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Abstract

Plate	buckling	resistance	calculation	of	orthotropic	plates	and	the	determination	of	the	effective	width	is	highly	important	in	the	design	

of	bridges.	The	current	effective	width	calculation	method	provided	by	the	EN	1993-1-5	[1]	is	developed	for	I-sections	subjected	to	

bending. Previous research results proved that the application of the plate buckling curve can overestimate the buckling resistance in 

case	of	square	box	sections	subjected	to	pure	compression.	It	means,	that	the	required	safety	level	of	the	Eurocode	is	not	fulfilled	for	

buckling	resistance	of	plates	in	compression.	Several	previous	studies	proved	the	unconservatism	of	the	EN	1993-1-5	for	this	special	

case,	where	the	plate	has	no	support	coming	from	the	adjacent	plates.	The	question	arises,	if	the	above	mentioned	calculation	process	

also	leads	to	unsafe	resistances	for	other	structural	details,	or	this	is	the	specialty	of	the	analyzed	worst	case	scenario.	Longitudinally	

stiffened	plates	(bottom	flange	of	steel	box	sections)	subjected	to	pure	compression	could	be	also	a	worst	case	scenario,	because	

they are not supported by adjacent plates and they are loaded by pure compression. Therefore, the current research focuses on the 

investigation	of	 longitudinally	stiffened	orthotropic	plates	 loaded	by	pure	compression	and	 investigates	 (1)	 the	plate-like	buckling	

resistance, (2) the applicability of the Winter curve and (3) determines the necessary partial safety factor according to the safety 

requirements	of	the	Eurocode.	In	the	present	paper	the	results	of	an	extensive	numerical	research	program	are	introduced	and	the	

applicability of the Winter curve is evaluated based on the safety requirements of the Eurocode.

Keywords

plate	buckling,	orthotropic	plates,	closed	section	stiffeners,	partial	safety	factor

1 Introduction
In case of steel bridges, one of the most common struc-
tural layout is the orthotropic plate. The failure mode of 
these plates depends on the plate-like and column-like 
behavior. Plate-like behavior is dominant, if the ulti-
mate shape has significant curvature in both directions. 
Column-like behavior is dominant, if the failure mode 
has dominant curvature only in one direction, which can 
be the typical failure mode in case of plates with small 
length-to-width aspect ratio (α = a/b < 1) or having strong 
stiffeners. The dominant behavior depends on the length-
to-width ratio of the plate (α) and on the stiffener stiffness 
compared to the out-of-plane stiffness of the plate (γ) [2]. 
The typical failure modes representing plate-like and col-
umn-like behavior are shown in Fig. 1. 

  

a) plate-like behavior [2]            b) column-like behavior [1]
Fig. 1 Typical structural behavior for stiffened plates under compression 

In case of bridges the most common failure mode is 
the interaction type failure, because pure plate or pure  
column-like behavior requires special boundary condi-
tions or panel geometries. However, the resistance is cal-
culated based on the pure plate and column-like behavior 
using an interpolation formula (Eqs. (1) and (2)), which 
considers the reduction factors related to the column-like 
and plate-like buckling. 
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ρc = (ρ – χc) · ξ · (2 – ξ) + χc , (1)

where 

ξ
σ
σ

= cr,p

cr,c

−1 , but 0 ≤ ξ ≤ 1. (2)

σcr,p and σcr,c are elastic critical plate and column buck-
ling stresses,
χc is reduction factor due to pure column-like buckling,
ρ is reduction factor due to pure plate-like buckling.
There are numerous investigations studying the appli-

cability of this interpolation function [2–5]. However, the 
applicability also depends on the reliability of the resis-
tances which are used for the interpolation. Therefore, the 
investigation of the pure plate-like behavior and the evalu-
ation of the plate buckling resistance is an important point 
of the design process, which has not been widely investi-
gated in the past according to the author's knowledge. 

On the other side, previous research results [6–8] 
showed that the required safety level of the Eurocode is 
not reached by using the formula of the EN 1993-1-5 [1]  
for local buckling resistance of box section columns.  
Schillo et al. [7] proposed a new buckling curve or an 
increased partial safety factor for plate buckling resistance 
of plates loaded by pure compression and not supported by 
adjacent plates (for example: square box section columns). 
The situation of longitudinally stiffened lower flange of 
box section steel bridges are more or less in the same sit-
uation which are reported by Schillo et al. [7]. However, 
they studied only the buckling behavior of unstiffened 
plates. The current investigation extends these studies to 
longitudinally stiffened panels using closed section stiff-
eners, as shown in Fig. 2. 

