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1. INTRODUCTION 

 
For architectural reasons and also in order to improve the acoustic performance perforated profiles 
(Fig. 1), with different types, geometries and distribution of micro-perforations on the profile web 
and flange, are increasingly developed and used.  
 

 
Fig. 1 - Trapezoidal sheet with perforated web (Montana Bausysteme AG, Villemergen [1]) 

 
European Standard EN 1993-1-3 dealing with design rules for cold-formed members and sheeting 
covers only the triangular distribution of such perforations while many exist on the market.  
  
As far as round or square holes in the flange of sheeting are concerned, they are often required for 
the passage of services (Fig. 2). But only plane walls without holes are covered by EN 1993-1-3. 

 
Fig. 2 - Round holes in the flange of sheeting 

 
The aim of this document is to give a state of the art of the current European Standard EN and of 
the background information about steel perforated profiles and about sheeting with holes in the 
flange, and to emphasize the lack of data and knowledge. 
 
 
2. EUROCODE 

 

The European standard EN 1993-1-3 gives, for cold-formed members and sheeting, methods for 
design by calculation and for design assisted by testing. The design by calculation applies only 
within stated ranges of material properties and geometrical proportions for which sufficient 
experience and test evidence is available. These limitations do not apply to design assisted by 
testing.  

To design steel sheeting two criteria of verification must be determined, resistance and flexion 

stiffness. EN 1993-1-3 provides the methodology to determine those criteria for steel sheeting 

only with: 
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• plane walls without holes  

• plane walls with equilateral triangular perforation pattern (Fig. 3) 

 

 
Fig. 3 - Equilateral triangular pattern  

 

2.1. Plane without holes 

 
The sheeting thin elements may buckle locally at a stress level lower than the yield point of steel 
when they are subject to compression in flexural bending and axial compression as shown in Fig. 
4 [2]. 

 
Fig. 4 - Local buckling of compression beam 

 
An additional load can be carried by the element when the local buckling stress is reached, this 
phenomenon is the postbuckling strength, as shown in Fig. 5.  

 
Fig. 5 - Postbuckling strength model 

 

A nonuniform stress distribution is developed (Fig. 6) 
 
 

 
Fig. 6 - Stress distribution in stiffened compression elements 
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Von Karman traduced in 1910 this buckling by the following equation 
 
 
 
 
 
 
 
 
The elastic local buckling stress for simply supported plate can be determined as follow: 
 
 
 
 
This leaded Von Karman to the effective width (be) notion where the buckled intern part of the 
plate is neglected (Fig. 7 ) 
 
 
 
 
 
 
 
 
 

Fig. 7 - Effective width of stiffened compression elements 
 

This theory was adapted in EN 1993-1-3 and 1993-1-5 where the effects of local and distortional 
buckling are taken into account in determining the resistance and stiffness of cold-formed 
members and sheeting. The effect of holes on the effective width is not taken into account. 

 
2.2. Perforated sheeting 

 

In section 10.4 of EN 1993-1-3 it is specified that perforated sheeting with the holes arranged in 

the shape of equilateral triangles may be designed by calculation, provided that the rules for non-

perforated sheeting are modified by introducing the effective thicknesses given below. 

 

• gross section properties may be calculated using part 5.1, but replacing  t  by  ta,eff  

obtained from: 
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where: 
     d  is the diameter of the perforations; 
     a  is the spacing between the centers of the perforations. 

• effective section properties may be calculated using Section 5, but replacing  t  by  tb,eff  
obtained from: 
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( )[ ] s  / 1  wper 

2/3  

effc, s  a /  d  -     tt 2 =
 

where: 
     sper  is the slant height of the perforated portion of the web; 
     sw  is the total slant height of the web. 
 
