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PREFACE

The present document forms the final report
of my Master Thesis Project entitled Cellular
beam-columns in portal frame structures. This
Master Thesis has been carried out as being
part of the Master’s degree programme in
Civil Engineering, Section Steel and Timber
Structures, at Delft University of Technology.

Although in the past already a large deal of
research was performed into the subject of the
behaviour of (non-)composite cellular beams,
almost no attention has been paid to the
application of cellular members as columns.
Especially the use in portal frame structures
seems attractive for reasons of aesthetics — and
therefore the investigation of it’s structural
behaviour is relevant. For that reason the
present work is devoted to the research of the
behaviour of cellular beam-columns.

Parts of this research have been performed
while being in-company. First, at the research
department of ArcelorMittal in Esch-sur-

&
bt TUDelft

Alzette, Luxembourg, which enabled me to
make use of their knowledge and software.
Second, at the office of IBT - Ingenieurs in
Bouwtechniek — a firm of consulting
engineers in Veenendaal, The Netherlands,
the last period while being on a full-time
contract already.

I would like to thank respectively Dr. O.
Vassart and Ir. A. van ‘t Land for their
willingness to provide me these facilities.
Moreover, I would like to express my
gratitude to the other persons of the thesis
committee: Prof. Ir. F.S.K. Bijlaard, Dr. A.
Romeijn, Ir. R. Abspoel and Dr. Ir. P.C.J.
Hoogenboom.

Finally, thanks go to all who have supported
me — at any time, at any place — during my
studies at Delft University of Technology.

Ede, November 2010
J.G. Verweij
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LIST OF SYMBOLS

The following symbols are used throughout this report. Some of these are different from that are
used in the referred publications in order to prevent misunderstandings. Furthermore note that the
subscript t is used throughout this report, when a formula applies to both the bottom and top tee.
The subscript ¢ refers to properties or forces acting on an inclined section. Additional symbols are

defined where they first occur.

throat thickness of the fillet weld
cross-sectional area of the flange

-

cross-sectional area of a horizontal stiffener

®

cross-sectional area of the bottom tee

o

cross-sectional area of the (top) tee

-

cross-sectional area of the web

=

shear area of an unperforated section

<

shear area of a perforated section

<
o

s> > > >R

<
R

shear area of a tee-section
flange width
shear buckling factor for contribution of the web

O xR T
B

1
Q.
Q.

additional deflection due to a single opening at position x
pure bending deflection of the beam

S On
o

Z

deflection due to permanent loads

depth (or diameter) of a web opening

=h, —t;, depth of the web of the bottom tee

beff effective depth of the web of the bottom tee (to meet classification limits)
=h, —t;, depth of the web of the (top) tee

distance of the critical section from the joint between the two half-posts
= \/m with f in N/ mm?, coefficient for section classification

[}

o

< -

S o Vi o Fng e P o T o

m
—

modified coefficient for section classification (to allow for the effect of axial tension)
equivalent geometrical imperfection

offset distance of centre of stiffener from tip of the web

elastic modulus of steel

U)m m¥

"

natural frequency

Yo partial factor for resistance of cross-sections

Y1 partial factor for resistance of members to instability assisted by member checks
n shape factor for shear area

h height of the section

h, depth of the bottom tee

h, depth of the (top) tee

h, depth of the web of the section

i radius of gyration

¢ angle (of inclined section to the vertical through the hole)
£ design shear strength of a fillet weld

f, yield strength of steel

List of symbols 11
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£, red reduced yield strength to account for high shear force
£ yield strength of stiffener
£ design strength of the weld
F ea design axial force in stiffener
E ra axial resistance of stiffener
K, modification factor for the deflection for long openings
A slenderness of web-post
A slenderness value to determine the relative slenderness
py non-dimensional (relative) slenderness of web-post
l, effective length of web-post for web-post buckling
l, actual length of opening
€ o et effective length of opening for stability of the web (section classification)
by et effective length of opening for Vierendeel bending
€y et effective length of web-post for web-post buckling
ly width of the web-post at the critical section location
L length of the beam
n number of sides of the stiffener (single-sided stiffener: 1, double-sided stiffener: 2)
N, number of openings along the beam
p shear utilisation factor (to determine the reduced bending moment resistance due to

high shear force)
. (design) compressive stress acting on the web-post
O rd design compressive strength of the web-post
Oy rd principal stress resistance
O\ sd principal compressive stress at the critical section

centre-to-centre spacing of adjacent openings
S, edge-to-edge spacing of adjacent openings
Se end distance from opening to beam end
Ted design value of the local shear stress
t; flange thickness
t, stiffener thickness
t, web thickness
by et effective web thickness, reduced
Mgy design bending moment
M, web-post bending moment
My, elastic bending resistance of the web-post
M, e effective web-post bending moment, acting at the critical section
M, . plastic bending moment resistance of the top tee
M, bending moment resistance of the bottom tee
M, red reduced bending moment resistance of the bottom tee (due to axial and shear force)
M, bending moment resistance of the (top) tee
M, rea reduced bending moment resistance of the top tee (due to axial and shear force)
M, applied Vierendeel moment
Neq design normal force
N, normal force in bottom tee
N, normal force in (top) tee
12 List of symbols
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N, plastic normal force resistance of a tee

N plastic normal force resistance of the flange

Vi ra shear buckling capacity

Viow ra contribution of the web to the shear buckling capacity

Viworda  contribution of the web to the shear buckling capacity of a perforated web

Vi design shear force

\A shear force in bottom tee

V, shear force in (top) tee

Vi, horizontal shear force in the web-post

Vi ra shear resistance of the web-post

Viira plastic shear resistance of unperforated section

Wi section modulus of the web-post at the critical section location

Ye elastic neutral depth of tee from outer edge of flange

Yo plastic neutral depth of tee from outer edge of flange

List of symbols 13
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1 INTRODUCTION

1.1 Motivation

Cellular members — steel I-shaped structural
elements with circular web openings at
regular intervals — have been used as beams
for more than 30 years now. However, in
certain countries, like the Netherlands and
Belgium, application seems to lack behind.
This can probably be attributed to a combi-
nation of factors: unfamiliarity with these
beams, the present concrete-minded practise
for multi-storey buildings, and a lack of
localised design guides.

Although cellular columns are less common,
examples are available. However, in research
publications no attention is paid to this topic.
Structural engineers therefore have to base
their designs on simplified methods of
analysis and good engineering judgement.
In order to exploit the full capacity of cellular
columns a sound basis is needed and thus a
desire exists for a more refined approach.

The subject of cellular members came to my
attention mainly because of two reasons.
Firstly, an open thesis subject was available
for researching the possibility of using plate
girders with circular openings in bridges.
Secondly, at the firm of consulting engineers
where I did my work placement, Ingenieurs-
buro voor Bouwtechniek, they once applied
cellular columns in a car showroom.

Because of a lack of existing design guidance,
they had to find their own way in making the
calculations. Admittedly these were quite
conservative. Knowing this, I thought it to be
worthwhile to get a more refined prediction of
the capacity of these members.

In my search for information on the subject of
cellular members I contacted Ir. J. Naessens
from the Staalinfocentrum in Belgium.
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He advised me to get in touch with some
people within ArcelorMittal, a worldwide
operating steel company. This resulted in an
invitation to come to their research
department in Esch-sur-Alzette, Luxembourg.

It was a consideration of particular interest
that to make reliable predictions based with
FEM calculations, real test data is needed for
calibrating the models. Because these test
results are confidential, and the calculation
model to be proposed needs to be verified, it
was decided that it would be best to carry out
a part of the research work at ArcelorMittal’s
offices.

1.2 Objectives

The objectives of this research are twofold:
e toinvestigate the behaviour of cellular
members under axial load
e to develop a suitable and easy-to-use
calculation method for portal frames
using cellular beams and columns

1.3 Scope

The present investigation deals with the
behaviour of a single-bay pitched-roof portal
frame using cellular beam-columns. Although
some application examples are available
where cellular members have been used as
columns and in portal frame structures, no
guidance exists for the design of these.
Furthermore experimental and numerical test
evidence lacks and the design experience is
limited to the seller’s technical assistance.

The use of cellular beams in portal frame
structures has been recognised as a topic of
interest within ArcelorMittal already, but
work on a project to investigate its behaviour
and application possibilities was postponed
due to a shift in research priorities.

Introduction
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In this research a simple and straightforward
calculation method for portal frames
consisting of cellular beam-columns has been
developed and implemented in Microsoft
Excel using Visual Basic for Applications.

First the literature study discusses existing
design methods for cellular beams and for
portal frames. In the subsequent numerical
research cellular column-behaviour has been
studied in order to reveal possible differences
with that of plain-webbed sections. 3D finite
element portal frame analyses were carried
out to verify both the proposed calculation
method and its implementation. Finally the
calculation method has been applied to a
portal frame structure using cellular members,
and the results have been compared with 3D
finite element calculations.

1.4 Limitations

This study is limited to the study of the
structural behaviour of cellular beams-
columns in cold situation only (normal
temperature range, not in fire conditions).
Furthermore the following limitations hold:

e only symmetrical sections

e no composite design

e no curved beams

e no tapered beams and columns

e only circular and elongated web-post

openings are covered

The last limit is based on the most common
fabrication process and the expected reason of
application: aesthetics.

1.5 Outline

The present report is divided into three parts,
each subdivided in a numbers of chapters.

PART I - LITERATURE STUDY

Chapter 2 gives a general introduction to
cellular beam-columns with information on
production methods, application area and the
current state-of-the-art in research.

A
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Chapter 3 pays attention to the various failure
mechanisms that might occur for beams with
web holes. The interaction between bending
moment and shear force around web
openings is discussed qualitatively, and the
additional possible failure modes that are
introduced by the presence of web holes are
presented. Furthermore the serviceability
behaviour is dealt with.

Chapter 4 addresses existing calculation
methods for cellular beams. The additional
checks required for beams with regular web
openings are presented.

Thereafter the approach as developed in the
ECSC project Large web openings for service
integration in composite construction is
compared with the theoretical backgrounds of
the dedicated computer program ARCELOR
Cellular Beams.

The treatment of these both methods has been
limited to the case of non-composite simply-
supported cellular beams, whereof the
openings are placed at the centre-line.

Chapter 5 deals with the Eurocode regulations
for the structural design of pitched-roof portal
frames. It discusses how both material and
geometrical non-linearity are dealt with, both
on a global and a local level. Furthermore the
rules that relate to non-uniform members are
explained.

PART I - NUMERICAL RESEARCH

Chapter 6 introduces the second part of this
report, namely the numerical investigation
into the structural behaviour of cellular beam-
columns.

Chapter 7 first explains the backgrounds of
the specialised finite element code SAFIR that
has been used throughout the research,
followed by a discussion of the accompanying
tools needed for pre- and post-processing the
results.

16
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Chapter 8 gives a detailed description of the
study of global flexural-buckling of cellular
members, made in order to confirm the
theoretical results acquired in the literature
study. After an elaborate explanation of the
set-up of the parameter study performed, it’s
results are presented and discussed. From
these it is concluded that the proposed
simplified rule for determining the flexural
buckling capacity of cellular columns can be
applied safely.

Chapter 9 presents the results of another
parameter study into web-post buckling of
cellular beam-columns while loaded in axial
compression. The implications on both the
LWO model and Arcelor’s own model for
web-post buckling are first analysed
analytically, and these theoretical results are
validated against the results of the finite
element parameter study.

PART III - CASE STUDY

Chapter 10 illustrates the knowledge gained
in the previous parts. The LWO method is
applied to the design of portal frames using
cellular members. Therefore a design tool is
developed in Microsoft Excel using VBA.

For different load cases, the predicted failure
behaviour is compared with 2D and 3D finite
element analyses, and the Excel tool
developed is found to deliver safe results.

Finally chapter 11 summarizes the conclusions
that can be drawn from the research per-
formed, and gives recommendations for
further research.

The report is concluded by a list of references
and a number of annexes, giving some
backgrounds on the European standards — as
applied in this research — and more detailed
results of the both parameter studies.
Furthermore a data-dvd is attached to the
report which contains all analysis data and the
spreadsheets and software that has been used.
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2 INTRODUCTION TO CELLULAR BEAM-COLUMNS

2.1 Open-web sections

Cellular beam-columns — shortly cellular
beams — belong to the larger group of steel
sections with web openings, thus creating a
higher moment-of-inertia-to-weight ratio.
When used as floor beams, open-web sections
on their turn are a part of the group of floor
systems which provide a means to incorporate
building services within the structural depth
of the floor. Basically speaking two options
exist for highly serviced office buildings:
either minimise the structural zone so that the
building services can pass beneath, or
integrate the structural members and the
building services within the same horizontal
zone [Chung 2002].

Integrated floor systems comprise amongst
others fabricated beams with tapered webs,
haunched beams, trusses, stub girders, slim
floor systems and beams with single or
multiple web openings. Because in these
systems the available depth for construction is
almost equal to the floor depth, a reduced
overall height of the building can be achieved,
thereby reducing cladding costs. Nowadays,
in most cases the design of floor beams with
web openings is carried out recognising the
composite action between the steel beam and
the concrete slab on top of it.

Figur2.1 Service integration through web

openings in cellular floor beams

Fi
&
g
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Various opening shapes in
cellular floor beams

Steel members can be equipped with single of
multiple web openings, which can take
different shapes. When these openings are
circular and regularly spaced, the members
are designated cellular. Depending on the
fabrication process other opening shapes are
possible, including square, rectangular,
hexagonal (standard castellated section) and
octagonal shapes.

2.2 Production methods

Cellular beams are produced by a range of
steel manufacturers, using their own patented
processes. The process applied by Fabsec (UK)
is to fabricate the whole girder by welding
profiled steel plates to form the flanges and
the web of the section. Prior to the welding
process, openings are cut in the web plate. All
dimensions can be adjusted, but no beneficial
fillet weld effect is present.

More commonly applied is another process,
that consists of flame cutting the web of an
existing H or I-shaped hot-rolled section, and
then welding the separated sections tip-to-tip
together. The material that gets cut out by the
two-way flame cutting process is reused in the
steel mills. Amongst others ArcelorMittal
(Luxembourg) and Westok (UK) use this
method to produce their cellular beams.

