. 4 Design approaches for the verification of stiffened panels subjected to longitudinal stresses

Approach acr (global)  rp,x Interpolation rc,x Method

X 1 Annex A Winter EN 1993-1-5 RSM

X 2 LBA Winter EN 1993-1-5 RSM

X 3 LBA Müller EN 1993-1-5 RSM

X 4 LBA Winter Proposal RSM

X 5 LBA Müller Proposal RSM

X 6 LBA Winter: a < 2
Müller: a ≥ 2

Proposal RSM

X 7 LBA Müller EN 1993-1-5 EWM

X 8 LBA Müller Proposal EWM

X 9 LBA Winter: a < 2
Müller: a ≥ 2

Proposal EWM
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Design approach X 2 is comparable to design approach 
X  1, with the difference that the critical plate buckling 
stresses are determined with ABAQUS using a LBA. 
Thus, the torsional stiffness is considered in this ap-
proach. Most of the results obtained with this design 
approach were found to lie on the unsafe side (see 
Fig. 12b). This shows clearly that the application of the 
Winter curve with the interpolation equation according 
to EN 1993-1-5 leads to unreliable results.

4.4 Design approach X 3

Design approach X 3 corresponds to design approach 
X 2, but the reduction factor of the plate-like behaviour 
was determined according to curve of Müller in Annex B 
of EN 1993-1-5 or prEN 1993-1-5 para. 12.4 (5). It should 
be noted that this design approach corresponds to the 
procedure according to prEN 1993-1-5 in case of consid-
ering the torsional stiffness of stiffeners. The results of this 
design approach are shown in Fig. 12c. Still many results 
of X 3 are on the unsafe side. Therefore, the application 
of the interpolation equation according to EN 1993-1-5, 
considering the torsional stiffness when calculating the 
critical plate buckling stress, still leads to unsatisfying reli-
ability.

4.5 Design approach X 4

As the design approach X 3, considering the torsional 
stiffness of the longitudinal stiffeners and using the more 
conservative plate buckling reduction curve of Müller still 
show unsafe results, a new interpolation function bet ween 
plate- and column-like behaviour has been developed [5].

Based on proposal of Seitz [21], a new interpolation equa-
tion was proposed for unstiffened panels in [17]. The pre-
ceding interpolation equation has further been developed 
for stiffened panel with closed stiffeners [5]. The devel-
oped interpolation function is given in Eq. (16).

 ln 0 1cr,p

cr,c

f V f

P
σ
σ

= ⋅






















≤ ≤  (16)

The parameter f is defined as the function between col-
umn- and plate-like behaviour. f can be between zero and 
one. f equal to zero corresponds to column-like behaviour 
and f equal to one corresponds to plate-like behaviour. To 
determine the final reduction factor, this f function 
should be inserted into Eq. (1).

The proposed interpolation equation may be applied by 
modifying the parameters V and P for different boundary 
conditions and loadings. In this article, the focus is on 
stiffened panels with closed cross-section subjected to 
constant longitudinal stress, so the equation is given for 
this case. In [5], the parameters for other cases are investi-

steel fy = 355 MPa, the final reduction factor is the same 
as the loading factor. So, the load factors or the final re-
duction factor are calculated as follows:

 c
ult

y
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y

N
A f f
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⋅

=  (15)

where Nult and σult are the determined ultimate resistance 
of the panel.

In this article, the numerically determined ultimate resis-
tances are compared with the determined ultimate resis-
tances of panels, applying different approaches based on 
the RSM and the EWM to evaluate the results of each of 
the approaches. In the following, the loading factors are 
also designated as rt and re according to the definitions of 
EN 1990 [20], where rt indicates the loading factor of the 
design approach as a theoretical model and re the loading 
factor from the numerical simulations as experimental 
results. rt is additionally supplemented in the designation 
with loading type and number of the design approach. 
Thus, the loading factors are given as rt,XN.