The aim of the current research work is to (i) perform 
a comprehensive numerical study on the pure plate-like 
buckling resistance of orthotropic plates using closed sec-
tion longitudinal stiffeners and (ii) to check the appli-
cability of the plate buckling curve of the EN 1993-1-5. 
Numerical model is developed to reach these research 
aims and more than 80 numerical simulations are executed 
covering large parameter range of girder geometries with 
diverse longitudinal stiffener configurations. Within the 
current research program only geometries having domi-
nant plate-like behavior are studied. Plate-like behavior is 
checked based on the classification methodology of the EN 
1993-1-5; ξ value of the analyzed panels are always larger 
than 1,5 . The research work is completed according to the 
following research strategy:

• literature review of the previous investigations,
• development and validation of an advanced numer-

ical model made of shell elements with vari-
ous geometry and different longitudinal stiffener 
confi-gurations, 

• numerical parametric study to determine the buck-
ling resistance of the stiffened panels,

• determination of the necessary partial safety factor 
according to EN 1990 [9]. 

2 Literature review
Large number of previous investigation were made in  
the last 50 years on the buckling resistance of longitudi-
nally unstiffened and stiffened plates. The research on 
buckling behavior of unstiffened panels was started by 
Kármán [10], Timoshenko [11] and Winter [17], which 
research results are mainly implemented in design codes. 
Stability of longitudinally stiffened panels is also a widely 
researched topic started by Klöppel and Scheer [12] and 
Klöppel and Möller [13]. The first research results are 
made on panels having open section longitudinal stiffen-
ers, where the torsional stiffness has negligible effect on 
the buckling behavior. 

a)

b)
Fig. 2 a) Longitudinally stiffened lower flange of a box section bridge 

with used notations and b) demonstration of optional failure mode
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Experimental research programs are also executed on large 
scale test specimens within the last 20–30 years on the 
determination of the plate buckling resistance. Yamada and 
Watanabe [14] and Mikami and Niwa [15] made extensive 
experimental research in this topic and developed design 
methods for the buckling resistance check of stiffened 
panels. However, these design methods are not compati-
ble with the Eurocode based design of orthotropic panels. 
Numerical investigations are also made by Simon et al. [16] 
in 2014 investigating the optimum stiffener size consider-
ing the column and plate-like behavior. Significant exper-
imental and numerical research program has been exe-
cuted in frame of the COMBRI RFCS Research Project [2]  
in cooperation of several European Universities and Rese-
arch Centers. The main aim of these investigations was to 
check the Eurocode based design method related to the col-
umn-like and plate-like buckling behavior and to check 
the applicability of the interpolation curve. Based on the 
numerical calculations improvement proposals are formu-
lated regarding the stiffened panels using open section stiff-
eners. Numerical research program has been conducted 
in 2017 by Martin et al. [3] investigating stiffened pan-
els having closed section stiffeners. Numerical simulation 
results proved that stiffeners with flexural rigidity of γsl ≤ 25 
according to EN 1993-1-5 (where γsl is the relative stiffness 
of one stiffener) should not be considered in the design pro-
cess and the torsional stiffness of closed section stiffeners 
should be neglected in the calculation of the critical plate 
buckling stress. However, it should be mentioned that the 
geometries studied in the previous research programs were 
mainly focusing on the interaction between the plate and 
column-like behavior. However, the pure plate-like buck-
ling behavior was not investigated or not evaluated sepa-
rately for stiffened panels based on the author's knowledge. 

The plate buckling curve of the EN 1993-1-5 [1] is based 
on the effective width method derived by Kármán et al. [10] 
in 1932. Winter semi-empirically improved this method 
and developed the Winter curve in 1947 [17], which has 
been slightly modified several times based on experimen-
tal results. The formula given by Eq. 3 is currently used by 
the EN1993-1-5 for pure compression, which is identical 
by the original Winter curve. 

ρ λ
λ λ

=
b
b
= ,eff

p p
p

1
1
0.22

0.673⋅








− ≥ , (3)

where: b is width of the plate, 
beff is effective width of the plate, 
λp  is the relative slenderness ratio for plate buckling.