Literature study
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Fabrication process: flame
cutting of hot-rolled profiles

Fabrication process: welding the
separated tee-sections together

Figure 2.4

Manufacturers of cellular beams in other
countries are CMC Steel Products (USA),
Macsteel Trading (South Africa), Peiner
Trager GmbH(Germany) and Griinbauer BV
(The Netherlands). Some manufacturers (e.g.
Westok, Macsteel Trading) produce exclu-
sively cellular beams, while for others (e.g.
ArcelorMittal, Peiner Trager GmbH) they only
form a part of their whole product range.
When producing cellular beams by flame cut-
ting and welding, the top and bottom sections
do not have to be the same: by using different
base sections it is possible to produce an
asymmetric cellular section.

Both production processes allow the height of
the resulting section to be adjusted to a great
extend. All beams are made according to the
specifications of the designer. They can easily

A
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be precambered such that the death load
deflections will not govern the design.
Producing curved or tapered sections is also
provided in the same process flow. Tapered
cellular beams are produced by cutting the
web at an angle to the centroidal line. Curved
beams are produced by adjusting the cutting
pattern to create different bottom and top tees.
Then these tees are bent to the required radii
and welded together.

Curving in plan is also possible, but care must
be taken of the fact that the torsional stiffness
is relatively low.

When the chosen section fails to perform
satisfactory, the beam can be reinforced
locally. In high shear areas near the supports
it may be necessary to fill or reinforce one or
more openings. Buckling of a web-post can be
avoided by adding two-part hoops, or a
simple (vertical) flat. Where concentrated
loads are introduced simple plates can be
welded above the openings to avoid local
plastic deformation (ovalisation).

It is preferable though, to avoid infills and
stiffeners as much as possible by adjusting the
cell configuration, to reduce costs.

Figure 2.6

Arrangement of simple plates to
avoid local plastic deformation

22
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Filled web openings at support
for increased shear resistance

Figure 2.7

Compared to castellated beams — with hexa-
gonal opening shapes, and thus no material
loss — the flexibility instead of standard
dimensions, is a major advantage. Therefore
the use of optimised cellular sections will
result in lighter beams than when use would
be made of the most efficient castellated
sections.

Cellular beams are available in different steel
grades. Usually floor beams require higher
steel grades like S355 and S460, where the
standard grade 5235 suffices for roof beams.

2.3  Application area

Cellular beams are widely used nowadays.
However, in certain countries, like the Nether-
lands (and Belgium), application seems to lack
behind. It seems that there is a lot of un-
familiarity and a lack of localised design
guides for practice with these beams.

But there are more fundamental causes to
point out. First, in the Netherlands multi-
storey buildings with more than four floors
are traditionally the domain of concrete [BmS
2002]. Second, the price of individual cellular
beams is indeed higher than that of standard
rolled profiles.

It has however been shown by many success-
ful designs (especially in the UK, but among
others also in Germany and France) that steel

Web-pos stiffeners and headed
studs for composite application

Figure 2.8

is really a viable alternative, moreover, that
integrated design may lead to a lower price of
the total building, notwithstanding the higher
price of the individual cellular beams.

The use of cellular beams for floor structures
is well developed. Composite construction
makes shallower and lighter construction
possible. Both the load bearing capacity and
the stiffness of the beam are enhanced greatly
by composite action. Cellular floor beams may
be used as long span secondary beams, or
heavily loaded primary beams.

Flexibility in the use of the floor area and
reduction of the storey height and thus of the
cost for the facade are the main reasons why
cellular beams contribute to a sound and
economical design.

Literature study
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Design procedures and programs are
available nowadays, which enable easy
calculation for a wide range of possibilities.
Composite and non-composite designs,
symmetric and asymmetric designs, stiffened
and unstiffened openings, regular and
irregular web openings are all covered.
Calculation procedures for determining the
fire resistance of these sections have been
developed too. In general a fire engineering
calculation using finite element methods will
be necessary. Although methods for a more
straightforward assessment of the required
thicknesses of intumescent coatings are
available, usually they rely on confidential test
results and therefore have a limited range of
application. Furthermore public test results on
the behaviour of cellular beams protected
with intumescent coatings suggest that it will
be difficult to specify simple generic rules to
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allow for the increased web-post temperature.
In roof structures cellular beams are also
frequently applied, either curved or flat.

For curved roofs cellular beams are the ideal
solution, because curving of the beams is
already part of the production process and as
such available at no extra cost.

Moreover, economies are achieved in
comparison with plain curved beams due to
weight savings. The radius of the arch is not
limited by the full span length, but by the
parts whereof de total arch consists.

Another well appreciated facet of curved
cellular beams is their inherent aesthetical
value and their light impression.

In the range of roof spans of over 30m, cellular
beams are able to serve as an alternative to
lattice girders, having the advantage of lower
cost of labour. Long spans of over 50m have
been realised already.

Figure 2.12 Parking garag

o L)) ) g
Figure 2.13 Curved roof beams
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Figure 2.14 Industrial hall
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Figure 2.16 Roof structure with curved

cellular beams

Contrary to the considerable amount of
research devoted to the behaviour of cellular
beams, resulting in design guides for practice,
no published design guide exists for the
application of cellular members as columns.
Despite the lack of sound laboratory test
evidence and the absence of practical design
methods, still project are realised in which
cellular members are applied vertically.

There seem to be two primary reasons to use
cellular columns: economics and aesthetics. In
tall single structures, such as high-bay ware-
houses and so-called “super sheds’, the choice
is mainly driven by economics. The increased
inertia of cellular columns is required to
minimise the horizontal deflections induced
by wind loads. In lower height columns the
decision to use cellular columns is more likely
to be driven by aesthetics.

Obviously the axial capacity of cellular
columns is less than that of sections with a full
cross-sectional area. At first sight the impact
of creating web holes seems much greater for
columns than for (long span) beams.

3
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Figre 2.17 Cellular portal frame structure
with tapered perforated columns

In beams the loading is mostly resisted by
bending action, while in columns normally
axial forces dominate. Because the web
contributes more to the (pure) axial capacity
than to the bending moment resistance (in the
strong direction), the influence of web
perforations on the pure axial capacity is more
severe.

However, for slender columns it is not the
pure axial capacity but the buckling resistance
(in the weak direction) that governs column
design. This buckling capacity depends,
amongst others, on the radius of gyration
being the square root of the second moment of
inertia divided by the area. By the presence of
a web opening this radius increases, and so
does the buckling factor (ratio between the
buckling capacity and the pure axial load
capacity). For slender columns this increase
almost outweighs the reduction in pure axial
load capacity, so that the buckling load of a
cellular column is nearly equal to that of the
same member without perforations, but with
reduced horizontal displacements.

Literature study
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Lower height columns usually have a higher
degree of axial load capacity utilisation and
suffer less from buckling instability, and thus
the application of cellular columns is not
likely to prove economical.

But although the structural performance may
be not optimal — as is the case for many
solutions — the visual attractive appearance of
cellular columns may very well give reason to
use them anyway.

Structural efficiency is just one of all possible
design criteria. For example, it is very well
possible that for reasons of aesthetics it is
decided that tapered columns are appropriate.
But in that case a cellular taper will be the
most economical solution, because no extra
treatment is required.

2.4 Current research status

Beams with web openings have been a
popular research theme over the past few
decades. The many research projects, com-
prising both theoretical and experimental
investigations, can be subdivided into two
main categories: beams with either individual
or with multiple (regularly spaced) web
openings. These openings may be treated as
individual when the spacing between the
openings is sufficiently large to ensure that
adjacent openings do not interact. Further-
more it is possible to distinguish between
taking into account the composite action with
the concrete floor slab or not, and whether
opening reinforcement is dealt with. In the
past all these categories were approached as
separate design problems [Darwin 2000].

For over 100 years the influence of creating
openings on the elastic stress distribution has
been studied, e.g. by Chan & Redwood [1974].
However, for a number of reasons the
acquired solutions are not very useful for
estimating the resistance of a perforated beam.
Suggested design methods most often have a
very limited scope of applicability, and give
only a coarse approximation of the beams’s
resistance by today’s standards. Elastic design
also ignores load capacity after first yield,
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and is therefore especially inappropriate for
beams with rectangular web openings, where
large peak stresses will occur due to local
bending. Therefore quite a lot of research has
been carried out to develop more convenient
design methods, and to point out which limits
are applicable.
Because of the high specifications in building
services in modern building construction,
large individual openings are often formed in
the webs of steel beams to provide passage at
specific locations. These openings may have a
severe penalty on the load carrying capacities
of floor beams, the influence depending on the
shape, size and location of the web opening.
In the 1980s and 1990s a large number of tests
on steel and composite beams with discrete
rectangular openings were conducted at dif-
ferent universities. As a result, practical
design recommendations were developed and
published either as separate publications:

e CIRIA/SCIP068

e Darwin 1990
or as articles in the technical journals:

e Redwood & Cho 1993

e ASCE 1992

e Chung & Lawson 2001
These design methods provide additional
rules and criteria to which the design in the

5
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Figure 2.20 Dealing with Vierendeel
bending either by an ‘equivalent
rectangular opening’ or by
inclined section verifications

For other opening shapes, such a modification
is possible too. In a comprehensive parametric
study using the finite element method, it was
shown that steel beams with web openings of
various shapes and sizes behave similarly
amongst each other under a wide range of
applied moments and shear forces, the key
dimensional parameter of influence being the
critical opening length. This holds for the
failure modes, the load-deflection behaviour,
the yield patterns as well as for the shape of
the moment-shear interaction curves [Liu &
Chung 2003, Chung et al 2003].

180 —>— c-Hexagon
openings regions has to be tested. Procedures S Gk
p g ) g ) . . 160 —{_J— Regular Octagon
for determining the increase in deflection AT —O— Reguiar Hexagon
. B1 —{J— Square
were developed too, most times based on 140 4| = o —Epnated cicle 200
. . . - —— gle 2:
elementary bending theory, but with suitable z L S
modification to account for the reduction in 3 Q /4
shear stiffness. £ 100 |,
. . S <
While these methods are geared to the design p =
. . 2 w0 £
of beams with rectangular openings, beams @ D%
. . . : 03
with circular web openings may be designed R 5
ipe o . cpe . . % Te! =2
by exploiting similarities in the behaviour of P sl SN
rectangular and circular openings. F1 . =2 N
A commonly used rule is to multiply the 20 1/t T RIS = SN NS \
diameter of a circular web opening by a . - 4
favourable factor of 0.45-0.50 to determine the 0 50 100 150 200 250
length of an “equivalent rectangular opening’. Applied Moment Mo (kNm)
This rule was first proposed by Redwood Figure 2.21 Similar moment-shear
[1973], and it provides a safe though conser- interaction curves for
vative approximation [Ko & Chung 2002]. various opening shapes
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Castellated beams were used in the 1930s
already. Especially in the time when material
costs were high and labour costs low, it was
attractive to devise methods which increase
the stiffness of steel members, without
increasing the weight of steel required.

Early studies concentrated on in-plane
response in both the elastic and plastic ranges.
Theoretical solutions were derived, and
extensive measurements were made of the
stress distributions across the cross-section.
Among the various methods used are photo-
elastic investigations, elementary beam
theory, curved beam analysis, Vierendeel
analogy, finite difference techniques, various
finite element schemes, etc. [Gibson & Jenkins
1957, Kolosowski 1964, Nethercot & Kerdal
1982, Nadjai et al 2007].

While elementary beam theory (with a
reduced web-section) is the simplest method
of analysis of a castellated beam, the results
calculated by this method deviate appreciably
from the actual values for stresses and
deflections. This is because local bending is
neglected in this approach [Handbook
castellated beams].

The application of the theory for Vierendeel
beams to the opening regions proved more
successful and is still being used. At an
opening location the cross-section consists of
two T-sections. They carry the global bending
moment as axial force and the shear causes
additional local bending moments.
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Figure 2.22 Comparison of experimental and
predicted flange stresses

Usually the point of contra-flexure is assumed
at mid-length of the T-sections, together with
a linear variation over de opening.

Because web holes in castellated and cellular
beams are closely spaced, they can interact
with each other, which may lead to buckling
or crippling of the posts. These interaction
effects require due attention, as for slender
webs they can govern the ultimate load
capacity [Uenoyo & Redwood 1978].
Effectively a beam containing web holes
behaves like an assembly of individual
structural components, and thus it should be
checked against different possible failure
modes. These were summarised by Kerdal in
a review of earlier carried-out experimental
programmes [Kerdal & Nethercot 1984].
Compared to plain-webbed beams, the
presence of web holes means that additional
failure mechanisms are introduced like
formation of a Vierendeel mechanism,
buckling of the web-posts, weld rupture and
horizontal shear failure of the web-post.
Quantitative data on the lateral-buckling
behaviour of castellated beams was provided
by Kerdal, who showed that this behaviour is
similar to that of plain-webbed beams [PhD
Kerdal, Nethercot & Kerdal 1982].

With the increase of calculation possibilities
and to be in line with new building codes,
design methods were updated and refined to
allow a more accurate, and thus more
competitive prediction of the ultimate load
capacity. Attention was paid to an improved
assessment of the web buckling phenomena
[Zaarour & Redwood 1996, Redwood &
Demirdjian 1998] and to the effect of
composite action on castellated beams
[Redwood & Cho 1993, Redwood 2000].
Cellular beams were first used in Switzerland
in the 1970s [Stahlbau 1970s], but application
became common not before the 1990s. Their
introduction, together with modern building
practises, like the use of long-span floors in
offices and the tendency to design more
slender structures, caused a revival in the
research to beams with web openings.
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Of course a lot of research, both theoretical
and numerical, was carried out by the manu-
facturers of cellular beams themselves.

In 1990 the Steel Construction Institute (SCI)
in the UK published a guide specifically
directed towards the calculation of cellular
beams [SCI P100]. The calculation method in
this guide, entitled Design of composite and non-
composite cellular beams, consists in comparing
the applied actions on an inclined section with
the resistance of that section, whereby the
inclination angle is varied so that iterations
are required to locate the critical cross-section.
A linear interaction formula is used to allow
for coexistence of shear forces and bending
moments.

This method was later incorporated into the
draft annex pre-standard Eurocode 3-1-1
Amendment A2: Annex N — Openings in webs
[ENV1993-1-1, Annex NJ]. When it came to
converting the ENVs to ENs, it was decided
not to convert Annex N, because no consensus
could be reached between the participating
countries on the level of detail to be included,
and also to limit the volume of EC3.