The criteria of verification of a steel sheeting must take into account the effective cross-section 
which is impacted by holes or perforations in the web and flanges, therefore this absence in the 
standard EN 1993-1-3 is a real lack to correctly determine and verify the resistance of a steel 
sheeting. And this lack is even more disturbing and serious as several previous studies have 
shown that holes [3] to [8], and perforations [9] to [11] reduce the strength locally and globally 
and have an impact on its bending resistance [12], [13]. In the next chapter we will focus on 
studies performed on sheeting with holes and perforations in the webs or flanges. 
 

 

3. STATE OF THE ART 

 

3.1. Plane with holes 

 

The review of the existing published and on-going works allowed to find several studies on steel 
sheeting with holes. As we will see below these studies deal on the effect of holes on local 
buckling and postbuckling of plates subjected to compression or shear loading.  
 
M. Azhari [3] established a nonlinear mathematical theory for initial and post local buckling 
analysis of perforated thin plates based on the principle of virtual work. The results of local 
buckling coefficient of plates subjected to uniaxial and biaxial compressions were compared with 
known solutions (Fig. 8).  
 

 
Fig. 8 -  Local buckling coefficient of the perforated plate subjected to uniform compressions in 

one direction versus normalized rectangular hole dimension y/a. 
 

He found that the presence of holes in structural members resulted in changes in the stress 
distribution within the member and consequently a reduction in the local buckling capacity of the 
plate. Therefore with increasing hole size parameters, strength of the perforated plate in the post 
local buckling phase decreased. 
 
F-Y. Chow investigated the buckling behaviour of square plates containing holes and subjected to 
uniaxial or biaxial compression [5] or to in-plane shear loading [6]. He carried out parallel studies 
using experimental and computational methods. He found that the buckling coefficient decreased 

     [4] 

     THIS METHOD  
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when both holes, square and circular, increased, and observed that introduction of considered 
types and sizes of holes rapidly reduces the strength of the plate in which the ratio width/thickness 
(a/t) is smaller than 50, while for higher value reduces of strength is progressive (Fig. 9).  

 
Fig. 9 Buckling coefficients for uniaxial loading for a plate with square and circular hole 

 
The eight types of curves presented in the paper [6] can be directly used in the design process. 
The method can be applied for rectangular plates also.  
For plates under uniform shear loading, two opposing results were obtained for holes located in 
the compression and tension diagonals; in the former case, the eccentricity reduced the buckling 
coefficient and in the latter, increased it. 
 
J.K. Paik [7] investigated the ultimate strength characteristics of perforated steel plates under edge 
shear loads. He carried out a series of ANSYS elastic–plastic large deflection FEA with varying 
the cutout size as well as plate dimensions (aspect ratio and plate thickness). He confirmed that 
the cutout significantly reduced the plate ultimate strength. He found that the plate aspect ratio 
affected the ultimate strength of perforated plates to some extent when edge shear loads were 
predominant, while the plate thickness was not a sensitive parameter to the normalized ultimate 
shear strength when holding the cutout size constant.  
 
Also, he found that the traditional approach of the plasticity correction with elastic buckling 
strength to estimate the so-called critical buckling strength may not be valid for perforated plates, 
specifically when the cutout size and/or the plate thickness are relatively large.  
 
He developed, by regression analysis of FEA results, a closed-form empirical formula to predict 
the ultimate shear strength of perforated plate as a function of cutout size as well as plate 
dimensions.  
 
He concluded that further studies were required for different types of loads or their combination 
loads or with different types or locations of cutout.  
 

N.E. Shanmugam [8] studied post-buckling behaviour and ultimate load capacity of plates with 
holes (square and circular), with different boundary conditions and subjected to uniaxial or biaxial 
compression. Plates were analysed using the finite element method (FEM), and extensive studies 
were carried out covering parameters such as plate slenderness, opening size, boundary conditions 
and the nature of loading. He established a design formula to determine the ultimate load carrying 
capacity based on a best-fit regression analysis using the results from the finite element analyses. 
 
