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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.

Al

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:




¢ 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].
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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.
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Fig. 5 - Postbuckling strength model

A nonuniform stress distribution is developed (Fig. 6)
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Fig. 6 - Stress distribution in stiffened compression elements



Von Karman traduced in 1910 this buckling by the following equation
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The elastic local buckling stress for simply supported plate can be determined as follow:
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This leaded Von Karman to the effective width (b.) notion where the buckled intern part of the
plate is neglected (Fig. 7 )
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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 ¢ by ‘fuef
obtained from:

ter = L18t (1-0‘;)

d is the diameter of the perforations;
a is the spacing between the centers of the perforations.
e effective section properties may be calculated using Section 5, but replacing ¢ by fpefr
obtained from:

ther = t3L18(1-d /a)

e the resistance of a single web to local transverse forces may be calculated using part 6.1.9,
but replacing ¢ by . obtained from:

where:



tc,eff =1 [1'(d/a)2Sper/Sw]3/2

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).
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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



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).
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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



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

e cffect 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).
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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
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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).
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Fig. 12 - Comparison of the apparent yield stress ratio (Yx/Yy).



V. V. Degtyarev [11] studied critical elastic buckling load of uniformly uniaxial compressed
isotropic plates perforated in equilateral triangular patterns using FEM (Fig. 13).
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Fig. 13 -Studiedperforatedplates.(a)Equilateraltriangularperforationpattern;
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The effect of perforations on the critical elastic buckling load was determined. His main

conclusions were:
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Critical elastic buckling load of perforated plates decreased as the hole diameter-to-
spacing ratio, d/c, increased (Fig. 14)
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Fig. 14 - Effect of hole diameter-to-spacing ratio on critical elastic buckling load of perforated
stiffened elements.(a) tY4b/20; (b) tY4b/40; (c) tv4ab/60; and(d) tv4b/80.
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Fig.15 - Effect of hole diameter-to-spacing ratio on critical elastic buckling load of perforated
unstiffened elements.(a) tv4b/20; (b) tY4b/40; (c) tvab/60; and(d) tV4b/80.

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

e 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).

e 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:

nlE Leg\*
Jer= 121 1'31(%}'

the equivalent thickness is determined as follows
E‘?'-i . 1III k_p[..

The author noted that when critical elastic buckling is calculated not in term of stress but
in terms of distributed or total loads w. and P, , the equivalent thickness shall be
determined using the following te,.

11
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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.
f / 60° ,Tt_
[ c,=c-d

\O/

Fig. 16 - Perforation patterns

(a) (b)

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)

by - T~ by
bp1 7 N bp,2

i
|
b /b \ b
1,e1 e b2 ey \ 2,62
\
I

EUROCODE RULES

Plate slenderness /_1,, according to EN 1993-1-5

Plane Elements (part 4.4)
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Flange with intermediate stiffener (5.5.3.4.2)

(2) For one central flange stiffener, the elastic
critical buckling stress o, s should be obtained
from:

42 E f I

a P
‘;15 dep_[zg)1)+3g)g)

cr.s

with
"!s = ‘_{'5112 + b:.ﬂ + bi}

(3) For two symmetrically placed flange stiffeners,
the elastic critical buckling stress o should be
obtained from:

42 ko E ( I. 7
o As \l 8 1)1: ( 3 be = 4 bl )
with:
be=2by,1+ bpa + 2b,
b] - ‘bp.l + 0,5 br
with

-'!5 = f{bLeE + b:.ﬂ + bi }

Ocrsp = kyq - dyyq - Ocr,s

with
Ag = Agp
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K, 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)

- if h/sy = 2:

- if B/sy < 2:

for a compression flange with one mntermediate stiffener:

I, =307 4\/15 by (20, +30. )
b —

for a compression flange with two intermediate stiffeners:

1,=365 471,67 (3b-4b )/1°

I — (zbe+sw')(3be_4b1)
“ b (4b.-6b )t se (3b.-45 )

|
|
' = |
|

with

bi = b, + b,/2

b1=b0

N
<_bp,hr,,“bp,\ Ain,.L Bo 4.

Reduction factor y45.5.3.1 (7):

¥a=10
74=147-0,72314
066
Xa=—=——

Ad

if A4 <0,65

if 0.65<4a<138

if Aa>138




Ad =4 fyb/o-cr.s

Webs with up to tow intermediate stiffeners (5.5.3.4.3)

EC3-1-3:5.5.3.4.3 (5):

@c

(5)

Segro = 0,761 | E dl Y0 C comEd )
Seff1 = Seff 0

Serr2= (1 + 0,50,/ e. ) ser0
Sepa=[1+ 0,5(h, + hy, ) e ] sezo
Sera = (1 +0,5m/ e ) sesro

Sers = [1 + 0,5(hy + hy ) €] Sesr0

Segen = 1,88eg0

> EC3-1-3:5.5.3.4.3 (6)

eflp ('."-+1)
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\ \
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‘Sffﬂp=|118' [ -1 SerLp
' YV o+ )
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ofip aftp ofLip el g
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L =

triangular holes 7=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 o, s, should be
determined using:

105 ks EN1s I 51

Asa 52 ( S1 7 So )

Ocrsa —

with

§2= 851 =8;— 0=5 Ssa
for a singel stiffener

51= 019 (Sa st Sc)