For each design approach, two diagrams are shown. The 
left diagram shows a direct comparison between the load-
ing factors. The right histogram represents the frequency 
distribution of the ratio re/rt. In the histogram diagrams, m 
represents the mean value of the results and σ the stand-
ard deviation. The mean value minus and plus the stand-
ard deviation are also given, in order to make the quality 
of the design approaches more obvious. It should be 
noted that all calculations and verifications were con-
ducted with a gM1of 1.0.

4.2  Design approach X 1

The design approach X 1 corresponds to the currently 
valid verification procedure according to EN 1993-1-5 [2] 
taking Amendment A2 into account. The torsional stiff-
ness of the stiffeners must be neglected in the calculation 
of the critical buckling stresses according to Amend-
ment  A2. To neglect the torsional stiffness, the critical 
buckling stress according to EN 1993-1-5 Annex A was 
determined in the design approach X 1.

The formulation in Annex A only considers the flexural 
stiffness of the longitudinal stiffeners and neglects the 
torsional stiffness of the longitudinal stiffeners. In this 
design approach, the reduction factor of plate-like behav-
iour is determined according to the Winter curve in EN 
1993-1-5 Section 4 or prEN 1993-1-5 Section 6. The inter-
polation between column- and plate-like was determined 
according to EN 1993-1-5. Fig. 12a compares the results 
of this design approach with the numerical results. From 
the comparison it can be seen that design approach X 1 
gives very conservative results due to the neglect of the 
torsional stiffness of the stiffener when calculating the 
critical plate buckling stress.
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4.6 Design approach X 5

Design approach X 5 corresponds to design approach 
X 4 with the difference that the reduction factor of plate 
buckling is determined according to the curve of Müller 
in Annex B of EN 1993-1-5 or in prEN 1993-1-5 para. 
12.4 (5). Fig. 13b shows that the design approach X 5 
gives very good results which agree with the numerical 
results. This design approach shows that the torsional 
stiffness of the longitudinal stiffeners may be considered 
when the critical buckling stress is calculated, if the 
curve of Müller in Annex B of EN 1993-1-5 or para. 12.4 
(5) of prEN 1993-1-5 is applied for the plate buckling 
reduction factor and the new proposed interpolation 
Eq. (16) is used. The disadvantage of this design ap-
proach is the neglect of the positive effect of the stress 
ratio ψ, e.g. in the case of panels subjected to bending, 
whereas the Winter curve takes the influence of the 
stress ratio into account.

gated and given. Based on a recommendation by Balász 
Kövesdi and additional investigations, the formula given 
in [2] has been slightly modified. In the case of a global 
buckling analysis of stiffened panels with closed cross-
section under longitudinal stresses, the parameters V and 
P are defined as:

 1 and 1.0p

2/3
V Pλ( )= + =

−
 (17)

Application of this function allows the torsional stiffness 
to be considered when calculating the critical plate buck-
ling stress using an LBA. In design approach X 4, the re-
duction factor of the plate-like behaviour rp is determined 
according to the Winter curve and the proposed interpo-
lation function Eq. (16) is used. Compared to design ap-
proaches X 2 and X 3, this design approach X 4 gives 
better results, but in some cases still unsafe results occur 
(see Fig. 13a).

Fig. 12 Comparison of the numerical results with the results of the design approaches: a) X 1, b) X 2 and c) X 3 (left: direct comparison; right: frequency distribution)
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stiffener may be considered when calculating the critical 
plate buckling stress by applying the new proposed inter-
polation equation between column- and plate-like behav-
iour. The Winter curve for aspect ratios smaller than 2 
should be used as the reduction factor for plate buckling; 
for the other cases, the reduction curve according to Mül-
ler in Annex B of EN 1993-1-5 or 12.4 (5) prEN 1993-1-5 
has to be applied.