The accuracy of the proposed formula was established by comparison with experimental values of 
ultimate capacity and similar finite element values. Ultimate load values are also presented in the 
form of charts for various values of plate slenderness and opening size. The ultimate load carrying 
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capacity of perforated plates was found to be affected by various parameters studied. The increase 
in hole size and slenderness ratio resulted in a significant loss in the ultimate strength of 
perforated plates. The strength of perforated plates with simply supported edges was lower as 
compared to that of plates with clamped edges. The plates with circular holes generally had higher 
ultimate loads compared to the square perforated plates. 
 
The reviewer notes: 
The whole studies above investigated local buckling and postbuckling of plates subjected to axial 
compression and shear loading. There is no existing study which establishes for sheeting with 
holes: 

• moment resistance under flexion 
• web crippling resistance 
• effect of combined action of support reaction and negative moment 

 
3.2. Perforated sheeting 

 

Several studies on sheets with triangular pattern perforations were performed.  

 

S. C. Baik [9] proposed the following yield criterion in terms of apparent stresses of sheets with a 
uniform triangular pattern of round holes under biaxial loading and confirmed it by finite element 
analysis results (Fig. 10).  

 
 
Further incorporating this yield stress he obtained a yield function containing anisotropic 
coefficients. 

 
 

 
Fig. 10 - (a) Plots of measured and calculated linear strains along the surface of the sheet in the x 
and y directions at a dome height of 9.3 mm; and (b) the measured and calculated strains at the 

pole as a function of punch displacement in the x and y directions. 
 
Y-C. Lee [10] investigated the plastic behavior of perforated sheets with low ligament ratios (Fig. 
11) , he proposed a yield criterion for the perforated sheets in terms of apparent stresses by 
employing the equivalent-continuum approach.  
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Fig. 11 - Round holes arranged in a triangular pattern. 

 
Obtained yield criteria: 
 

• For yielding along AB 

 
 

• For yielding along AO: 

 
The effectiveness of the proposed yield criterion was then demonstrated by comparing the 
predicted values of apparent yield stresses and apparent strain ratios with results obtained from 
finite-element analysis and experiment (Fig.12).  
 

 
Fig. 12 - Comparison of the apparent yield stress ratio (Yx/Yy). 
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V. V. Degtyarev [11] studied critical elastic buckling load of uniformly uniaxial compressed 

isotropic plates perforated in equilateral triangular patterns using FEM (Fig. 13). 

 
Fig. 13 -Studiedperforatedplates.(a)Equilateraltriangularperforationpattern; 

(b)Squareplates;and(c)Rectangularplates.S¼simplysupportedside;F¼freeside 

 

The effect of perforations on the critical elastic buckling load was determined. His main 

conclusions were: 

• Critical elastic buckling load of perforated plates decreased as the hole diameter-to-
spacing ratio, d/c, increased (Fig. 14) 

 
Fig. 14 - Effect of hole diameter-to-spacing ratio on critical elastic buckling load of perforated 

stiffened elements.(a) t¼b/20; (b) t¼b/40; (c) t¼b/60; and(d) t¼b/80. 
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Fig.15 - Effect of hole diameter-to-spacing ratio on critical elastic buckling load of perforated 

unstiffened elements.(a) t¼b/20; (b) t¼b/40; (c) t¼b/60; and(d) t¼b/80. 
 

• Stiffened square and rectangular elements demonstrated approximately the same critical 
elastic buckling load reduction for each considered d/c ratio. 

• Unstiffened square elements demonstrated up to 30% greater critical elastic buckling load 
reduction due to the perforations when compared to unstiffened rectangular elements. 

• For the most d/c values, the difference in the critical elastic buckling load reduction of the 
stiffened and unstiffened square elements was within 9%, but it achieved 88% for 
d/c=0.95 and b/t=20 (Fig. 14 and Fig. 15). 