It has become common practise to distinguish
between the Low Moment Side (LMS), where
the local bending moment counteracts the
global bending moment, and the High
Moment Side (HMS), where the local and
global moment act in the same direction.

In the approach of SCI P100 the ultimate
capacity is limited by the formation of one
plastic hinge at the Low Moment Side.
Because it was expected that for true failure
by a Vierendeel mechanism four plastic
hinges are required, this mechanism was
investigated in more detail by Chung et al
[2001] and a simple empirical moment-shear
interaction curve was proposed.

It appears that shear yielding is very
important as it promotes the formation of
plastic hinges at the High Moment Side. In the
paper a design method is proposed in which
load distribution across the web opening that
results from the formation of plastic hinges at
both the LMS and HMS is incorporated.
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Figure 2.23 Low Moment Side (LMS) and
High Moment Side (HMS)

The method is valid for class 1/2 (plastic/-
compact) sections on the assumption that
instability is prohibited.
Chung recognises two design approaches to
assess the structural behaviour of beams with
web openings [Chung et al 2001]:

e T-section approach

e perforated section approach
In the T-section approach all global actions are
represented as local forces and moments and
these are checked against the section
capacities of the T-sections, taking into
account the combined effect of axial and shear
force on the bending moment capacity.
The perforated section approach aims at
comparing the global actions directly with the
capacity of the perforated section under
coexisting shear force and bending moment,
e.g. in ASCE [1992] and Chung et al [2001].
The design procedure in the first method is
rather complicated. Due to the complexity of
the interaction, usually simplifications are
made in order to limit the calculation effort,
leading to conservative results.
In the second method simple, empirical
moment-shear interaction curves are often
used. Although the design rules are relatively
simple, the empirical nature of the implicit
allowance for the Vierendeel moment limits
its scope of applicability.
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The method used in the design software
provided by ArcelorMittal takes its starting
point in the method as described in SCI P100
and Annex N (inclined T-sections). Its scope
however has been extended to cover asym-
metric and composite beams as well.
Furthermore the method to verify the web-
post buckling phenomena has been greatly
improved, and also the method to calculate
deflections.

So far almost all research described took place
either in the USA or Canada or in the United
Kingdom (by SCI). Guidance intended for use
in mainland Europe has been rather limited.
For example, in Dutch only information on the
analysis of castellated beams is available,
which is entirely based on a smart application
of the current building codes [BmS Constr A].
No reference is made to more advanced
methods of calculation, and application is
limited to standard castellated beam ranges.
When it became clear that Annex N would not
be included in the final Eurocode, work was
undertaken with the objective to update and
improve the rules of the Annex, to widen its
scope to composite girders and to come to
design recommendations at an European
level. In 2001 the ECSC project Large web
openings for service integration in composite floors
[LWO] started and was finished in 2003.

Enter Load Data
Infutthe actions for apenings and the partial factors for design into the forrm below.
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Figure 2.24 One of the outcomes of the
LWO+ project: design software

The aim of the project was to experimentally
and theoretically investigate the behaviour of
steel and composite beams with web
openings. All test results could be verified by
adequate finite element simulations. For web-
post buckling, a new model was proposed
which is able to deal with rectangular, circular
and elongated openings in a consistent
manner using a ‘strut analogy’.
LWO not only covers design under normal
(cold) conditions, but also under fire
conditions. Furthermore work was performed
to contribute to improved manufacture of
cellular beams.
The outcomes of the project are an extensive
design guide, together with a condensed
version in Eurocode-style format (proposed as
a new Annex N), simplified design aids to
quickly estimate a section size in predesign
stage and a software for the calculation of
composite beams containing web openings.
Regarding the behaviour in fire conditions, it
was concluded that in general the inner edge
of openings should be protected in order to
avoid a specific assessment of the temperature
tield. Because only one loaded test was
conducted, no definite guidance on the use of
sprayed protection could be formulated.
In 2005 the LWO project was followed by a
RFCS valorisation project [LWO+] to promote
the knowledge gained (finished in 2006).
The results of the ECSC project were updated
and disseminated to practitioners, and a new
software was developed for design in cold
condition, together with the preparation of
State-of- the-Art reports in different
languages.
The background theory to the design method
developed in the LWO project was also
presented in a number of journal papers:

e Lawson & Hicks 2005

e Lawson et al 2006
These also compare the outcomes of the
design model to FEM analyses and real test
results. However, specific topics like the fire
resistance and the vibrational behaviour of
those beams are not considered herein.
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Figure 2.25 Swelling of intumescent coating
due to fire

Furthermore an Access Steel resource [SN019]
was prepared. This document, which is
primarily aimed at practising engineers,
provides the approach that was developed in
the scope of the LWO project, and also gives
simple design rules for openings of limited
size placed at specific locations.

As a result an unified analytical design
method for analysis at ambient temperature
was made available to the European market.
In 2004 the International Institute of Cellular
Beam Manufactures (IICBM) was formed, with
the aim to help develop standards for the
design and manufacture of cellular beams.
While the assessment of vibrational behaviour
of floors using cellular beams is analogous to
that of floors with plain-webbed beam, see
Vibration Guide [2007], the behaviour in fire
conditions is far more complex.

Until recently almost all research was con-
cerned with design in cold situation. In more
recent research attention was paid to the
behaviour in fire conditions too.

From a first investigation it became clear that
the openings give rise to increased web-post
temperatures. Thereby the strength of the
web-post may very well be critical [TN 2002].
The increased web-post temperatures were
validated and confirmed for protected beams
by Bailey [2004, UMIST]. For unprotected steel
cellular beams no increase in web-post
temperature was observed.

3
TUDelft

In the United Kingdom passive fire protection
(sprayed, board) for castellated beams was
usually based on a rule which says to
determine the required thickness of fire
protection material for the original section
(from which the castellated section was cut),
and then increase the thickness by 20%.

In absence of other information, this rule was
often applied to cellular beams protected with
intumescent coatings (active) also.

However, from the aforementioned test
results it became clear that this 20% rule
cannot be safely applied to cellular beams.
Web-post failure (buckling, horizontal shear)
often controls the design of cellular beams,
and thus the increased temperatures in this
zone require thorough attention. Therefore
further research was conducted to understand
the mechanics of the structural behaviour of
cellular beams in fire, and to provide more
realistic rules to determine the required
thickness of intumescent coatings.

The SCI prepared a number of reports which
deal with the fire design of cellular beams.
Generic design guidance exists in the form of
SCI RT1085. Product specific versions have
been issued to intumescent manufactures,
which allow more favourable limiting
temperatures based on the actual performance
of their particular product.

It has become apparent that failure modes are
not necessarily the same for design at ambient
temperature and in fire conditions. Therefore
it is not adequate to base the fire protection
requirements on room temperature structural
analysis, as is possible for plain beams, but a
separate analysis at elevated temperatures
must be conducted [Simms 2007].

Now research is carried out on the fire
behaviour of composite cellular beams. It has
been pointed out that some axial restraint will
enhance the ultimate load capacity of com-
posite cellular beams in fire conditions greatly
[Thesis Rini]. Furthermore work is going on to
provide quantitative data on the structural
web-post failure temperature of composite
cellular beams [Nadjai et al 2007].

Literature study
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2.5  Future design development

In view of the research work already done,
some areas of interest to be covered in future
developments are:
e catenary effect in fire conditions for
composite floors
e fire behaviour of beams with
rectangular web openings
e incorporation of axial loading and
different types of support conditions
e behaviour and design of tapered
cellular members
It is noted here that no activities from the
IICBM have been seen since 2005. Two main
partners however, ArcelorMittal and Westok,
have agreed to cooperate in research activities
and to develop a new software for the design
of cellular beams jointly. This software will
also cover the design of tapered beams,
elongated openings, etc. When the final
versions of the Eurocodes will come into
force, designers from the United Kingdom as
well as those from mainland Europe will be
able to use the same tool.
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2.6 Advantages and disadvantages

This section summarizes the main advantages
and disadvantages of cellular members.

Advantages

e increased spans possible (flexibility)

e passage of services through web
openings feasible (functionality)

e specifications are easy to adjust
towards specific needs (adaptability)

e the offer of a new means of
architectural expression (appearance)

e availability of high-performance
design tools (support)

e material savings and reduction of the
number of foundations (sustainability
& economics)

Disadvantages
e less suitable for concentrated loads
e more calculation effort required
e severe reduction in pure axial capacity
e increased production costs
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3 MECHANICAL BEHAVIOUR OF BEAMS WITH WEB OPENINGS

3.1 Introduction

The presence of the holes in the web means
that the beam’s structural behaviour will be
different in a number of respects from that of
plain, uniform members. Not only the relative
importance of the usual modes of failure is
altered, but also new possible failure
mechanisms are introduced. In this chapter
the mechanical behaviour of beams with web
openings is discussed, together with a
description of the various possible failure
mechanisms. Criteria to check against these
failure modes are provides in the next chapter.
Most attention is given in this chapter to the
behaviour and failure mechanisms that differ
from that of plain-webbed beams. Failure
modes that are largely similar to these of
standard sections are only briefly touched.

As no public test data is available regarding
the behaviour of columns with web openings,
only beams are dealt within this chapter.

3.2 Global bending and shear

One of the most obvious observations from
tests is the large dependence of the behaviour
of beams with web openings on the ratio of
moment to shear, the M/V-ratio.

For simply supported beams carrying a
uniform distributed load, the location of
maximum applied moment (mid-span) differs
from the maximum shear position (at the
supports). Therefore first separate attention is
given to the bending moment capacity and the
vertical shear capacity.

As the global bending moment capacity is to a
large extend determined by the flanges, the
influence of the web perforation is rather
small. Global bending of the beam will be
resisted predominantly by tension in the
bottom tee and compression in the upper tee.
It was already described by Toprac & Cooke
[1959] that in a span, subjected to a pure
bending moment, the T-sections above and
below the holes yield in a manner similar to

that of a plain-webbed beam. The spread of
yield towards the central axis was stopped by
the presence of the holes by which time the
two throat sections had become completely
plastic in compression and in tension. Halleux
[1967] was the first to introduce plastic theory
for the analysis of the behaviour of castellated
beams. For fully braced specimens under pure
bending, the occurrence of a pure flexural
mechanism was observed indeed. Thus the
behaviour is just like a plain-webbed beam.

It is obvious that the influence of web holes on
the shear capacity is more pronounced.
Generally it is the web that transmits the
vertical shear force. The shear capacity at an
opening location may be calculated by
addition of the respective shear capacities of
the top and bottom tee.

When the bending and the shear mechanisms
are considered separately, they are rarely the
critical modes of failure in cellular beams.
However, for openings in the region where
both shear force and bending moment are
present, additional bending is created due to
the transfer of the shear force across the
opening.

For low M/V-ratios the effects of secondary
bending may even dominate to the extend
that the sign of stresses at the Low Moment
Side is reversed.

(b)

Figure 3.1  Failure of a composite beam:
a) pure bending

b) low moment-to-shear ratio
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Figure 3.2 Vierendeel bending over
a rectangular opening

This mechanism was first reported by
Alffillisch et al [1957] (and also discussed by
Toprac & Cooke and Halleux). In fact it is an
extension of the flexure mechanism, but now
with V=#0. It shows a very pronounced
distortion in the manner of a parallelogram.
Because of the analogy with the structural
response of a Vierendeel girder, the occur-
rence of these secondary effects is often
labelled Vierendeel behaviour.

Generally four plastic hinges at the ‘corners’
of a hole are required for the mechanism to
develop. Failure due to this so-called
Vierendeel mechanism, or a shear force
mechanism, is always accompanied by
excessive plastification at the plastic hinge
locations. For large single web openings this
mechanism is likely be decisive.

The Vierendeel moment has to be resisted by
T-sections, whose capacity is reduced by the
presence of axial and shear forces.

From the study of the geometrical properties
of castellated beams which failed due to the
formation of a Vierendeel mechanism, it is
clear that this type of mechanism is more
likely to develop in beams with some combi-
nation of a short span, a wide web-post and
shallow tee-sections [Kerdal & Nethercot
1984]. This is because an increased size of the
web-post will produce a larger secondary
moment and thus stresses which are more
close to those produced in a full bending
situation, and also because short spans
usually carry higher loads so shear force
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become dominant compared to the (global)
bending moment. With increasing opening
length the Vierendeel moment will further
increase, reducing the ultimate load capacity.
Enlarged openings are therefore best placed in
areas where shear forces are relatively low
and the full bending resistance is not yet
utilised, i.e. in the area between the support
and mid-span (for simply supported beams).

3.3 Lateral-torsional buckling

For beams that are not axially loaded, the only
global buckling mode is lateral-torsional
buckling. If no adequate lateral support is
provided, this mode will almost always be
dominant over the flexure mechanism.
Although it has been shown that the lateral-
torsional buckling capacity is indeed
influenced by the presence of web openings
[Thevendran & Shanmugam 1990], tests
revealed no fundamental differences in
behaviour: both plain-webbed and castellated
beams exhibited the same laterally buckled
configuration consisting of a smooth
continuous profile and no distortion of the
web-posts was observed [Kerdal & Nethercot
1984]. Therefore it was concluded that the
provisions in the codes for the determination
of the lateral buckling strength of plain-
webbed beams could also be used for
castellated beams, making use of the cross-
sectional properties at the opening location.
The alternative approach of calculating the
resistance against lateral buckling of the tee-
section in compression, with the effective
length taken between two points of adequate
lateral support, is known to be conservative.

Cracking Contr:](ete
crushing

ling
Yielding or
buckling

Web buckling

Support

Web-post
bending

Figure 3.3 Modes of failure at closely
spaced openings (composite)
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3.4 Web-post failure mechanisms
. 1y,

Large single web openings are usually spaced th L‘_ AcmAT
at sufficient distance to avoid interaction. SN A Myp= 0.45d VM,
However, for closely spaced openings this
interaction is inevitable and some new failure v
modes are introduced.
It follows from horizontal equilibrium that the 0.5d,
web-post has to transmit a horizontal shearing e 0454V M
force, being equal to the difference in tensions . !
in the bottom chords (positive bending). In Vb‘h |I7Vb
addition the web-posts in asymmetric and | | T AT
composite beams will also be subject to in- Figure 3.5 Forces in a web-post with an

plane bending moments in order to maintain
equilibrium between the top and bottom tees.
For narrow posts, the horizontal shear
capacity, and for asymmetric openings the
pure bending resistance might be decisive.
For slender posts however, failure is more
likely to occur by web-post instability.