The accuracy of this curve was questioned by sev-
eral researchers in the past. In 1987 Scheer compared the 
Winter curve to experimental results and concluded that 
it provides the mean value of the test results. In 1998 and 
2002 Bridge and O'Shea [18, 19] tested welded box sec-
tions and the test results also gave lower resistances than 
provided by the Winter curve. Schillo et al. [6–8] exe-
cuted an experimental and numerical research program 
to study the local buckling resistance of square box sec-
tion columns made of normal and high strength steel. The 
results were compared to the Winter curve. The compar-
ison showed that significant number of test results gave 
smaller resistances than provided by the standard design 
method. Conclusion of Schillo et al. [7–8] was that Winter 
curve provides the mean value of the test results, and the 
required safety level of the EN 1990 [9] cannot be achieved 
by using a partial safety factor γM1 = 1,0. Statistical evalu-
ation also proved that even γM1 = 1,1 would underestimate 
the necessary safety level. 

Based on the literature review it can be concluded that 
despite the large number of previous investigation related 
to the plate buckling behavior of longitudinally unstiffened 
and stiffened panels, a comprehensive study evaluating the 
pure plate buckling behavior of longitudinally stiffened 
girders are still missing from the international literature. 
The research work of Schillo et al. [6–8] focused only on 
unstiffened plates and all the previous research activities 
on stiffened panels were focusing on the interpolation 
between the plate and column-like behavior. Therefore, the 
current investigation focuses on the plate buckling resis-
tance of longitudinally stiffened girders having closed sec-
tion stiffeners, which have dominant plate-like behavior. 

3 Numerical model development
3.1 Analysis method
Numerical model is developed using ANSYS 17.2 [20] 
to determine the plate buckling resistance of orthotropic 
plates. The applied model is a full shell model using four-
node thin shell elements. The model is limited to one panel 
of the entire steel bridge between transverse stiffeners 
subjected to pure compression, as shown in Figs. 2–3. The 
numerical model has pinned supports at all four edges. 
Two calculations are made on each model, at first only the 
vertical displacements are restricted along the longitudinal 
edges, after it both the vertical and lateral displacements. 
The reason of the different support conditions is the pos-
sible difference between the effect of adjacent plates on 
the buckling behavior. If the panel is supported by vertical 
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Fig. 3 Numerical model of the analyzed plate

Fig. 4 Geometrical imperfections (increased scale) and residual stresses

web plates, they can provide only vertical, but no horizon-
tal supports. However, if inclined webs or adjacent lower 
flange parts gives the support of the plate, they can pro-
vide both vertical and horizontal supports. No rotational 
supports are applied in the current study; only hinged 
boundaries are used. From the two calculation results the 
minimum ultimate load is considered as the compression 
resistance of the investigated panel. The load is applied as 
a uniformly distributed load on the plate and longitudinal 
stiffeners, which are considered as one cross section. This 
loading condition ensured centric load to the plate. 

Two types of analysis are carried out on the numerical 
model: (i) bifurcation analysis (GNB) to determine the crit-
ical compression stress of the investigated panel and (ii) 
GMNI analysis to determine the ultimate buckling resis-
tance. For the buckling resistance determination geometri-
cal and material nonlinear (GMNI) analysis is used consid-
ering initial geometric imperfections and residual stresses. 
Full Newton-Raphson approach is used in the nonlinear 
analysis with 0.1 % convergence tolerance of the residual 
force based Euclidian norm. Mesh sensitivity analysis is 
conducted to ensure the accuracy of the numerical model. 
Convergence study showed that all the sub-panels should be 
discretized by at least 5 elements along their cross-section.

3.2 Material model and imperfections
Linear elastic – hardening plastic material model using 
von Mises yield criterion is applied. The material behaves 
linearly elastic up to the yield strength ( fy ) by obeying the  
Hooke's law with Young's modulus equal to 210000 MPa. 
The yield plateau is modelled up to 1 % strains. By exce- 
eding the end of the plateau, the material has an isotro-
pic hardening behavior with a hardening modulus until it 
reaches the ultimate strength ( fu ) at 15 % strains. In the 
numerical parametric study only S355 steel grade is used 
having nominal values for the yield and ultimate strengths. 