4.8 Design approach X 7

Design approach X 7 corresponds to design approach 
X 3 with the difference that the EWM is used to deter-
mine the resistance of panels. The design approach X 7 
fulfils the rules given in prEN 1993-1-5 considering 
the torsional stiffness of the closed stiffeners when cal-
cu lating the critical plate buckling stresses. In this de-
sign approach, the interpolation equation according to 

4.7 Design approach X 6

The design approach X 4 has been analysed in detail. 
Fig. 14a shows the results of the design approach X 4 de-
pending on the aspect ratio a. It can be seen that unsafe 
results only occur for aspect ratios greater than 2, when 
the Winter curve is applied with the new proposed inter-
polation Eq. (16). For this reason, the application of the 
Winter curve for aspect ratios equal to or greater than 2 
was excluded in the design approach X 6 and the reduc-
tion curve according to Müller in Annex B of EN 1993-1-5 
or 12.4 (5) of prEN 1993-1-5 was applied instead. For as-
pect ratios smaller than 2, the Winter curve was used. 
Fig. 14b shows the corresponding results for these cases 
using the design approach X 6.

In Fig. 13c, all results of the design approach X 6 were 
compared with the numerical results. The comparison 
showed that the torsional stiffness of the longitudinal 

Fig. 13 Comparison of the numerical results with the results of the design approaches: a) X 4, b) X 5 and c) X 6 (left: direct comparison; right: frequency distribution)
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4.10 Design approach X 9

The design approach X 9 corresponds to the design ap-
proach X 6 with the difference that the EWM is used to 
determine the resistance of panel.

Fig. 15c compares all results of the design approach X 9 
with the numerical results. It can be concluded that the 
proposed design approach for the Reduced Stress Method 
(RSM) can also be used for the Effective Width Method 
(EWM). Hence, the torsional stiffness of the longitudinal 
stiffener may be considered when applying the new pro-
posed interpolation equation between column- and plate-
like behaviour. The Winter curve should also be used as a 
reduction factor for plate buckling for aspect ratios 
smaller than 2 and the reduction curve of Müller for the 
other cases.

5 Statistical evaluation

Tab. 4 summarises the design approaches. Figs. 12, 13 
and 15 show the comparison between the results of the 
design approaches and the numerical results.

For each design approach, the mean b, the mean value of 
logarithm of the error terms D, the standard deviation 2sδ , 
the coefficient of variation of the dispersion variable Vδ, 
the partial factor Rd

*γ  and final partial safety factor γ M
*  

are determined according to Annex D of EN 1990 [20].

EN  1993-1-5 and the reduction curve according to 
Müller are used to determine the reduction factor for the 
plate-like behaviour.

The results of this design approach are shown in Fig. 15a. 
There are many results obtained with X 7 that are still on 
the unsafe side. Hence, using the Effective Width Method 
(EWM) and the interpolation equation according to EN 
1993-1-5, considering the torsional stiffness when calcu-
lating the critical plate buckling stress, still leads to unsat-
isfactory reliability.

4.9 Design approach X 8

The design approach X 8 corresponds to the design ap-
proach X 5 with the difference that the EWM is used to 
determine the resistance of the panels.

Fig. 15b shows that the design approach X 8, analogous 
to the design approach X 5, gives very good results that 
agree with the numerical results. This design approach 
shows that the torsional stiffness of the longitudinal stiff-
eners can be considered in the calculation of the critical 
plate buckling stresses if the curve of Müller is used as a 
reduction factor for plate buckling and the proposed in-
terpolation Eq. (16) is applied. As already mentioned, the 
disadvantage of this design approach is the neglect of the 
positive influence of the stress ratio ψ.

Fig. 14  Comparison of the numerical results with the results of the design approaches X 4 and X 6 in dependence on the aspect ratios: a) design approach X 4: 
a = 1; 1.5; b) design approach X 4: a = 2; 3; c) design approach X 6: a = 1; 1.5; d) design approach X 6: a = 2; 3
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proaches may be used, but the X 6 design approach gives 
slightly better results in view of economy.

Similar results are observed when the Effective Width 
Method is applied. Approaches X 8 and X 9 give similar 

In Tab. 5, the results of the statistical evaluation of the 
design approaches are given. The design approaches 
X 1–X 6 are developed based on the application of the 
RSM and X 7–X 9 on the application of the EWM.

The results show that the design approach X 6 gives the 
best results statistically. The mean value b equal to 1.02 
shows that the results are generally on the safe side.