In general two kinds of web-post buckling
exist: lateral-torsional buckling due the
horizontal shear and web crippling under
concentrated loads.

The latter mode is best avoided by not placing
any concentrated load above an opening
region. Otherwise the beam should be
reinforced locally.

Web-post buckling due to shear transfer is in
many cases the controlling mechanism. From
the horizontal shearing force, combined with
the vertical shear forces that act on the tees,
diagonal tensile and compressive action is
developed in the web-post, which may cause
(local) lateral-torsional buckling.

NN < Ql s
Figure 3.4  Web-post yielding due to
horizontal shear

asymmetrically placed opening

The tendency to buckle depends on the width
and height of the web-post and the d/t-ratio of
the web. Due to the complexity of the
problem, several design methods have been
proposed. The method in SCI P100 was of
empirical nature, with a limited scope of
applicability. The present design method,
resulting from the LWO-projects, is based on a
simple but more general strut model, that also
covers rectangular and asymmetric openings.

VvQT lvwz
Compressi
Tension

Buckling deformation

_ Tension
ompression
lvwz

Buckling deformation

er'ZT

Figure 3.6  Web-post buckling behaviour

Web-post lateral-torsional
buckling due to (vertical) shear

Figure 3.7
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Horizontal weld rupture

Figure 3.8

In the ACB program another model for web-
post buckling is used, that was developed as a
part of an optimisation study to cellular
beams carried out by CTICM on behalf of
Arcelor. Generally said it is a more advanced
model, which also covers asymmetric sections
and takes into account the post-critical reserve
strength. However, the coefficients to
calculate the critical forces in the web-post
and in the T-sections are not available in
public, as they were derived from a large
measurement programme of web-post
imperfections in ARCELOR Cellular Beams,
whereof the results are proprietary.

3.5 Additional failure modes

Apart from the above mentioned failure
mechanisms, there are some additional
possible failure modes. In many cases
however they will not govern the design.

The weld between the two halves of a cellular
beam that is produced from hot-rolled
sections is always assumed not to influence
the global and local structural behaviour. The
required thickness is determined such that the

A
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so that the full plastic capacity can be utilised.
The web class may be higher, but local web
buckling is prevented by using the limiting
values for a class 3 web when the outstand of
the web of a compressed tee is classified class
4, so that the elastic properties are used.

Shear buckling can occur in high shear areas
(e.g. near supports) and is also influenced by
the presence of web openings. It may govern
the design of a beam with single openings, but
for cellular beams usually other failure modes
are dominant.

For rectangular web openings, buckling of the
compressed tee should be checked. In cellular
beams this failure mechanism has not been
observed before reaching the cross-sectional
capacity of the tee. Elongated openings were
shown to behave like rectangular openings,
and thus are susceptible to tee buckling too.

3.6  Serviceability performance

There are two effects due to web perforations
which cause an increase in deflections. First,
the second moment of area is reduced which
adds to the pure bending deflection. Second,
at an opening position vertical load has to be
transferred by local bending instead of by
shear. This term is usually called additional
shear deflection and can be significant for
long openings.

For cellular beams the total additional
deflections usually does not exceed 20%.
Regarding vibrations, the same behaviour as
for unperforated beams is observed, so that
the natural frequency may be estimated by the
same approximation methods (allowing for
the effect of the openings).

horizontal shear force can be transmitted. bl _ .4 .
It has been shown that it is not necessary to /Y NV N R /—‘\‘: 1. %ﬁ%
make full butt welds. Two-sided fillet weld (= . = B/ |
without chamfering have proved to be the N Y

most efficient and economical solution. ! L‘ Lv

Local flange buckling is prevented by using — = v, I
class 3 plate parts or lower. Cellular beams < —
made out of hot-rolled sections most often Figure 3.9  Tee buckling above a

have flanges that are at least class 2 (compact), rectangular opening
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3.7  Behaviour at elevated temperature

As already noted in chapter 2, on beforehand
it cannot be said whether the failure mode at
increased temperature will be the same as at
room temperature. The web openings cause
increased temperatures in the web-posts.
Therefore a separate analysis in fire conditions
will be necessary, accounting for the different
modes of failure.

3.8 Summary of failure mechanisms

In conclusions there exist a number of failure
mechanisms for beams with web openings.
For non-composite cellular beams they can be
summarised as follows:

Global failure modes
e pure bending
e pure shear
e interaction

lateral-torsional buckling

Local instability modes
e shear buckling
e local flange buckling
e local web buckling

Failure at opening locations
e Vierendeel bending
e tee buckling (not for circular openings)

Web-post failure modes
e horizontal shear
e web-post moment
e interaction
e lateral-torsional buckling
e web crippling
e weld rupture

In design it is necessary to ensure that all
relevant failure mechanisms are addressed.
However, this may often be done in an
implicit way. Furthermore, it is noted that not
all modes of failure are as important. While
the Vierendeel mechanism has been
researched extensively (e.g. by Chung), for
beams with multiple openings usually other
failure modes dominate. Cellular beams are
likely to fail by web-post buckling and when
this is prevented, by lateral-torsional buckling.
Optimisation is only to be gained when
calculation methods for governing failure
mechanisms are refined.
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4 DESIGN METHODS FOR CELLULAR BEAMS

4.1 Introduction

In the past a number of methods have been
developed to deal with web openings in
beams. Most of these methods suffer from
inaccuracy and/or being very tedious and
time consuming. Furthermore the underlying
theory often does not cover all possible failure
mechanisms. In a way they are also old-
fashioned. With increasing computation
capabilities, far more detailed analyses are
possible, taking into account initial defor-
mations, material non-linearity etc.

Still these analyses take a lot of time and they
are not pointed to every day’s design practice.
In addition, many medium-sized firms of
consulting engineers do not have advanced
finite element modelling tools available.
Therefore design approaches which are
formulated in analytical terms still prove their
value. Even when performing an advanced
analysis the use of simplified methods of
calculation is essential to check the outcomes.
Because of the interaction between bending
and shear —the behaviour of cellular beams
depending on a large number of parameters —
it is not possible to predict in advance which
cross-section will be subjected to the least
favourable combination of internal forces. The
capacity has therefore to be verified at a large
number of locations (openings, web-posts).
Because these calculations are quite tedious to
perform all by hand, several manufacturers of
cellular beams provide a computer program
to ease the calculation. Most times these
programs are also equipped with confidential
results from tests (fire protection, web-post
buckling model, etc), such that an enhanced
capacity can be predicted.

Thus for the more general cases two options
exist nowadays for the calculation of cellular
beams for mainland Europe: either use the
software from the manufacturer, or apply the
method as developed in the LWO-projects.
For designs that are outside the scope of these

methods, a more advanced calculation has to
be carried out (e.g. finite element analysis).

In the present chapter the LWO design
method is addressed. Furthermore attention is
given to some backgrounds of the ACB
program for comparison.

4.2 LWO design method

4.2.1 Introduction

The ECSC project Large web openings for service
integration in composite floors (LWO) aimed to
investigate experimentally and theoretically
the behaviour of steel and composite beams
with web openings. One of the outcomes has
been a detailed design procedure that is
consistent with the Eurocodes. The method
extends the guidance offered in earlier
publications (SCI P068 and P100) and is
applicable to hot-rolled and fabricated
sections with discrete or regular spaced
openings.
It covers the design of simply supported
beams for the followings cases:

e highly asymmetric composite sections

e large individual openings or multiple

regular spaced openings
e rectangular or circular opening shapes
e openings placed (non-)centrally in the
depth of the section

e slender webs

e narrow web posts

e elongated circular openings

e fabricated sections

e notched beams

e adjacent openings
Not covered are:

e continuous beams

e tapered fabricated sections

e fire engineering design
Before, no design recommendation existed at
an European level to permit design of beams
with large web openings without carrying out
particular tests for the individual purpose.
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Here, the parts of the design method are
treated that apply to non-composite cellular
beams whereof the openings are placed at the
centre-line. Eccentricities have been left out.
Elongated and stiffened openings are also
covered. The discussion is limited to cellular
beams made out of one hot-rolled section. For
fabricated beams usually some stiffening is
necessary to control local buckling effects.

It is noted that, as the design method applies
to simply supported beams in bending, usually
the top tee will be in compression and the
method is formulated accordingly.

4.2.2 Section classification

The role of cross-section classification is to
identify the extent to which the resistance and
rotation capacity of cross-sections is limited
by its local buckling resistance. For each part
subject to compression the class is determined
depending on the width-to-thickness ratio.
The classification of the flanges may be taken
as in Eurocode 3-1-1. For cellular beams made
from hot-rolled sections the flange may
usually be treated as class 2 or better.
Likewise the class of the unperforated web
can be determined. At an opening location
additional classification rules are applicable,
which were taken from Annex N.

The outstand of the web of the tee is classified
depending on the ratio of the effective length
of the opening for stability of the web, ¢

the outstand depth d, =h, — t;

Two criteria exist, whereof one has to be met.
Note that webs with an opening that satisfies
the lower limit on 7 (so for small

oeff’

openings) are classified independently of d,.

P

web-| qnst tee- sect|on

Iy \
L AN

D0

ArcelorMittal
Class 2 web
e if /<32t e Or
e ifd <——Ott

32t ¢
go,eff

For a class 2 section, the plastic properties of
the tee may be used.

Class 3 web
o if /. <36t e or
. ifd, < 14t €

36t.¢ )
1- ( t, € J
go,eff

For a class 3 section, the elastic properties of
the tee should be used. Alternatively, effective
plastic properties may be determined using
the limiting value of d, for a class 2 web.
Webs that fail to satisfy the class 3 limits, are
classified as class 4. However, their effective
sections properties may be calculated using
the limiting value of d, for a class 3 web.

The effective length for stability of the web ¢

depends on the shape of the opening:
e for rectangular openings:
o =1, (not treated here)

o, eff

e for circular openings:
lo o =0.7d,

e for elongated openings:
Ly =0, —0.3d, =s+0.7d,

o,eff

o, eff

The above limits for d, are in fact equal to the

limits for outstand flanges in compression
according to EN1993-1-1 (10t & resp. 14t ¢),

but modified to take into account the stabili-
sing effect that occurs due to the finite length
of the opening (unless the other limit is met).

Here these limits are formulated for d, so the

radius of the root fillet is not taken into

n d account. In Eurocode 3 the limits apply to the
tlat portions in compression so equal limiting
’ } — AN hI ’u‘ values are applicable to both fabricated and
DU B hot-rolled sections. It thus seems reasonable to
Figure 41 Dimensions of a web-post apply these limits to c=h, —t; —r instead.
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f sense to include this effect in a similar way as
St M done for the classification limits for d, (i.e.
dy > C relaxation of the 10t e limit).
— ——="
K 5 Class 4 webs may be treated as class 3 subject
: ’ to one of the following conditions:
a) cross-section b)N=0 c)N>0and o if 7/ < 36t gl or
A>A, d, -y, <10t o,eff w
. . . 14t &'
Figure 4.2  Stress blocks for T-section in local o ifd, < -
bending: effect of tension force 1- ( 36t,¢' J
Eo,eff
However, in publications dealing with the where:
LWO method this radius is generally ignored. . g

For positive global bending, the bottom tee will
be (partly) tensioned in addition to the Vieren-
deel bending that occurs in the Tee-sections
(whereof the sign can both positive/negative).
Therefore a smaller part of this web will be in
compression. Allowance may be made for the
favourable effect of this on the stability of the
web of an unstiffened tee, as follows.

Class 3 webs may be treated as class 2 if:
2
N, . 1 20t &f,

Npl,b Npl,b

The limiting case is illustrated in Figure 4.2c,
where the depth of the web in compression
equals exactly 10t ¢ . For the bending

moment two equal areas of 10t’¢ are

available (in the web and flange) and the part
in between is reserved for tension.

When the condition is not met, the effective
(plastic) depth can be calculated accurately by:
N, - N, +20tef,

t,f

db,eff =

where N . is the tensile resistance of the

plf
flange of the bottom tee.

As this expression requires the input of N,
for simplicity the plastic properties may be
determined using d, ., =10t .

Herein no stabilising effect of the finite length
of the opening is taken into account, but the
mere limit of 10t ¢ is kept. It seems to make

- JI-N, /N,
Double-sided stiffened webs can be treated as
internal compression elements to EC3.

4.2.3 Global bending resistance

At an (symmetrical placed) opening position
the applied global bending moment has to be
resisted by compression and tensile forces in

the top and bottom tees:

N, = <A f
h-2y, 7

The elastic neutral axis depth of a tee reads:

A, (t+d, /2)+ At 2+ A (t;+d, —e,)
A, +A +A,

Ye =

where A, is the cross-sectional area of the
horizontal stiffeners, which centres are placed
at a distance e, from the tip of the outstand
web (so symmetrically placed with respect to
the opening).

4.2.4 Shear resistance

The effect of web openings on the shear
resistance is severe. However, for most long
spans the utilisation of the unperforated web
in shear is relatively low and thus a conside-
rable reserve of shear resistance exists.

The pure shear check of a perforated section is
an upper-bound to the capacity. Due to the
nature of shear transfer across the openings
(Vierendeel bending), the full shear resistance
is not mobilised.
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For plastic design (class 1 or 2 sections) the
shear capacity is defined as:

N

pl,Rd =
Yo

where A is the shear area. For a perforated

section a reduced shear area A

v applies.
This shear area is defined different in the
various publications that deal with the LWO
design method. As for symmetrical sections
with centrally placed web openings the tees
are equal, the total shear area can also be

determined from:
Av,o = 2Av,t

LWO design guide Section 2.5
The shear area for pure vertical shear,
established from the web area of the
perforated hot-rolled section, is given by:
A, =(h=d,)t,
where h is the beam depth.
This expression includes a small part of the
flange, tt,, .
It is noted furthermore that the use of only the
web area is very conservative for rolled
sections with large flanges. For tee-sections,
according to EN1933-1-1 even a lower shear
area should be used:
A, =09(A, -bt,)
So the root radii are considered, but a shape
factor of 0.9 is applied to account for the non-
uniform stress state in a tee.