Imperfections have an important role in the simula-
tions, because stability problem is studied. Imperfections 
are applied both on the longitudinal stiffeners and on the 
sub-plate parts of the entire panel in accordance with the 
rules of EN1993-1-5 [1]. The standard allows the applica-
tion of equivalent geometric imperfections, which con-
tains the effect of geometric imperfections and residual 
stresses together. However, it is known, that the geometric 
imperfection related to plate buckling (b/200) in the EN 
1993-1-5 is calibrated to the Winter curve. Therefore, its 
application would lead to confusing results by the check 
of the applicability of the Winter curve. Therefore, in the 
current study geometric imperfections related to manufac-
turing tolerances and residual stresses are applied using 
the following shapes and magnitudes: 

• global out-of-plane imperfection of the longitudinal 
stiffeners with an amplitude of Aimp,g equal to a/1000,

imp x y A y
aglob imp g( , ) sin

,
= ×

×π , (4)

• local sub-panel imperfection with an amplitude Aimp,l 
equal to bi/500 (bi is the width of the sub-plates),

imp x y A x
b

y
bloc imp l

i i

( , ) cos sin
,

= ⋅
⋅
⋅

⋅π π , (5)

• residual stresses (tensile residual stresses equal by 
the yield strength in the welding zone and compres-
sive residual stresses equal by 25 % of the yield 
strength between the welding zones). 

Geometric imperfections are defined by the modifi-
cation of the perfect shape of the panel using sinus wave 
functions in both directions. Residual stresses are mod-
elled using initial strains, as shown in Fig. 4. It is proved 
by several researchers in the past [23], that for longitudi-
nally stiffened plates the direction of the applied imper-
fection has significant effect on the ultimate capacity of 
the panel. Therefore, each simulation is executed having 
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imperfection directions with positive and negative sign as 
well. The minimum of the two calculations is considered 
as the ultimate resistance of the panel.

3.3 Investigated parameter range
The parameters varied in the numerical parametric study 
are the panel length (a), the number of stiffeners (n), the 
distance between the stiffeners (w), plate width and thick-
ness (b, tp ) and the cross-section of the longitudinal stiff-
eners (hsl, tsl, bsl,1, bsl,2) as shown in Fig. 2. Only trapezoi-
dal closed section stiffeners are applied in the current 
research program, because these stiffeners are commonly 
used in bridges. The panel length (a) is varied between 
3000–6000 mm, the thickness (tp ) between 14-20-25-30-
40-45-50-60 mm, the number of stiffeners (n) between 
3-4-6-7-8-10. The sub-panel width between the stiffeners 
(w) is changed between 250-450 mm. The stiffener thick-
ness (tsl ) is varied between 3-4-5-6-8-10 mm with a cross 
section depth (hsl) of 50-75-100-150 mm. The plate length-
to-width ratio is set to α = 0.9–4.0. A total of 85 different 
panel geometries are studied in the current research pro-
gram. It is important to mention that column-like behav-
ior is more dominant for panels with small aspect ratio 
(α < 1,0). Plate-like behavior is more dominant for panels 
with large aspect ratio (α > 1,0), however it also depends 
on the stiffener stiffness (γ). In case of the analyzed plates 
the plate-like behavior was always dominant, and the con-
dition ξ > 1,0 was ensured for all panel geometries. It is 
also known that the panel aspect ratio has large impor-
tance on the critical stress and on the buckling resistance. 
The numerical calculations proved that the lowest resis-
tance can be achieved using α = 1,0; therefore, this ratio is 
mainly used in the executed parametric study. Structures 
having larger α values are expected to provide larger resis-
tances leading to safe design. However, this is not always 
representative for the practical cases and for the demon-
stration of the scatter of the results if the panel aspect ratio 
changes, different α values are also used in the current 
investigation. The results are evaluated separately for all 
investigated panels (having various α values) and for pan-
els having panel ratio around 1.0 (0.9 < α < 1.2). 

4 Results of the numerical simulations
The aim of the numerical analysis is to determine the buck-
ling resistance of the analyzed stiffened panels, and to com-
pare the numerical resistances to the Winter curve. In the 
numerical parametric study the critical stresses related to 
plate-like buckling (σcr,p,num) and the ultimate loads (Nult,p) of 

all the 85 studied panels are determined and evaluated. The 
reduction factor based on the numerical simulations (ρp,num) 
is calculated according to Eq. (6) based on the numerical 
compression resistance (Nult,p), the cross-sectional area (A) 
and the nominal yield strength ( fy ) of the plate. 

ρ p num
ult p

y

N
A f,

,=
⋅

. (6)

The obtained failure mode for one specific case is pre-
sented in Fig. 5. 