• A series of design formulas for predicting critical elastic buckling stress based on 

reduction coefficient approach and equivalent thickness approach was developed using 

multiple nonlinear regression analysis of the FEM results. In the equivalent thickness 

approach, the critical elastic buckling stress of perforated plates is calculated as follows:  

  
 the equivalent thickness is determined as follows 

   
The author noted that when critical elastic buckling is calculated not in term of stress but 

in terms of distributed or total loads wcr and Pcr , the equivalent thickness shall be 

determined using the following teq. 
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The reviewer notes: 
These three studies above deal with plates perforated in triangular patterns and don't provide 
information about quadratic patterns. 
 

Studies about different arrays of holes were performed in Germany by Th. Misiek [12], [13], and 
K. Kathage [14]. The latter carried out a numerical analysis of perforated trapezoidal sheeting 
with quadratic arrays of the holes. He determined effective stiffness and deformation behaviour. 
The buckling coefficients for perforated plates under uniform uniaxial compression-loading and 
for infinitely long perforated plates under shear loading were derived as a base for the calculation 
of the effective width of a cross-section. 
 

Th. Misiek [12] investigated the structural behavior of perforated thin-walled components with 

different hole patterns (Fig. 16) and developed on this basis a calculation method to determine the 

bearing capacity of fully or partially perforated thin-walled components such as trapezoidal or 

corrugated profiles. 

 
Fig. 16 - Perforation patterns 

 
He normalized effective stiffness as a function of t/c for different perforation patterns, then he 
determined buckling stress and effective buckling stress which leaded to effective width and to 
bending moment, shear resistance and web crippling. 
 

Here is a comparison of T. Misiek study, on the right column, with the Eurocode 3 rules on the 
left column  
 

Plane Elements with intermediate stiffeners EC3-1-3: 5.5.3.3 (4) 
 
 

 

EUROCODE RULES T. MISIEK STUDY 
Plate slenderness ��� according to EN 1993-1-5 

 

Plane Elements (part 4.4) 
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,� = 	��
,� = ��	��� ∙ 	��� 	 ∙ 	��  

 

 
 

 
 

(EC3-1-5:A1): 

 

 
 

 
 

 
 
 

Flange with intermediate stiffener (5.5.3.4.2) 
 

(2) For one central flange stiffener, the elastic 

critical buckling stress σcr,s should be obtained 

from: 

 
with 

 ��
,�,� =	���� 	 ∙ 	��� 	 ∙ 	��
,� 

 

with �� =	��,� 

(3) For two symmetrically placed flange stiffeners, 

the elastic critical buckling stress σcr,s should be 

obtained from: 

 
with 
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Kw is a coefficient that allows for partial rotational 

restraint of the stiffened flange by the webs or 

other adjacent elements, see (5) and (6). For the 

calculation of the effective cross-section in axial 

compression the value kw = 1,0 

 

(5)  

 

 

 

 
with 

sr = 0,5*bs 

b1 = b0 

 

  
with 

bk = bp + br/2 

b1 = b0 

 

 

 
  

 
 

Reduction factor χd 5.5.3.1 (7): 
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λ�� =	�f�� σ!",#,$%  

 
 

Webs with up to tow intermediate stiffeners (5.5.3.4.3) 
 

EC3-1-3:5.5.3.4.3 (5): 

 
(5) 

 

 
� EC3-1-3:5.5.3.4.3 (6) 

 
 

 
 

triangular holes ζ = 1,0 

 

(7) For a single stiffener, or for the stiffener closer to 

the compression flange in webs with two stiffeners, 

the elastic critical buckling stress σcr,sa should be 

determined using: 

 

 
with 

 
for a singel stiffener 

 
For the stiffener closer to the comression flange, in 

webs with two stiffeners 

 

��
,�&,� =	���� 	 ∙ 	��� 	 ∙ 	��
,�&  

with ��& =	��&,� 

and ��' =	��',� 
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The effective area shoul be obtained from the 

following: 

 

For a single stiffener, or for the stiffener closer to the 

compression flange 

 
 

For a second stiffener 

 
(9) For a single stiffener, or for the stiffener closer to the compression flange in webs with two stiffeners, the 

reduced effective area Asa,red should be determinded from: 

 

 