LWO design guide Section 8.5
In this chapter of the (same) design guide, the
application rules for design of beams with
web openings are given in a condensed
format. It defines the shear area of a tee
(implicitly) as:

A, =09[(2r+t, )t /2+d,t, |

The shape factor for a tee is kept here, but a
part of the flange is taken into account also,
analogous to the expression in the Eurocode
for rolled I and H sections. However, the radii
of the root fillets itself are not considered.

A
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Figure 4.3  Various shear areas for a tee
Eurocode design method
Together with the full LWO design guide, a
shorthand version was produced separately.
It resembles the aforementioned chapter 8 of
the LWO design guide. It presents the shear
force capacity as the plastic shear resistance of
the unperforated cross-section, decreased with
the shear capacity due to the web opening.
Thus the shear area effectively becomes (for
cellular beams made from hot-rolled sections):
A,,=A-2bt,—dt, +(t, +2r)t;
which in fact removes the 0.9 shape factor,
utilises a part of the flange and takes into
account the root radii itself also.

So different expressions for the shear area are
given, all in publications which result from
the same LWO project. The results will not
differ much from each other however.

For horizontally stiffened tees the stress state
will be similar to that observed inI or H
sections, so the shape factor may be set to 1.0.

For elastic design (class 3 or 4 sections) the
maximum occurring shear stress is limited to:

— <10

£,/(v3v0)
This verification is conservative because it
excludes partial plastic shear distribution,
which is permitted in elastic design.
For I or H sections the shear stress in the web

may be taken as:

oy :% if A,/A,>06

w
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In the LWO publications no remarks are made
regarding the elastic shear capacity, but the
plastic shear capacity is used always.

When the applied shear force is greater than
half the plastic shear resistance of the cross-
section, allowance should be made for its
effect on the bending moment resistance.
For Vi, / Vg4 > 0.5 the bending moment
resistance may be calculated by using either a
reduced yield stress for the shear area:

fy,recl = (1 a p)fy
or an effective thickness for the web:

tyer =(1-P)t,
where:

2
o Ve
Vpl,Rd

In elastic design, each stress situation should
satisfy the Von Mises yield criterion.

4.2.5 Shear buckling capacity

Standard hot-rolled sections are not suscep-
tible to shear buckling. As the height of beams
with web openings is increased, the h, /t, -

ratio also increases. For an unperforated

section shear buckling should be checked if:

h
W 72£
t, n

where h,, =h -2t; and for the shear area
factor may be taken n=1.20 for steel grades
up to and including 5460 (recommended
value, also adopted in the Dutch annex).
When only the contribution on the web is
taken into account (as the flanges will be
utilised by the bending moment), the shear
buckling resistance according to EN1993-1-5

reads:
ot ht

yow o w
\/§YM1

The shear buckling capacity of a web with an

Vb,Rd = wa,Rd =

isolated opening is calculated by a reduction
to the capacity of a unperforated web:

V dogo
Vb,o,Rd = O'9Vb,Rd 1-

h

w

AT

: !

Figure 44 End post conditions: rigid (left)

and non-rigid (right)

When the openings is at least 0.8h , from the
end of the beam, V, ., may be taken as that
for a rigid end post as defined in EN1993-1-5,
irrespective of the actual end post.

For circular openings /_ equals d, so the

reduction factor becomes:

0(1-2 |
hW

This reduction factor has been found by trial-
and-error from a parameter study and is only
applicable to openings which satisfy certain

geometrical limits (given further on). The
factor of 0.9 only appears in the design guide,
but not in the research report itself. It has also
been left out in the most recent publication,
the Access Steel resource NCCI: Design rules
for web openings in beams [SN019].

The model for shear buckling is based on
tension field action and is therefore only
applicable to isolated openings. It requires
compression to be developed in the web. For
regular spaced openings this cannot occur.
However, in that case web-post buckling will
be more critical, while for large openings
Vierendeel bending will dominate.

4.2.6 Vierendeel bending resistance

Vierendeel bending occurs at the four
‘corners’ of an opening and is required to
maintain equilibrium across the opening. As a
part of the web is removed, the shear force has
to be transferred by bending of the tees.
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L
v,eff

w1 om "

Shear force limitation due to
Vierendeel bending

Figure 4.5

The total applied Vierendeel moment is

calculated by:
M, =V, /¢

where /¢

v, eff

. is the effective opening length for

v, ef

Vierendeel bending.

According to the LWO design guide:
e for rectangular openings:
l, s =1, (not treated here)

e for circular openings:
L, =0.45d,
e for elongated openings:
lyes="1,—05d, =s+0.5d,
For sake of consistency, the effective opening
length for Vierendeel bending of an elongated
opening should be taken as:
e ="1,—0.55d, =s+0.45d,
as is done in the Eurocode design method that
was published separately (the proposed new
Annex N).

The shear force that can be transferred across
an opening is limited due to Vierendeel
bending (see Figure 4.5):
Vb < 2Mb,red /Ev,eff
The global shear force therefore is limited by:
Vig < (ZMb,red + ZMt,red )/fv,eff

or formulated in terms of the total Vierendeel

bending moment:
Mv < 2]'\/‘[b,red + 2Mt,red

In these formulas M, , and M, ., are the

bending moment resistances of the top and
bottom tee respectively, reduced for axial
tension and shear.

For symmetrical cellular beams V, =V, =3V,
Furthermore M, and M, are equal. When the
beam is loaded only perpendicular to its axis,

and no global axial force Ny, is applied, the

same holds for M, ., and M, ., and thus the

b,re
verification can be performed by:
M, <4M, .4
For circular openings this criterion generally
will not be decisive, as the tee-section height
increases towards the web-post. Therefore the
shear force will not be further limited by the
Vierendeel bending moment capacity.
It is important however for rectangular
openings.

4.2.7 Bending resistance of tees
For A, <A;-A, (which will most likely be

the case) the plastic neutral axis is located in
the flange:

LA HAHA

- 2b

and the corresponding plastic bending

Yp

moment resistance reads:

My, = AL (d 2+t -y, )+
Af (t/2+y2 It -y, )+
Af(t+d —e,-y,)

Otherwise the plastic neutral axis is located in
the web of the tee:

AL FAHA

S 2t

w

and the corresponding plastic bending
moment resistance is given by:

Yp

2
M, =Af, ([yp ~ ] /d,+d, - 2yp)+
A (v, —t/2)+ Ak, (t +d,—e -y,
For class 3 flanges or class 4 webs that are

reduced to class 3 limits, the elastic resistance
has to be used.

44

PartI



A e
ArcelorMittal —nm TUDelft
The elastic bending moment is calculated by: Mo < M
Vp=AT/Z X " "
M,, = L ( 0.5d,
* max(d, +t -y, y.)
2
A2 /12+ A [t +d, /2-y. ] + 1 >Mb Mb< |
2 _ 2 T Vbl | LVD T,
ASETT2 +Af [y, -t /2] + i !
W+Asfy[tf+dt—es—ye]2) | 5 ,
I 1
Figure 4.7  Equilibrium of the bottom

The terms that are struck-through may be
neglected for simplicity.

4.2.8 Interaction with normal force

The bending resistances of the tees are
reduced when subjected to axial load.

For unstiffened tees in all cases a quadratic
interaction formula may be used.

2
Mpl,t,red = Mpl,t (]‘ - |:Nt /Npl,t:| )

Mel,t,red = Mel,t (1 - [Nt /Nelft ]2 )

For stiffened tees a linear reduction applies
conservatively to the plastic bending moment
resistance:

Mpl,t,red = Mpl,t (1 - I:Nt /Npl,t :|)
Mel,t,red = Mel,t (1 - [Nt /Nel,t :'2)

The interaction of bending with normal force
may be ignored for N, <0.25N ;.

1.0

Unstiffened Tees:

m 091 Aw=05A ¢
Mg Ay=A
el 08 w f
Stiffened Tees:
0.7 | Ag=A 505A

06
Quadratic interaction|

05 -
04 I Linear interaction
03
02

01

1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 10

0

N
N,

Interaction curves for tees under
bending moment and axial force

Figure 4.6

web-post

4.2.9 Web-post horizontal shear

Web-post shear occurs due to the develop-
ment of longitudinal forces in the tee-sections,
necessary to resist global bending.

The horizontal shear force at the centre-line of
the opening is given by:

M,-M, _ Vs
h-2y, " h-2 Ve
For symmetrical (non-composite) cellular
beams, where V, =V, =V,, /2, it then follows
from moment equilibrium that the web-post
moment M, =0 (for constant vertical shear).

V,=AT=T,-T, =

The horizontal shear resistance of the web-
post is given by:

Vira =Sotufy /43
where s denotes the centre-to-centre spacing

of the openings. Tests have shown that the
pure shear strength may be developed in the
web-post, despite the complex stress state that
exists in the web.

The above formulas are also applicable to the
analysis of adjacent circular and/or elongated
openings in cellular beams, wherefore the
appropriate centre-to-centre spacing has to be
taken: s=3(s, +d,) resp. s=2(s, +d,).

4.2.10 Web-post buckling

An upper bound to the web-post buckling
resistance may be formulated by the bending
moment resistance at a distance of 0.5d, from
the centre-line of the opening. The moment
acting on the top or bottom of the web-post is
then given by 0.5V, d, £M, , but because of
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do| "= h = 5=Vn
S tw
0.5 d,
At
S0y
Figure 4.8  Strut model for web-post buckling

the increased width of the web-post that
resists this moment, this criterion generally
will not be important for circular openings.
For rectangular openings (not treated here)
however, web-post bending (i.e. Vierendeel
bending) is likely to control design.

The buckling phenomenon is assessed by a
simple compression field model. It covers
cellular, rectangular and elongated openings,
which may be asymmetrically placed, and can
be closely or widely spaced.

The transition from widely spaced to closely
spaced openings is taken to occur at an edge-
to-edge spacing equal to the opening depth,
ie.fors,=/,.

It is noted that in the model the critical
sections is assumed to be located at 0.5d,
from the centre-line of the web-post although
for circular openings the critical height is
closer to 0.45d, . However, for simplicity the
same value is taken as for rectangular
openings.

The basic verification reads:
Gc < GC,Rd

The compressive strength is established from
buckling curve c in EN1993-1-1, with an

effective slenderness:
7 A _i E_e 1 !

MoOA 0 At /12
where /, is the effective length of the web-
postand A, =n /E/f =93.9¢.

Closely spaced openings: s, <d,

For simplicity the horizontal shear stress
acting on the narrowest part of the web-post is
used in the design model to represent the
compressive stress:

SOtW

(0}

C

where the effective horizontal force in the
web-post takes into account the web-post
moment:

Vierr = Vi £2M,, /d,
which for centrally placed openings thus
reduces to V, .

The effective length of the web-post for
circular openings is given by:

0, =05s*> +d> <0.7d,

Widely spaced openings: s, >d,
When some openings in a cellular beams are
filled, the web-post buckling check may be
performed based on a model with widely
spaced openings, where the interaction
between the openings can be neglected.
The design compressive stress in the web-post
is taken as vertical shear force in the tee acting
over an effective web-post width of 0.5d,:
Vt
G =

¢ 0.5d,t,
The effective length is taken as the limiting
value, /,=0.7d,.

The web-post buckling criterion can be re-
arranged in terms of the global shear force:
4l\/‘[b /fv,eff + cSC,Rdtwso (dO /S)

Vi <
ra = 1+d,/(h-2y,)
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Web-post buckling in cellular beams does not
need to be checked if d, <20t ¢.

When ring stiffeners are applied to both
openings near the web-post, the effective
length may be further reduced by a factor of
0.7 as buckling along the edge of the opening
is prevented. Ring stiffened openings with a
diameter less than 40t & may be considered

as fully restrained against web-post buckling.

The restraining effect is less when ring
stiffeners are present at one side of the web-
post only. In that case the reduction factor to
the effective length of the strut becomes 0.85.
For wider web-posts with s/d, >1.5 no effect

of the adjacent ring stiffener is to be taken into
account.

4.2.11 Pattern loading

It's important to realise all possible load
combinations. While for plain-webbed beams
it is usually sufficient to check the capacity for
a fully loaded span, for beams with web
openings it is necessary to consider the load
really as free to account for the effects of
pattern loading. A minimum shear force of
15% of the maximum shear force at the
supports is recommended to replicate these
effects. The value of the horizontal shear force
must be compatible with this minimum
vertical shear force.

In construction condition the mid-span section
may be loaded by co-existent bending
moment and shear while under service
loading only bending occurs. Then the
minimum shear force is taken as 25% of the
maximum shear force, which represents the
worst case of loading acting on half of the
span.

Because pattern loading also reduces the
bending moment, this coincident moment
may be taken as 85% respectively 75% of the
maximum moment in the span for the
relevant design case.

8padd=9 b (x/2)

(a) Additional bending deflection due to opening

dy
m

< 1

(b) Additional shear deflection due to opening

Figure 49 Components of deflections due

to web openings

Of course it is also possible to allow for these
effects by considering all the relevant loading
combinations.

4.2.12 Serviceability behaviour

Serviceability performance is established
using elastic properties. From tests it has been
observed that the load-deflection response is
quite similar to that of plain-webbed beams.
Therefore simplifications are possible when
assessing the additional deflections due to the
presence of large web openings. The increased
deflections are caused by two of effects:
e additional deflection due to loss of
flexural stiffness due to openings
e additional shear deflection due to
Vierendeel bending effects at large
web openings
The following approximate empirical formula
gives the additional deflection for a single
openings, as relative to the pure bending
deflection §, without openings:

Bua _ k, (g—"j(ﬁj(l —ij for x<0.5L
5, LAT )L

This formula is based on the pure bending
deflection due to the loss of stiffness at the
opening, but is extended to include the
influence of the deflection in the high shear
regions by the term (1-x/L).
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The modification factor k is given by:

k, =1.5 for stiffened openings

k, =2.0 for unstiffened openings
For circular openings a reduction factor of 0.5
applies, so that the opening length may be
taken as 0.5d, . The formula becomes more
conservative for shorter openings where
Vierendeel deflections are less.

For multiple similar sized openings, the
additional deflection is given by:

UMV EATEN
8, LAL

The factor of 0.5 represents the combined
effect of the distribution of moment and shear
along the beam.

Generally the total deflection of a cellular
beams is 10 —15% more than that of the
equivalent unperforated beam.

The same calculations may be used for
assessment of the natural frequency.
calculations. Similar to plain-webbed beam:s,
as a good approximation the natural
frequency is given by:

f=18/./5,,
where &, is the maximum deflection in mm

due to permanent loads (selfweight plus
finishes plus 10% of the imposed loading).