The results of all the numerical calculations are com-
pared to the buckling curve of the EN 1993-1-5 which are 
presented in Fig. 6. The local slenderness ratios (λp,EN) are 
calculated based on EN 1993-1-5 using the critical stress 
according to Annex A [1]. The buckling resistance of all 
the numerical calculations having various panel aspect 
ratios are presented by blue dots on the diagram. The 
results representing smaller aspect ratios (0.9 < α < 1.2) are 
presented by red dots. The results show, that the buckling 
curve of the EN 1993-1-5 provides a good approximation 
of the numerically calculated results. In the slenderness 
range of 0,6 < λp,EN < 1,5 (mainly used in the design praxis) 

Fig. 5 Typical failure mode obtained in the numerical simulations

Fig. 6 Comparison of the numerical results to the buckling curve of the 
EN 1993-1-5 [1] using standard based slenderness ratio
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Fig. 7 Comparison of the numerical and analytical critical stresses

Fig. 8 Comparison of the numerical results to the buckling curve of the 
EN 1993-1-5 [1] using numerically computed slenderness ratio

the buckling curve is a lower bound curve of the numer-
ical results. For higher slenderness ratio there are sev-
eral points below the standard buckling curve, however 
the maximum difference on the unsafe side is only 4 %. 
It should be also noted that the current simulation results 
consider the worst case scenario of the imperfection sizes 
and directions. Therefore, the current simulations lead to 
the smallest possible resistance of real structures.  

The results also prove that panels with smaller aspect 
ratios are closer to the buckling curve and provides 
smaller resistances then panels having larger aspect ratio. 
The resistance decrease can come from the effect of the 
column-like behavior or from the supporting effect of the 
plate itself having larger aspect ratio. The author checked 
that the column-like behavior has no influence in the ana-
lyzed cases and the studied panel geometries are represen-
tative for plate-like behavior. 

These results also prove that for the analyzed stiff-
ened plate geometries the buckling curve of the EN 1993-
1–5 does not provide the mean value of the resistance, as 
observed for the unstiffened panels. It is rather a lower 
bound curve with good fit to the simulation results, 

therefore its consideration should differ from the unstiff-
ened panels. However, it should be also highlighted that 
there are several points on the unsafe domain which could 
be handled by an appropriate partial safety factor. The cal-
culated critical stresses obtained by the numerical model 
and calculated according to the EN 1993-1-5 Annex A are 
also compared and presented in Fig. 7. 

The comparison shows that the tendency of the numer-
ical and analytical results is similar. However, the ana-
lytical calculation of the EN 1993-1-5 Annex A always 
underestimated the critical plate buckling stress in case 
of the analyzed geometries. Underestimation of the crit-
ical stresses seems to be on the safe side in the design. 
However, if numerical models are used to calculate the crit-
ical stress, the overestimation of the critical stress can lead 
to underestimation of the slenderness ratio and it leads to 
overestimation of the buckling reduction factor. This fact 
was also realized by researchers in the past and therefore  
Martin et al. [3] proposed to neglect the torsional stiffness 
of the longitudinal stiffeners from the critical stress calcu-
lation, if it is determined by numerical tools. The numer-
ical calculation results are also compared to the buckling 
curve, if the local slenderness ratio (λp,num) is calculated 
based on the critical stresses determined by the numerical 
model (σcr,p,num). The results are shown in Fig. 8. Based on 
the evaluation of the numerical simulations results it can 
be concluded, if the numerically computed critical stresses 
are used to determine the relative slenderness, the plate 
buckling curve of the EN 1993-1-5 does not lead to safe 
side resistances. Buckling behavior is closer to the buck-
ling curve presented by Schillo et al. [7]. Results prove, if 
numerical model is used to calculate critical stresses, buck-
ling curve or the critical stress calculation method should be 
changed, as proposed by Schillo et al. [7], or Martin et al. [3].

The simulation results are also evaluated if the criti-
cal stresses are calculated by neglecting the torsional stiff-
ness of the stiffeners in the numerical model (Fig. 9). The 
same technique is used as proposed by Martin et al. [3], 
and the stiffener upper flange is separated into two inde-
pendent parts along its midline as shown in Fig. 9. The 
critical stresses are recalculated on this numerical model 
and the buckling resistances are determined using the 
original continuous model. The results showed that the 
critical stresses decreased for the main part of the ana-
lyzed cases, and therefore the considered slenderness 
ratios increased. The scatter of the results also increased, 
all the points moved closer or above the buckling curve. 
However, there are still several numerical results below 
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the buckling curve. The differences between the critical 
stresses with and without consideration of the torsional 
stiffness has been also investigated. The results showed 
that the difference between the results provided by the two 
numerical models are in close relation with the stiffness of 
the stiffeners related to the plate out-of-plane stiffness (γ). 