For the stiffener closer to the comression flange, in
webs with two stiffeners

§9= s, s syt 0=5(Ssb + 5. )

Ocrsap — kiq - dyq - Ocr.sa

Asq = Asa,p

with

and
Agp = Asb,p

15



The effective area shoul be obtained from the
following:

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

Asa: t(seff,Z + Seff3 + Ssa)

For a second stiffener

A= t(Sefra T Sefrs T Ssb)

(9) For a single stiffener, or for the stiffener closer to the compression flange in webs with two stiffeners, the
reduced effective area A, 1.4 should be determinded from:

/;:(d Asa

but 4gred = A
1—(h, +0,5h, )/e. ed

“fsared —

Sheeting with flange stiffeners and web stiffeners: (5.5.3.4.4)

(1) Interaction between the distortional buckling 1
(flexural buckling of the flange stiffeners and the web N = 1 + R
stiffeners) should be obtained from ehp Nfekp Nje/’p
G - Gcr.s
cromod
T s_oln) A,
cr.s -
4 1+ BS o, Ar.p
e with
with Nyerp B
y:s = 1-(hat05hy) /e foraprofile in bending; A Ocr,s,p
A = 1 for a profile in axial compression. P
Nsel,p =g
cr,sa,p
Asp
"
ec
Seftn h,
Yot Yott
1
‘\ -J" J

Figure 5.16: Trapezoidal profiled sheeting with flange stiffeners and web stiffeners
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Bending Moment (6.1.4)

i Fully perforated trapezoidal sheeting
M ga =7 et‘ffyb / Y Mo <
MR,k = I/Vef 77(\

Flanges without perforation and partially perforated webs:

Moment resistance of the unperforated flange

1,
MR,k =+'f1'

with
Zy,: maximum ordinate of the transition from the
unperforated to the perforated section

and

Loa
d, ¢

Flanges fully perforated and partially perforated webs:

Moment resistance of the fully perforated flange

Ly Lc_oj
d, ¢ 7

MR,k =

Moment resistance of the web

222
I, 1 ¢
@f
My, =-L —. 2. f
z, d, c
or
ef .
MR,A' = fy
m
with
c
L._O <1
d, c
Shear Force (6.1.5)
(1) Shear resistance Shear resistance
h, - ¢ .
,f“ fon Vi ="L.r, .5 -t-sing
p . sm ¢ c
bRd T

Webs without longitudional stiffeners

Webs without longitudional stiffeners

~ . s, 231
a Y. 1)y b = 2 #
Aw =0346"2% |7 . k.

t \ E e

with

Webs with longitudional stiffeners
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¢ ¢

with . N .
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1/3
2.10 'T1 Co
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t }crp E
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2 2 1
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t
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ky s [4757 R b )+—"3 Ked, o o>l
§ S ! 1
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%o
7 Sm c f b
Ay 22312 |22
v t \Kkep E
p
with
2
by -(3.293+2.286-c 0,24 ¢?) <l
k., = 0,874 0,283 fur 7
ok NG| AT+ c>1
S S
Relative web slenderness | Web without stiffening at the support Web with stiffening at the support ?
- 0353 L 053% 74/Bs fir Stege 74/Bs fur Stege
Aw <083 ” U ohne Stiitzbleche | mit Stiitzblechen
0.83< 2y <140 0487,/ 7 0487,/ 2, :Sz;::r: :5;;;;’[“
Zw 2140 067f0) 7 0487, /4, A< 21 0,67 0,67
e S . _ 21 <Ay <40 1,4[Aw 1,4/Ay
Stiffening at the support. such as cleats, arranged to prevent distortion of the web and designed to resist the 4,0 <Ay 5, 3/12 1,4[Ay

support reaction.

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.

Rw,Rd,p = Cp * Ry ra

] ’fu k:]""kdd"'ﬂ-:"'{'kli_kil}
P Ye 4 ‘Jf 2

And C,, 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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Rw,Rd,tp = Ctp * Ry ra
1.0 by > By, b

tp

P A Y
Cp= B bB+(—;,= [1 5y ngOH tanqussﬂw by
o b < f‘-tanﬂ
2
with
.
Cs =0.59+o_41.\fi,—w
c 4
and
~257{0m-009. [~ | os7-037 &)
B, =257 (0.70 0.09 ‘ﬁ} [0.57 037 {ooJ ]
For stiffened webs:
Rw,Rd = Kg * RW,Rd
with

ks =10

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

Copi =0.92-C

ip
*
- CrpAk

1
ﬂrp./( :ﬂrp ' I—C*

ip

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

4O
e i e oy b f,;‘?n
—r"— T . .T-P""::::::t‘"*w ! ittt e -'HI /3
- A ) i FHE S T b, /
. _’/’1 __,.-'=?E ! ! becoassncszacocsassgcoscanecas g
¢, 17 /A .' : b /h/
/) ': i - L
f 1 i ] TR' = T
/ i i 1 48 Detail Radius
( - I 1 b Jae]
“ ,’ L ® ﬁﬁf
r tan ¢/2 . I:\'E = b;_k 7’%
T Hrr = h_u H!“ Tx __;__..'q/r t;mr?-

Fig. 18 - Cy, in dependence of bl to bg 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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