4.2.13 Stiffener requirements

The effect of ring stiffeners is to reduce the
tendency of the web to buckle. In the LWO
web-post buckling model the presence of ring
stiffeners is taken into account.

However, in the publications dealing with the
LWO method no rules have been given to
determine the increase in strength due to the
presence of the ring stiffeners.

On the contrary, rules are provided to deal
with the effect of horizontal stiffeners on the
local bending resistance of the tees (see 4.2.7),
but no account is taken of it’s influence on the
web-post buckling behaviour. In addition the

P

ArcelorMittal

rules seems applicable directly to stiffened
rectangular openings only.

The stiffeners itself have to be classified (just
as the tee-sections, wherefore see 4.2.2), and
should not exceed the limits for a class 3
(semi-compact) section. For plastic design, the
width outside the class 2 limit is considered as
ineffective.

The maximum size of the stiffener is generally
controlled by the ability of the web to resist
the local anchorage forces, which are
transferred by the weld between the stiffener
and the web. The anchorage length 7, beyond
the opening therefore at both sides should
satisfy the following criteria:

e a quarter of the opening length:
(,20.250,

e shear resistance of the fillet welds:

E
0,2 25’—&; (2 welds for each side)
na

VW

e shear resistance of the stiffeners:

¢ >——8 _ (one side or both

o )
e shear resistance of the web:
F

¢ >——=E _ (above/below stiffener

a 2twfy /\/§ ( )
where:
F .4 1isthe design axial force in the

stiffener (may be taken equal to
the design resistanceF, )

n denotes the number of sides of
the stiffener:
1 for a single-sided stiffener
2 for double-sided stiffeners

a is the throat thickness of the
fillet weld

£ is the design shear strength of a
fillet weld (see EN1993-1-8)

f is the yield strength of the

ys

stiffener
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the adjacent web is strong enough to resist the
o 9r forces transferred from the stiffeners:
T - ® A, <05d,t,
olp s
o 5ldYo ronrament  remforaament The practicality of connecting the stiffeners to

Figure 4.10 Single-sided and double-sided
horizontal stiffeners

These are the (corrected) limits as defined in
the proposed new Annex N (Eurocode design
method). In the full design guide some more
simple expressions are given, not checking for
all possible shear force failures. These rules do
limit the maximum anchorage length to twice
the width of the stiffener (2d, ), which

accounts for the fact that the shear load
transfer will occur mainly over the first part of
the stiffener beyond the opening.

Furthermore it prescribes an maximum ratio
between the web and the stiffener thickness,
t, /t, <1.2 in the limit when ¢, =2d, or
linearly reduced for smaller anchorage
lengths. For single-sided stiffeners a further
reduction factor of 0.8 applies in order to
account for transverse bending of the stiffener.

While these limits seem reasonable to a certain
extend, the Eurocode itself does not provide
such severe limits. Furthermore for cellular
beams the actual anchorage length is not
really limited by the presence of the holes, as
the circular shape of the holes ensure that a
proper part of the web is connected to the
stiffener. After all, for portal frames it is
expected that stiffeners will be used only
when point loads cannot be avoided above a
opening (e.g. for rafters in roofs) and not for
creating elongated or even rectangular
openings.

Therefore, and for clarity, it makes sense to
just use the four criteria on the anchorage
length as given in the Eurocode design method.

Further the cross-sectional area of the
stiffeners should not exceed half the area of
the cut-out by the hole, in order to ensure that

the web should be given due attention. For
welding the offset of the stiffener should be
sufficient.

The weld size may be determined from:

_ Fs,Rd

YR

a vw

where F, ;, again may be taken equal to F, ;.

Vertical stiffeners may be required at
secondary beam locations or in case of heavy
point loads. When provided they should be
full-depth.

4.2.14 Geometrical limitations

Geometric limits on the positions and sizes of
web openings are appropriate in order to
ensure adequate design. Such limits are given
in Table 4.1. These are not ‘hard’ limits, but
may be relaxed if justified by sufficient test
data or more advanced calculation methods.
The limits are based on background research
for design cases where beams are subject to
uniformly distributed load or multiple point
loads.

4.2.15 General design considerations

Elongated openings are best placed in areas
where shear forces are low, i.e. around mid-
span of a simply supported beam. A further
general advice is to avoid stiffeners as much
as possible, as they contribute substantially to
the total costs.

Floor beams are designed for maximum load
capacity. Therefore often steel grades of 5355
and up are used.

Roof beams are designed for maximum
stiffness, and thus the height is maximised.
Only when strength capacity becomes
important higher steel grades are used.
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Table 4.1 Geometrical limits for symmetrical cellular beams (with elongated openings)

Parameter Limit Comment
circular elongated
opening diameter ~ d, <0.8h d, <0.7h sensible limit which satisfies
the limits below
spacing s, 20.2d, s, >0.5d, if elongated opening is
2057, placed next to the support
end distance s, 20.5d, s, zh governed by horizontal shear
>0.5h 20, stresses and web buckling at
the first opening
depth of tees ht >t + 30mm h,f >0.1h
opening length - unstiffened: /. <2d,
stiffened  : 7, , <2d,
minimum distance ~ 0.5h h separate buckling check
to point load 0.25d, 0.5d, needed at point load position
Obijectives: Objectives:
Optimisation of the height/weight ratio Optimisation of the load/weight ratic
Starting section (height h) Starting section (height h)
h h
]
Design type 1 Design type 2
7N N /"_'_"\_\ /"_'_"\_\ a ‘ = e o = = =
T [ f N O=0=0=0=0="
\,___,/ \_ _7,/ \ _/» \,___/J ~-,___,/ e A b a4
- s
gg = 1.0t0 1,3 h a5 =08 10 1,1h
$=111134q S=12t01.7¢q
H o= T4t01,6h H, = 1.3t 1.4h
Applications: Applications:
Roofing Floors
Gangways/footbridges Carparks
Wide-span purlins Offshore structures
Columns

5235, 3355

Common steel grades:

Common steel grades:
$355, HISTAR® 460Q (S460)

Figure 4.11 Different objectives for cellular beam design, depending on application
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4.2.16 Software tool

As a part of the LWO+ project, a software tool
was developed and published on the project
site http://lwo.steel-sci.org. The tool is
intended to be used for preliminary design of
beams with one or two (single) web openings,
and implements the design guidance as

developed in the LWO projects and described
here. It primarily focussed on composite
beams. However, there were a number of
errors discovered when giving it a try:

e for circular openings the opening
diameter d is not read, but that of
rectangular/elongated openings is
used

e the area of the steel beam is not
properly given in the output

e the position of the elastic neutral axis
is calculated inconsequently, by

L [A(t/2)+

ye:Af-i—AW%

A, (t+d,/2)+Ax*(t +kcr)]

where the struck-through term (area of
the root fillets) is omitted

e the parameter ¢=,/235/f isequal to
1.0 for steel grade S460

Because of these errors, this program is not
yet considered ready-for-use.

Furthermore, as the tool does not cover
cellular beams and no additional axial forces,
a more enhanced implementation would still
be useful.

4.3  Backgrounds of the ACB program

4.3.1 Introduction

It has already been mentioned that the
manufacturers of cellular beams themselves
have played an active role also in the
development of design procedures. Design
tools have been made available to customers
(aiming at engineering offices) which allow a
full design of cellular beams. These programs
most time only cover the design of simply

supported beams. Within this scope, they are
rather sophisticated as they are often product-
specific, and therefore advanced proprietary
calculation models can be included.

The current section deals with the calculation
method implemented in the ACB program
from ArcelorMittal. As this method is based
on the ENV1993-1-1, the classification limits
are slightly different. Furthermore the scope is
explicitly limited to cellular beams. No rules
are included to account for elongated or
rectangular openings. However, filled
openings and ring stiffeners can be dealt with.
In addition the geometrical limitation on the
spacing of adjacent openings is somewhat
relaxed:

s, > max(50mm;0.08d, ) (ACB)

s, >0.2d, (LWO)
It may be noted furthermore that the root
fillets are consequently accounted for in the
ACB program (while left out in the LWO
method).

In the next subsections attention will be given
to a number of design aspects which are
approached notably different from the
method as devised in the LWO projects.

4.3.2 Vierendeel bending

The resistance of a section at the location of an
opening allowing for Vierendeel action is
checked for each section inclined at angle ¢ to

the vertical from —¢,,, to +¢.. by
increments of 1°, where:

d, +s
d,. = arctan| —=—=2
2h

t

For each inclined section the section
properties are calculated, and the forces acting
on the inclined section are determined from
equilibrium (see Figure 4.12):

N¢,Sd =N, s4C08¢—V, ¢4 sind

Visa =N sasing (Av,q: /A, ) — V554 COSO

M¢,Sd =N, s (Ye “Yeus ) + Vs (h/2 - Ye,¢) tand
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(h/2-y,,cos ) tan @

Figure 4.12 Forces acting on an inclined
section

The equivalents of symbols that are defined
different from the LWO usage, are given by:
Npsa = Ny
Viisa =V, =05V,

This approach was given also in Annex N to
ENV1993-1-1, but was not included in the
final Eurocode-package.

4.3.3 Lateral-torsional buckling

In the LIWO method lateral-torsional buckling
of non-composite beams was not specifically
discussed. For composite beams, modifica-
tions were proposed to the model in Euro-
code 4 (EN1994-1-1) to take into account the
effect of the web openings. This model is
based on the beam’s behaviour as a whole.

The ACB program however checks for lateral-
torsional buckling by means of a criterion for
resistance to lateral flexural buckling of the
compression flange between supports:

Nm/Sd

Nf,b,Rd

Iy =

where:
N, sq is the maximum compressive

axial force in the member
N, rq is the resistance to flexural

buckling in the plane of the
flange (using curve ‘c’)
This approach does not take into account the
contribution of the web and the lower flange.
However, since web-post buckling will
normally govern over lateral-torsional

buckling, there is no immediate need to
improve the method.

4.3.4 Web-post buckling

One of the advantages of a product-specific
software tool was mentioned to be the
possibility to include advanced proprietary
calculation models. As the scope of the ACB
program is limited to cellular beams, the web-
post buckling model only needs to cover
circular web openings. It is therefore
worthwhile to pursue the closest match of the
model with reality as possible. So quite some
research effort to the web-post buckling
phenomenon has been made by and on behalf
of ArcelorMittal. The current web-post
buckling model has been developed by
CTICM, as part of an optimisation study.

The criterion for resistance to buckling of an
intermediate web-post is formulated as:

|Gw,Sd|

KOy rd

I, =

where:
C,.sq Isthe principal compressive

stress in the half-post being
studied, calculated for the
critical section
O, rq 1S the principal stress resistance
for the half-post being studied
K is a factor for post-critical
reserve strength

The critical section of a half-post is the section
where the horizontal shear V, results in the
maximum bending stress in the plane of the
web, without taking account of an possibly
present web-post bending moment

This critical section is located at an distance:

_&\/\/O&*‘S(Iz —2-a?
) 2

d

from the joint between the two half-posts,
where a=(d, +s,)/d, =1+s,/d,.
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The width of the web-post at the critical
section location is obtained by:

2
(,=d,|o— 1—(2dwj
d

o

Due to global shear transfer, stress diagrams
show a tension and compression diagonal in
the web-post. At the location of the critical
section an uniaxial tensile stress situation
exists near the edge.

The value of the principal compressive stress
acting along the edge of the opening at the
critical section reads:

3 6M_ o4
A, (1-4[d, /d,T)

Ow,sd

For a symmetrical cellular beams the bending
moment at the critical section reads:

Mc,Sd = Vh,dew * Mh,Sd

The principal stress resistance is calculated by:

O rd =X§fy /Y

where:

x is the reduction factor for out-
of-plane buckling of the web-
post (using curve ‘a’)

& is the shape factor for the
critical section, given by

-5
g=15+ 210
(1-a)

The buckling factor is calculated by:
1

N

o= 0.5[1 +021(%-0.2) +Xz}

o |oh
Gw,Cr

where:

N1-N2 MEMBRANE FORCE PLOT

TIVE: 1373.469 sec.

I - Verrbrane Force
I - Verbrane Forc:

V.
V /T

27

7

o

v

Z=

/4

£

T

=
Z==

V.7

Figure 413 Web-post buckling: stress
trajectories and deformation

The reduced slenderness A of the web-post
depends on the critical principal stress for
instability:

Ow,cr =%cr "Ouw,sd
which is either calculated for the upper or the
lower half-post. It is noted that the critical
principal stress thus depends on the loading,
as the stress o, 54 occurs in the formula.

The critical coefficients o, for the upper and
lower half-posts take into account the
interaction between the two members, and are
given by:

. ZBCr,up BCr,low ]

s
BCr,up + BCr,low

. 2BCr,up BCr,low ]

aCr low — maX{BCr low 7
’ ’ BCr,up + BCr,low

These expressions for o, depend in turn on

Oy up = rnax{BCr,up

the critical coefficients B, for the upper and

lower half-posts, only taking into account
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compression in the members and shear in the
web-post, which are given by:
1

BCr,u =
? Vh Nm,up
+

Vh,Cr,up Nm,up,Cr

B 1
Cr,low —
Vh _1 Nm,low
Vh,Cr,low 2 Nm,low,Cr

Note that these coefficients are calculated
assuming a beam subjected to a positive
bending moment, thus with the lower member
in tension and the upper member in compression.

The axial forces in the webs of the upper and
lower members are calculated by:

AW u .
N up :—’pmm(N N

m,up(i) / m,up(i+1))

t
A
w,low . .
mln(Nm,low(i) ; Nm,low(i+1) )
b

N =

m,low

For symmetric cellular beams the web areas

A, ., and A are equal for the upper and

w,low

the lower member.

The indices i and i+1 refer to the low
moment side (LMS) and the high moment side
(HMS) respectively and denote the forces
acting on the left and right tee-sections at the
location of an opening, see Figure 4.14.

e
Nrm.up() Nom.up(i+1)
Vin.upt) Vinup(i+)
Mh.Sﬂ
( Vhsd
Msqg I y Msq(i+1)
h.sd
Vsag) M@ Vsa(i+1)
h.Sd dG
d low

vm-low(l)l Vm.low(iﬂ)
Nin tow(iy Im.low(i+1)

Figure 4.14 Member forces acting on the left
and right tee-sections
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The critical forces V, (, for shear in the web-
postand N, ., for compression in a member
are given by:
Vie =P (Co+City,)
N, =P (D, +Dyt,,)
where P, is the reference Euler buckling load:
nZES I

d2 0w

o

m,Cr
P, =

The coefficients C,,C,,D,,en D, are

proprietary and depend on the geometric
properties of the web containing an circular
openings. Expressions for these were derived
from a large measurement programme of
web-post imperfections in ARCELOR Cellular
Beams, accompanied by experimental data.