Increasing the value of γ results in increase in the dif-
ferences between the critical stresses obtained by the con-
tinuous and the slotted model. The relationship between 
γ factor and the critical stress ratio is plotted in Fig. 10. 
These results mean that for panels with larger γ value, the 
difference between the critical stresses will be larger and 
the modification in the numerical model has larger impact 
on the relative slenderness ratio. Therefore, the results of 
the panels having larger γ values (γ > 5) are presented by 
red dots in Fig. 9. It can be seen, that all the points except 
one are located above the buckling curve of the EN 1993-
1-5 in the slenderness range of 0,6 < λp,num < 1,8, which cov-
ers a significant part of the practical application domain.

Fig. 9 Comparison of the numerical results to the EN 1993-1-5 [1] 
using numerically computed slenderness ratio and neglecting torsional 

stiffness

Fig. 10 Comparison of critical stresses considering or neglecting the 
torsional stiffness of the stiffeners

Thus this parameter range (γ > 5) is always the case of the 
practical civil engineering application of longitudinally 
stiffened plates, it can be concluded that the proposed 
modelling technique is applicable and provides safe side 
resistances for the pure plate-like behavior as well, how-
ever the scatter of the results is relatively large. Results 
presented on Fig. 10 also shows, that closed form equation 
could be given to modify the critical stresses computed by 
FEM models considering torsional stiffness. This equation 
would help designers to eliminate the torsional stiffness of 
longitudinal stiffeners from the calculated critical stresses 
without time consuming modifications of the numerical 
model. However, development of reliable design equation 
would need more numerical calculations made on plates 
having different longitudinal stiffeners. 

Based on the numerical simulation results and the com-
puted critical stresses it is concluded that the application 
of the analytical critical stresses is recommended to use 
in the plate-like buckling resistance calculation of panels 
having closed section longitudinal stiffeners. If numerical 
tools are applied in the design process, the torsional stiff-
ness of the longitudinal stiffeners should be neglected as 
proposed by Martin et al. [3]. This modelling technique 
leads to reduction of the considered critical stresses and 
increase the obtained relative slenderness ratio. The cur-
rent numerical calculations prove that both methods lead 
to safe side resistances using the buckling curve of the EN 
1993-1-5. However, by the application of numerical tools 
the scatter of the results is much larger, therefore further 
investigation for better solution would be also required. 

5 Determination of partial safety factor
To evaluate the accuracy and the applicability of the plate 
buckling curve, statistical evaluation is executed and the nec-
essary partial safety factor (γM

*) is calculated. The statistical  
evaluation and the determination of the partial safety factor 
based on a semi-probabilistic method is executed accord-
ing to the recommendations of the EN 1990 Annex D [9]. 
For the calculation of γM

* the basic concept given in [4] and 
[21] are also applied, which considers (i) the specialties of 
the stability problems for steel structures, (ii) the uncertain-
ties of the steel material properties and (iii) the differences 
between the mean and the applied nominal yield strength. 
The calculation method of the partial safety factor is sum-
marized by Eqs. (7–9). More detailed and reliable statisti-
cal evaluation method could be also made based on Monte 
Carlo simulation technique to determine the partial safety 
factor, which is further research task of the author. 
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γM
* = Δk · γM . (7)

γM
k

d

Qr
r

e= = ⋅1 4. . (8)

∆k e
b e b e
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Q Q Q Q
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− ⋅ − ⋅ − ⋅ − ⋅
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2

2

0 867
.

. . . .

.
22

. (9)

The mean value of correction factor (b) is calculated 
based on the comparison of the simulation results (re) and 
the theoretical values calculated by the buckling resis-
tance function (rt), according to Eq. (10). 

b
r r
r
e i t i

t i
=

⋅∑
∑

, ,

,

2
. (10)

The error term (δi) for each panels are given by Eq. (11).

δi
e i

t i

r
b r= ⋅

,

,
. (11)

From the individual error terms, the coefficient of vari-
ation (CoV) of the errors (Vδ ) are determined based on  
Eqs. (12–15).