According to the RSM, a partial factor gM1 = 1.1 is speci-
fied and should be applied in the verification. The statisti-
cal evaluation for the application of X 5 and X 6 shows 
that M

*γ  = 1.09 is required to achieve the safety require-
ments of EN 1990. As 1.09 is smaller than 1.1, it can be 
concluded that sufficient reliability is provided. The small 
standard deviation 2sδ  and the coefficient of variation of 
the error terms Vδ indicate that the dispersion of the re-
sults is smaller than for the other design approaches. The 
coefficients of variation of the error terms of the design 
approaches X 5 and X 6 are small. It can be assumed that 
the compatibility test is fulfilled. Also, both design ap-

Fig. 15 Comparison of the numerical results with the results of the design approaches: a) X 7, b) X 8 and c) X 9 (left: direct comparison; right: frequency distribution)

Tab. 5 Statistical evaluation of the design approaches for stiffened panels 
under direct longitudinal stresses

Approach b D δδs2 Vδ γγ Rd
*

M
*γγ

X 1 1.05 0.1134 0.0908 0.3083 1.48 1.40

X 2 0.98 –0.0341 0.0182 0.1355 1.29 1.21

X 3 0.99 –0.0169 0.0077 0.0877 1.21 1.14

X 4 1.02 0.0018 0.0074 0.0863 1.17 1.11

X 5 1.03 0.0138 0.0052 0.0725 1.15 1.09

X 6 1.02 0.0076 0.0045 0.0670 1.15 1.09

X 7 0.95 –0.0193 0.0093 0.0965 1.27 1.20

X 8 1.00 0.0192 0.0065 0.0806 1.19 1.12

X 9 1.00 0.0127 0.0062 0.0789 1.19 1.12
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In the case of a global buckling analysis of stiffened pan-
els with closed cross-section under longitudinal stresses, 
the parameters V and P are defined as:

 1 and 1.0p

2/3
V Pλ( )= + =

−
 (19)

In case the new proposed interpolation equation is used, 
the torsional stiffness may be considered when calculat-
ing the critical plate buckling stresses. If the aspect ratio 
of the panel is equal to or greater than 2, the reduction 
factor of plate buckling has to be determined according to 
the curve of Müller or 12.4 (5) prEN 1993-1-5, otherwise 
the Winter curve suffices.

In this study, the panels subjected to constant stresses 
were investigated. The application of the proposal for the 
panel subjected to bending is given in [5].
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results, but the statistical values of approach X 9 are a lit-
tle better than those of approach X 8.

It can be concluded that the proposed interpolation for-
mula leads to safe and economical results for the EWM 
and the RSM.

6 Summary and conclusions

In this article, the buckling behaviour of stiffened panels 
with closed-section stiffeners subjected to longitudinal 
compression stresses has been investigated.

In this investigation, the numerical model was verified 
and validated using the numerical recalculation of the 
tests and known example from the literature. Based on 
the validated and verified numerical model, an extensive 
parametric study has been executed.

Geometrically and materially nonlinear analyses with 
imperfections have been conducted to predict the resist-
ances of the panels. The goals of this investigation were to 
check of current design rules of EN 1993-1-5 in case the 
torsional stiffness of stiffeners is considered when calcu-
lating the critical plate buckling stress.

According to the Amendment A2 of EN 1993-1-5, the 
torsional stiffness should generally be neglected in the 
buckling design. prEN 1993-1-5 allows the consideration 
of the torsional stiffness of stiffeners by means of the re-
duction curve by Müller in Annex B of EN 1993-1.5 or 
12.4 (5) prEN 1993-1-5. In this study, it was shown that 
this design method is not safe-sided in all cases.

However, the complete neglect of the torsional stiffness 
leads to conservative results. Therefore, a new interpola-
tion equation between plate- and column-like behaviour 
is proposed.

Eq. (18) shows the proposed interpolation equation in a 
general form, which may be applied to different boundary 
conditions and loadings by modifying the V and P para-
meters:
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