Finally, the value of the factor for post-critical

reserve strength « in the expression for the

web-post buckling criterion I', is obtained by:
k=1+0.625(y —0.3)

where the non-dimensional factor y for the
appropriate tee-section (up/low) is given by:

\V _ Mpl/t
(d, +s,)V,

4.3.5 Serviceability behaviour

The LWO method for calculating deflections
of a beam with web openings consists of
determining the additional effect that the
opening will have relative to the pure bending
deflection.

The ACB method of calculating deflections for
a cellular beam follows another approach,
wherein the cellular beams is broken into
three different panel types (Figure 4.15):

e panel type ‘X’

e panel type 'C’

e panel type ‘P’ (French: pleins = filled)

For any point along the beams the deflection
is calculated as a sum of the contributions of
each panel to that at the considered position.
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Figure 4.15 Subdivision of a cellular beam into panels for deflection calculation

The expressions for these contributions are
formulated using the reciprocal theorem of
Maxwell-Betti.

The method accounts for both local and global
bending as well as for shear deflections in the
members and the web-posts. Still it is based
on first-order theory, so the influence of an
applied axial force on the deflection is not
taken into account.

4.4

From the present chapter is follows that the
design of simply supported cellular beams is
developed rather well. Only the part of both
discussed methods that apply to steel cellular
beams was treated here, although the design
of composite cellular beams is covered by
both methods as well.

Complementary usage

It is important to realise here that the LWO
method primarily deals with single openings,
though it has been extended to cover beams
with multiple openings as well.

The ACB method totally focuses on cellular
beams. Therefore it does not cover the design
beams with rectangular openings.
Furthermore, the scope of the method is
limited by the production process. Constraints
are put on the maximum web-post width by
the process of flame cutting and welding.
Therefore the ACB method is neither a
method of choice for the design of beams with
only a few web openings. Beams with a single
web opening are not likely to be produced
from cellular beams either.

For a single opening the LWO method is more
appropriate and also most straightaway to
apply. However, for the calculation of beams
with multiple circular openings the procedure
is still quite laborious.

While the ACB method would be rather
labour intensive to perform by hand, the
availability of the software tool solves this
problem. Its web-post buckling method also is
much more developed thus a higher accuracy
can be obtained.

At he same time, the LIWO method is easy to
extend (and has been extended indeed) to
cover other designs, like tapered beams,
irregular openings, etc. Especially it seems
hard to extend the web-post buckling of the
ACB program to other opening shapes.

Concluding it can be said that depending on
the problem at hand, the presence of more
design methods and the availability of
sophisticated tools allow a choice for the most
appropriate method for the specific case.

The chosen method does not have to be
necessarily one of the above, as it may be
advantageous to consider more advanced
finite element models. Still methods are
required then which enable the designer of
getting insight to the problem and provide a
means of pre-designing and checking the
calculation results. For day-to-day practise
such methods remain a must, and actually
will suffice in many cases.
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5 PORTAL FRAME DESIGN ACCORDING TO THE EUROCODES

5.1 Introduction

The present chapter treats the design of portal
frames using cellular members. The main
focus is on design according to the provisions
given in Eurocode 3. Reasons wherefore are
provided in the next section.
The subject of the design of portal frames
using cellular members is subdivided into the
following different topics:

e ¢global analysis to determine the

internal forces and moments

e structural stability of portal frames

e beam-column design

e design of non-uniform members
The following sections do not give an
exhaustive treatment of portal frame design in
general. Cellular columns in portal frames are
likely to be applied for reasons of aesthetics.
In such a case haunches may very well need
to be avoided. They also do not change the
global behaviour (in qualitative terms), and
are therefore not discussed furthermore.

5.2 Standards

5.2.1 Introduction

For the European market, the most important
set of standards is formed by the upcoming
Eurocodes. Because of this, and because they
are relatively new and therefore contain to a
certain extent the most recent developments
and insights, the European standards were
taken as the primary source when referring to
standards. In Annex A an overview is given of
the scope and contents of the Eurocodes.
Furthermore the LWO method has been
formulated in terms and style of the
Eurocodes already.

With regard to other standards, it is to be
noted that even that if the underlying
philosophy of a standard allows it to provide
detailed receipts for structural analysis of
various structural concepts, the developments
in cellular members are relatively new and

therefore most guidance is still to be found in
additional publications. Two standards are
briefly touched in the following subsections:
e Dutch TGB1990 series
e Hong Kong Steel Code
The last one is relatively new, and as it is
aimed at practising engineers (it adopts a
similar style as found in the British Code),
some design guidance on web openings —
which are often applied in multi-storey
buildings — may be expected.

5.2.2 Dutch TGB1990 series

The Dutch standards for steel structures
(TGB1990 series) do not cover beams with
web openings [NEN6770 and up]. Besides a
remark that says that when checking the
resistance against lateral-torsional buckling,
for castellated beams an effective web
thickness may be used, no verification rules
are given for the design of members with web
openings (apart from bolt holes).

Still it is possible to design structures in
accordance with the functional requirements
laid down in the Dutch Building Decree
[Building Decree 2003] by application of the
so-called equivalence principle, but the
designer then has to resort to other sources of
information or more rigorous calculation
methods like finite element modelling.

No further guidance is given for the
application of such methods. Therefore the
Dutch standards are not treated here.

5.2.3 Hong Kong Steel Code

Some general guidance to the design of beams
containing web openings is given by the Hong
Kong Code of Practise for the Structural Use of
Steel 2005 [Hong Kong Steel Code].

Most of the clauses are functional however,
and the code does not provide means of
analyzing the behaviour of cellular beams.
Furthermore it is explicitly stated that the
designer should refer to specialist literature
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or carry out an detailed analysis, e.g. by finite
element modelling, to check for web-post
buckling or to allow for point loads close to an
opening.

The provisions in this code of practice that
deal with web openings resemble strongly
those given in the simplified approach
described in Access Steel resource NCCI:
Design rules for web openings in beams [SN019].
As this document was prepared based on the
recommendations given in the LWO
publications (which are discussed in the
previous chapter), the Hong Kong Steel Code
is also not dealt with separately here.

5.3 Global analysis

5.3.1 Introduction

The design of steel structures using EN1993
should be in accordance with the general rules
given in EN1990. These requirements are
deemed to be satisfied when limit state design
is used in conjunction with the partial factor
method, the load combinations given in
EN1990, and the actions given in EN1991.
Further, the analysis should be appropriate
for the limit state under consideration.

Prior to any check on the capacity of the
members (per limit state), the internal forces
and moments due to the applied actions have
to be determined. This is the main objective of
the so-called global analysis.

5.3.2 Geometrical non-linearity

Unlike some other (older) standards, Euro-
code 3 as a rule requires explicit consideration
of the effects of the deformed geometry (so-
called second-order effects), though first-order
analysis using the initial geometry of the
structure is still allowed under certain limits.

For structures whereof the increase of the
relevant internal forces or moments or any
other change of structural behaviour caused
by deformations can be neglected, clause
5.2.1(3) permits first-order analysis, if the
following criterion is satisfied:

P

ArcelorMittal

o, =——2>10 for elastic analysis
Ed

o, = L >15 for plastic analysis
Ed

In the above formulae, E is ‘the elastic
critical buckling load for global instability
mode based on initial elastic stiffnesses” and
F., is ‘the design loading on the structure’.
The distinction in the limits for elastic and
plastic analysis is because the structural
behaviour may be significantly influenced by
non-linear material properties in the ultimate
limit state (e.g. when the frame forms plastic
hinges).

The calculation of the (elastic) critical load
multiplier o, requires the elastic critical
buckling load E, of the portal frame to be
determined, thus an eigenvalue analysis. The
tools to carry out such an analysis are not
commonly in use by engineering offices yet.
In order to avoid these more advanced
calculation, approximations to o, have been
developed (especially to check for the
predominant global sway instability mode in
common buildings like portal frames).

In clause 5.2.1(4)B the following approxi-
mative formula is given which also applies to
portal frames, provided the roof slope may be
considered as shallow and the axial compres-
sion in the beams (rafters) is not significant:

Via )\ Op

where, applied to pitched roof portal frames:

Hp, = thedesign value of the
total horizontal reaction
Vis = the total design vertical load
Oups = thehorizontal displacement at the

eave due to all horizontal loads
h = the storey height
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In calculating the response 3, ;; all horizontal

loads like wind and fictitious horizontal loads
resulting from a lack of verticality, lack of
straightness etc. have to be taken into account.
It might be more convenient though, to
determine &, ;, as resulting from fictitious

horizontal forces alone, due to initial sway
imperfections (i.e. exclude the effects of any
other horizontal loads, such as wind

loads). This approach is justified as calculating
Hy, /8, ¢4 is equal to determine the sway

stiffness of the frame.

The notes to this clause provide some more
quantitative information to the qualitative
requirements for application mentioned.
First, it is stated that in the absence of more
detailed information a roof slope may be
taken to be shallow if it is not steeper than 1:2
(approximately 26°).

Second, again in the absence of more detailed
information, it is stated that the axial
compression in the beams or rafters may be
assumed to be significant if:

Af,
N

1>0.3

In calculating the non-dimensional
slenderness, the beams or rafters should be
considered as hinged at its ends with the
length equal to the system length measured
along the beams or rafters.

The formula for o, given in clause 5.2.1(4)B

was originally developed by Horne [1975]
(although admittedly for multi-storey frames).
As the wording in the clause already indicates
(‘may be calculated using the following
approximative formula’), the critical load
multiplier may — and sometimes must, e.g.
when the requirements to apply this formula
are not met — still be obtained by other means
like a more accurate approximation or even by
an advanced eigenvalue analysis.

Such an improved approximation was given
by King [2003] and cited in Lim et al [2005].

In the paper it is stated that Horne’s method
for estimating o (and so that of Eurocode 3)
is unconservative when applied to portal
frames, because it does not take into account
the axial force in the rafters. (This has been
partially overcome by the second limiting
condition.)

Furthermore Horne’s formula may under-
estimate second-order effects in the columns.
Therefore the next modification was proposed
to account for these deficiencies (with adapted
notation):

(x’cr,King =0.8 {1 - (%\J } : O{'cr,Horne

where a =a,, as given in Eurocode 3

cr,Horne
and N, and N_ =n’EI/L? refer to the axial

force in the rafters.

This formula is stated to provide a conser-
vative though reasonable estimate of the
elastic critical buckling load factor, which
avoids the need to use specialized software.

5.3.3 Material non-linearity

Material non-linearity (i.e. plastification) can
be allowed for in the global analysis itself
already and/or when checking for the cross-
sectional resistance.
The following global analysis methods for
dealing with plastification are allowed:
e elastic-plastic analysis with plastified
sections and/or joints as hinges
e non-linear plastic analyses considering
the partial plastification of members in
plastic zones
e (first-order) rigid-plastic analysis
neglecting the elastic behaviour
between hinges
Global plastic analysis is allowed only where
the structure has sufficient rotation capacity at
the actual locations of the plastic hinges
(whether this is in the members or the joints).
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Table 5.1 Classification of the analysis on the basis of the class of cross-section
Class  Criterion Structural analysis
Cross-sections with rotation capacity to form plastic hinges and . .
1 . . . plastic-plastic
zones without reduction of the resistance
Cross-sections which are able to develop plastic moment . .
2 . e . . elastic-plastic
resistance but with limited rotation capacity
Cross-sections which can achieve the yield strength in the outer
3 compression fibre, but where the plastic moment resistance elastic-elastic
cannot be developed
Cross-sections which fail of local buckling before attainment of
4 the yield stress, so local buckling has to be taken into account elastic-elastic

according to EN1993-1-5

By means of cross-section classification it can
be verified whether or not a cross-section is
able to develop its full plastic resistance.

The precise role of cross-section classification
is to identify the extent to which the resistance
and rotation capacity of cross sections is
limited by its local buckling resistance.
Criteria on the width-to-thickness ratio of the
parts of the section subjected to compression,
(either totally or partially) under the load
combination considered are given in Section
5.6 of Eurocode 3. Sections that fall out of
these limits are class 4 and should be designed
using EN1993-1-5.

Common practice has become to conduct a
global analysis first, followed by member
checks for cross-section resistance and
member stability. Table 5.1 above gives the
different possible combinations of global
analysis and check for member resistance.

Although global plastic analysis is allowed for
class 1 sections (at least at the parts where
plastic hinges rotate), on mainland Europe
single-storey portal frames are usually
designed using elastic global analysis to
determine the structure’s response (internal
forces and moments) to the applied actions —
which is always allowed.

Mostly hot-rolled profiles are applied which
can usually classified as class 1 or 2, thus
being able to develop their full plastic
resistance.

Although the above presented approach may
be most straightforward and efficient when
designing well-known ‘standard’ structures
like portal frames, Finite Element methods of
analysis may also be applied. In EN1993-1-1
reference is made to EN1993-1-5 (especially
Annex C) for guidance on the use of FEA
methods.

5.3.4 Imperfections

Apart from geometrical and material non-
linearity, allowance should also be made for
all kinds of imperfections which may have an
destabilising effect on the structure or in any
other respect modify the structural behaviour.
Equivalent geometric imperfections should be
used, which cover the possible effects of all
(types of) imperfections unless these effects are
included already in the resistance formulae
for member design.
These imperfections include:

e residual stresses

e lack of verticality

e lack of straightness

e lack of fit

e minor eccentricities
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Both imperfections on a global and a local
level should be taken into account, in and out
of plane, and should be chosen in the most
unfavourable direction and form.

Generally global sway imperfections of frames
are denoted as P—A (P - big delta), while
local bow imperfections are denoted as P —§
(P — small delta) imperfections, see Figure 5.1.
This notation uses P for the compressive axial
force and A or § for the displacement.

For frames sensitive to buckling in a sway
mode, the effect of imperfections should be
allowed for in the frame analysis by means of
an initial sway imperfection, possibly together
with individual bow imperfections of the
members.