V sδ = −exp( )∆
2 1 . (12)

s n i
i

n

∆ ∆ ∆2 2

1

1

1
=

−
−

=
∑( ) . (13)

∆ ∆=
=
∑1

1n i
i

n
. (14)

Δi = ln(δi) . (15)

In the equations above n is the number of the analyzed 
cases. The characteristic (rk) and design values (rd) of the 
resistance are calculated according to the recommendation 
of the EN 1990: Annex D using Eqs. (16–17), respectively. 

rk = b · grt(Xm)exp(–k∞Q – 0.5Q2) , (16)

rd = b · grt(Xm)exp(–kd,∞Q – 0.5Q2) , (17)

where:
grt(Xm) is theoretical resistance calculated by the resis-

tance function using the mean values of the basic variables,
kd,∞ = 3.04,
k∞ = 1.64, 
Q Vr= +ln( )2 1 .
In the statistical evaluation process four different coef-

ficient of variations are taken into account, variation of 
yield strength (νfy), plate thicknesses (νt) and plate widths 
(νb) based on the recommendations of the JCSS [22]. 

Fig. 11 Comparison of numerical and analytical buckling reduction factors

An additional factor (νFEM) considering the uncertainties 
of the numerical calculations are also added to the statisti-
cal evaluation. The following values are used as statistical 
parameters: vfy = 0.07; vt = 0.05; vb = 0.005; νFEM = 0.02 .

The comparison of the analytical results and the numer-
ical simulations are presented in Fig. 11. The diagram con-
tains the results of the numerical simulations, their main 
value and the 5 % and 95 % quantile values taken from 
the statistical evaluation. The obtained partial safety fac-
tor based on the statistical evaluation is γM

* = 1.18, if the 
plate buckling curve according to the current EN 1993-1-5 
is used in the determination of the plate buckling resis-
tance and the relative slenderness ratio is calculated using 
the analytical value of the critical stresses according to 
EN 1993-1-5 Annex A. The obtained partial safety factor 
is similar, or slightly larger than for another design method 
applied by the EN 1993-1-5 for stability design and the 
analyzed buckling curve is a lower bound curve for all the 
numerical simulation results. 

Partial safety factor is also calculated for panels with 
panel aspect ratio between 0,9 < α < 1,2. These panel geo- 
metries resulted in resistances closer to the buckling  
curve. In case of these panels, the scatter of the results 
is smaller, which has positive effect on the partial safety 
factor (γ*

M1 = 1.15). The partial safety factor is also deter-
mined, if the relative slenderness ratio is determined based 
on critical stresses using numerical tools. The evalua- 
tion provided γ*

M1 = 1.46, which value is close to the first 
approach of Schillo et al. [7] for unstiffened panels. 

6 Conclusions
A comprehensive numerical parametric study is executed 
to investigate the plate-like buckling resistance of longitu-
dinally stiffened orthotropic plates having closed section 
longitudinal stiffeners. Based on the current results it can 
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be concluded that the plate buckling curve using analytical 
methods for the relative slenderness calculation provides a 
good approximation of the computed resistances for all the 
analyzed panel geometries. However, the obtained safety 
level (γ*

M1 = 1.18) is slightly higher than the safety level 
of other stability design methods of the EN 1993-1-5. The 
numerical simulations proved that the plate buckling curve 
of the EN 1993-1-5 is a lower bound curve for the buckling 
resistance calculation of panels having closed section stiff-
eners in the practical slenderness range 0,6 < λp,EN < 1,5.  
Therefore, this longitudinally stiffened plates are not 
a worst case scenario, and their behavior differ from the 
unstiffened panels. 

However, calculation results also proved, if numerical 
tools are applied for the critical stress calculation and the 
slenderness ratio is calculated based on these values, the 
buckling curve overestimates the resistance and a signi- 
ficantly larger partial safety factor (γ*

M1 = 1.46) would be 
required according to the EN 1990. If numerical model 

is used for the critical stress calculation, increased partial 
safety factor or enhanced buckling curve should be applied. 
The results for this evaluation method are similar to the 
results presented for unstiffened girders by Schillo et al.  
and it could be classified as a worst case scenario. 

Optional solution could be also modification of the 
numerical model neglecting the torsional stiffness of the 
stiffeners as proposed by Martin et al. [3]. The current  
simulations proved that for stiffeners applied in the praxis 
the proposed modelling technique (slitting the stiffeners 
along their longitudinal axis) provides safe side resistances 
in the practical slenderness range. 
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