 
 

Sheeting with flange stiffeners and web stiffeners: (5.5.3.4.4) 
 
(1) Interaction between the distortional buckling 

(flexural buckling of the flange stiffeners and the web 

stiffeners) should be obtained from 

 
with 

 
 

 
with (
)*,��
,� =	��
,�,� 

 (�)*,���,� = 	��
,�&,� 
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Bending Moment (6.1.4) 
 

 

Fully perforated trapezoidal sheeting 

 
Flanges without perforation and partially perforated webs: 

 

Moment resistance of the unperforated flange 

 
 

Moment resistance of the web 

 
with 

ztp:	maximum ordinate of the transition from the 

unperforated to the perforated section 

 

and 

 
 

Flanges fully perforated and partially perforated webs: 

 

Moment resistance of the fully perforated flange 

 
 

Moment resistance of the web 

z ≥ ztp 

 
or  

 
with 

 
 

 

Shear Force (6.1.5) 
 
(1) Shear resistance 

 
 

Webs without longitudional stiffeners 

 
 

Webs with longitudional stiffeners 

Shear resistance 

 
 

Webs without longitudional stiffeners 

 
with 
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,̅. = 0,346 345 65,3489 :;'< 	≥	0,346 3�5 6:;'<  

 

with 

 

 
 

Webs with longitudional stiffeners 

,̅. = 2,31 3�5 6
?@?89,� :;	<	 

with 

 
 

and 

,̅.	≥	2,31 3A5 6 ?@?89,� :;'<  

with 

 
 

  

 
 

Based on comprehensive numerical and experimental investigations on web crippling (Fig. 17), it  
 

 
Fig. 17 - Web crippling failure at supports 

 
could be shown for fully and partially perforated trapezoidal profiles, that the influence of the 
perforation can be expressed with the application according to  DIN 18807-1 [15] and DIN 
18807-6 [16] of a factor Cp for fully perforated webs. 
 B.,C4,� =	D� 	 ∙ 	B.,C4 

 

 
 
And Ctp for partially perforated webs to the capacities of the unperforated sheeting according to 
EN 1993-1-3 and EN 1999-1-4. 
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 B.,C4,E� =	DE� 	 ∙ 	B.,C4 

 
 

For stiffened webs: B.,C4 =	8� 	 ∙ 	B.,C4 

    with 8� = 1,0 
 

 
For design purpose, to take into account the scatter of results, the characteristic values should be 
used with the following equations. 
 

 

 
 

A calculation procedure for these factors was described (Fig. 18). 

 
Fig. 18 - Ctp in dependence of b1 to bB and the corresponding dimensions of the sheeting 

 
Numerical investigations with the finite-elements method allow the verification of these 
theoretically derived calculation procedures. And all theoretical considerations or numerical 
studies results could be verified by comparison with experimental results from a extensive 
database as well as specially conducted for this work attempts (Fig. 19).  
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Fig. 19 - Comparison of calculated load-bearing capacities with test results 

 

 

4. CONCLUSIONS 

 

As we could see in this state of the art the European Standard EN 1993-1-3 dealing with design 
rules for cold-formed members and sheeting only covers plane walls without holes and plane 
walls with equilateral triangular perforation pattern. The background information about sheeting 
with holes only deals with buckling and postbuckling of plates with holes subjected to 
compression and shear loadings, and doesn't give any data about moment resistance, web 
crippling resistance and interaction moment-reaction resistance. As far as are perforated sheeting 
with triangular and quadratic pattern perforations are concerned, some useful information found in 
the literature was given by Th. Misiek investigations on the effective width and web crippling 
resistance. However, this investigation was based on numerical computer analysis that doesn't 
lead directly to the analytical formulation. 
 
Therefore a series of tests and analytical investigations should be performed in order to acquire 
data on resistance and stiffness of the steel decks with holes and in order to confirm and complete 
design rules determined by the unique investigation about triangular and quadratic pattern 
perforations, existing in the background. 
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