The global initial sway imperfection angle
may be determined from ¢ = ¢,a, 0, where:

¢, = thebasicvalue: ¢, =1/200
a, = thereduction factor for height h
applicable to columns:
oy, =% but %Soch <1.0
h = the height of the structure in meters
a, = thereduction factor for the number

of columns in a row:
o, = 0.5(1 + l)
m
m = the number of columns in a row
including only those columns
which carry a vertical load Ny,
not less than 50% of the average
value of the column in the vertical

plane considered

When H, >0.15V,, the sway imperfections

may be disregarded for building frames.

When needed relative local bow imperfections
of members for flexural buckling may be
obtained from Table 5.2 depending on the
buckling curve, where e, denotes the

amplitude and L is the member length.

Table 5.2  Design value of initial local bow
imperfection

buckling elastic analysis plastic analysis
curve e,/L

a, 1/350 1/350

a 1/350 1/350

b 1/350 1/350

C 1/350 1/350

d 1/350 1/350

From the sway imperfection angle the initial
sway displacements can be determined.
However, for convenience the effects of initial
sway imperfection and possibly also local bow
imperfections may be replaced by systems of
equivalent horizontal forces, introduced for
each compressed column, see Figure 5.2.

AV v

1 1

P P

Figure 5.1 P -A:sway displacement

P -3 : initial bow displacement
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Figure 5.2  Equivalent horizontal forces
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Alternatively to modelling global sway and
possibly also (see next subsection) initial bow
imperfection as described above, the shape of
the elastic critical buckling mode of the
structure may be applied as a unique global
and local imperfection. This is however only
suitable for computer implementation, as it
requires to model an continuous initial
deformed geometry of the whole structure.

5.3.5 Structural stability
When the criterion on o, has not been met,

second-order effects have to be taken into
account in the analysis. Eurocode 3 allows
different strategies for treating stability.
Depending on the type of frame and the
global analysis, second-order effects and
imperfections may be accounted for:

e both totally by the global analysis

e partially by the global analysis and
partially through individual stability
checks of the members

e by individual stability checks of the
equivalent members

The choice for one of these strategies
determines which formulae are applicable or
not for checking the cross-sectional resistance
and member stability.

Full global second-order analysis taking into
consideration all kinds of imperfections

When all imperfections — both global sway
and local bow imperfections — are allowed for
in global second-order analysis, no individual
stability check for the members according to
Section 6.3 of EN1993-1-1 is necessary.

Only the cross-sectional resistance should be
verified afterwards, unless it is already
included in the analysis by an advanced
elastic-plastic analysis routine which is able to
take into account (partial) plastification
together with an appropriate yield criterion
(e.g. the Von Mises criterion).

P
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Global second-order analysis without taking into
consideration the member imperfections

It is also allowed to perform an global frame
analysis in which only frame imperfections
are included in the global analysis, while
leaving second-order effects in individual
members or certain individual member
imperfections (e.g. for lateral-torsional
buckling) out. In that case the individual
stability of members should be checked
according to the relevant criteria given in
Section 6.3 for the effects not included in the
global analysis.

For each member the end moments and forces
should be taken from the global analysis, and
as the frame sway mode is already included in
the global analysis, the buckling length of the
individual members may (conservatively) be
taken equal to the system length:

Normally the action effects at the members’
end (especially the bending moments) are
affected by global sway imperfections but not
significantly by local bow imperfections, and
thus the last may be neglected in the global
analysis.

However for frames with very slender
members neglecting the local bow imper-
fections in the global analysis is not allowed
for each compressed member where both of
the following conditions are met:

e atleast one moment resistant joint at
one member end, and

Af,
NEd

e A>05

where Ny, is the design value of the
compression force and A is the in-plane non-
dimensional slenderness calculated for the
member considered as hinged at its ends.
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As the non-dimensional slenderness A reads:

-~ [AL
NCI'

this means that when N, >0.25N, the initial

bow imperfection has to be considered
explicitly in the global analysis (for that
particular member).

First-order global analysis considering no global or
local imperfections: the equivalent column method
For basic cases EN1993-1-1 allows the stability
of the whole frame to be assessed by checks
on individual equivalent members only.

The buckling lengths values used in stability
checks according to Section 6.3 should allow
then for the stiffness behaviour of members
and joints, the presence of plastic hinges and
de distribution of compressive forces under
the design loads. No imperfections or second-
order effects have to be regarded in the global
analysis at all when determining the internal
forces and moment to be used in resistance
checks according to Section 6.2..

For frames whereof the joints may be
classified as continuous and whereof the
sections are at least class 2, this implies that
the buckling lengths of the individual
columns may be determined from the global
elastic critical load (for the load combination
in consideration).

From a global buckling analysis the elastic
critical buckling factor a (also commonly

denoted A ) may be obtained, and the axial

forces N in the columns may be calculated by
a first-order elastic analysis.

Given that the loading on the frame has to be
multiplied by a., to cause elastic buckling,
the buckling load each single column may be
expressed as:

FE =a_N

cr cr

Then together with the classical expression for
the critical buckling load of a single column in
terms of the buckling length:

n* EI

o 2
Lcr

it follows that the buckling length to use for
the equivalent member reads:

L. = n* EI
a. N

cr

The scope of this method for verifying the
stability of a frame may be limited however
by the National Annex. Indeed the Dutch
annex sets limits on the use of this method.
Rules are provided which forbid especially to
neglect the increase in the end moments in the
beams. The UK National Annex prohibits the
use of the clause in question —5.2.2(8) — at all.
Care should be taken in verifying whether the
obtained frame buckling load is really a global
mode, especially in more complex structures.

Methods to include second-order effects

When second-order effects are to be allowed
for in the global analysis, they may be
calculated by using an analysis appropriate to
the structure. These methods may include
step-by-step or other iterative procedures.

For single-storey frames designed on the basis
of elastic global analysis the second-order
sway effects due to vertical loads may be
calculated by increasing the horizontal loads
Hg, (e.g. wind) and equivalent loads Vi, ¢

due to (global sway) imperfections according
to first-order theory by the factor:

1 O
1-1/a, a,-1

provided that o >3.0. If this limit is not
satisfied (i.e. a_ <3.0) a more accurate

second-order analysis has to be performed.
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Again the roof slope shall be shallow and the
axial compression in the beams or rafter shall
be not significant, just like the conditions for
application of Horne’s approximation of o,

given in section 5.3.2 already.

This method is usually termed the amplified
sway method and has become the most familiar
method to design portal frames.

Summarizing: the effects of the deformed
geometry have to be accounted for in the
analysis when relevant. The susceptibility to
second-order effects can be established by (an
approximation of) the critical buckling factor
o, - When a linear elastic global analysis is
carried out with inclusion of global sway
imperfections (and initial bow imperfections if
needed) the second-order effects may be:

e neglected if a_ >10

e determined by the amplified sway

method if 3.0<a_, <10

Otherwise the second-order effects and
member imperfections have to be accounted
for in the global analysis itself.

The stability of the members may be verified
according to Section 6.3 using the — appro-
priately amplified — forces and moments
obtained from the global analysis with
buckling lengths taken equal to the system
lengths, in consideration of the member
imperfections.

For sections which are class 2 or higher, the
plastic resistance may be utilised.

5.4  Design of beam-columns

5.4.1 Cross-sectional resistance

As a general statement clause 6.2.1(1) requires
that in each cross-section the design value of
an action effect should not exceed the corre-
sponding design resistance. The clause is
further widened by the requirements that if
several action effects act simultaneously
neither the combined effect should exceed the

P
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resistance for that combination.

Rules are provided in Section 6.2 for the
verification of the separate resistances,
together with interaction formulae.

Unless other interaction criteria apply, the
Von Mises criterion may be applied for elastic
verification of any critical point of a cross-
section. This formula is conservative however,
as it excludes partial plastic stress
distribution, which is permitted in elastic
design.

Plastic resistances may be used as well (where
applicable), whereof the stress distribution
should be in equilibrium with the internal
forces and moments without exceeding the
yield strength, and which distribution should
be compatible with the associated plastic
deformations.

As a conservative approximation it is always
allowed to apply a linear summation of the
utilisation ratios for each stress resultant:

N M. M
Ed 4 v2d g TTekd o
NRd My,Rd Mz,Rd

Allowance should be made for the possible
reduction of the design resistances caused by
shear (buckling) effects.

In the remainder of Section 6.2 expressions are
given to calculate these design resistances
(either elastic or plastic), together with more
efficient rules to take interaction into account
or even leave it out for limited cases.

Explicit formulae are given to assess the
influence of the axial force on the moment
capacities, depending on the ratio:

Nyg
Npl,Rd

n=

Furthermore, when the utilisation ratio of the
shear force exceeds 0.50 a reduced yield
strength should be used when calculating the
moment and/or axial force resistance.
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5.4.2 Buckling resistance

Basically the cross-sectional resistance serves
as an upper-bound to the ultimate capacity.
For slender members which are not
(sufficiently) restrained against buckling the
member resistance will be decisive rather than
the cross-sectional resistance.

In accordance with existing design practise,
EN1993-1-1 aims primarily at providing rules
for the design of uniform members:

e ...in compression (6.3.1)
e ...inbending (6.3.2)
e ...inbending and compression (6.3.3)

Compression: (torsional)-flexural buckling
Uniform members in compression should be
verified against buckling by means of:

The design buckling resistance N, ., of the
compression member should be taken as:

Af
— (class 1, 2, 3)

M1

Nb,Rd =X

where y is the reduction factor for the relevant

buckling mode. It depends on the appropriate
non-dimensional relative slenderness:

- [AL
NCI‘

to deliver:

(class 1, 2, 3)

1

r=—Fr——
O+* =1

where ¢ = 0.5[1+G(X—0.2)+7_\.2:|.

but %<1

The imperfection factor a. corresponds with
the applicable buckling curve as given in
Table 5.3.

Table 5.3 Imperfection factors for buckling
curves [EN1993-1-1 Table 6.3]

curve ao a b c d

factor a 013 021 034 049 0.76

For slenderness A <0.2 the buckling effects
may be ignored and only cross-sectional
checks apply.

The buckling curve to use should be selected
from EN1993-1-1 Table 6.2. It depends on the
cross-section type, h/b-ratio, axis of bending,
flange thickness, steel grade, etc.

For flexural buckling A is given by:

X: AfY — Lcr l
N., i A

where:

(class 1, 2, 3)

. / I .
i= N about the relevant axis

A =m E=93.98 with e= 235
fy fy

L., is the buckling length in the
buckling plane considered

As explained in the previous section, the
buckling length has to be determined taking
second order sway effects into account, either
by either by the end moments of the member
(with L, =L

buckling length respectively.

«s) O by means of an appropriate

For torsional or torsional-flexural buckling the
non-dimensional slenderness At reads:

_ Af
At = Y
N

cr

where N, =N_; but N_<N_; in which:

N,, 15 is the elastic torsional-flexural buckling force

N, is the elastic torsional buckling force
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For torsional or torsional-flexural buckling the
appropriate buckling curve may be deter-
mined from EN1993-1-1 Table 6.2 considering
the one related to the z-axis.

No further information is given in EN1993-1-1
on the determination of the buckling length or
the elastic critical force for torsional buckling.
However, for doubly-symmetric I and H
sections torsional and torsional-flexural
buckling will not give a lower mode than
flexural buckling (provided that both flanges
are restrained at positions of lateral restraint).

Bending: lateral-torsional buckling

Likewise for buckling of axially compressed
members, the verification against lateral-
torsional buckling of a laterally unrestrained
uniform member proceeds as follows:

ﬁgl

Mb,Rd

The design buckling resistance moment M, ,

for uniform members should be taken from:

WY fy

Mb,Rd =Xt

M1

where W, should be taken according to the

class of the cross-section considered.

Likewise for flexural buckling, the reduction
factor y,; should be based on an appropriate

non-dimensional slenderness:

W, f

Ar =, |—2
M

cr

So the structure of the verification format is
analogous to that of (torsional)-flexural
buckling. However, for rolled sections of
equivalent welded sections a different alter-
native approach is allowed to determine the
non-dimensional slenderness.
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While in general for uniform bending
members y,, should be determined from:

B 1
LT — E—
(I)LT + \/(I)LT2 —Air

X but ;<1

where
bur =05 1+ oty (Rur =02)+2ur” |
as an alternative it is allowed for rolled or

equivalent welded sections to obtain y; .

from a modified expression:

1 Xt <1
Yot = — but <
Guy + N ¢LT2 —BArr Xar = X
where

O = 0.5[1 + 0y (XLT ~ At ) + BXLTZ }
with Airo =0.4 and p=0.75

For this more efficient alternative formulation
— which will apply to the majority of steel
portal frame structures — the buckling curve
should be obtained from EN1993-1-1 Table 6.5
which is reproduced in Table 5.4.

Moreover, in order to better take into account
the moment distribution between the lateral
restraints of members the reduction factor
may be modified as follows:

X
XLT, mod = ~L but Aitmod <1

f

with: £=1-05(1-k,)| 1-20(%ir ~08)’ |
but f<1.0

The correction factor k. may be obtained

from Table 6.6 of EN1993-1-1, partly
reproduced in Table 5.4 on the right.
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Table 5.4 Lateral-torsional buckling curves
for rolled or equivalent welded
sections [EN1993-1-1 Table 6.5]

cross-section limits buckling
curve
rolled I-sections h/b<2 b
h/b>2 C
welded I-sections h/b<2 C
h/b>2 d

The buckling curves for lateral-torsional
buckling are based on bending moments
constant along the member. For moment
diagrams other than constant (worst case)
higher values of y,; will be obtained.

This is included to a certain extent already by
a reduced value of ALir due to the increased
elastic critical moment M, for non-uniform

moment distributions.

However, no effects of plastification are
accounted for in the calculation of this elastic
critical moment. Beams with variable bending
along the member experience differently
distributed (reduced) plastic zones, which do
not so badly affect the deformed shape of the
member as in the case of plastic weakening at
mid-span under constant bending moment.

In order to exploit the additional beneficial
effect of the shape of the moment diagram
being other than constant the factor f may be
used to calculate a improved Acr value, called
ALT.mod - BOth values of . . and f are thus

calculated based on the non-dimensional
slenderness Ar which includes already the
shape of the moment diagram (by M., ).

It may be noticed that a plateau is defined by:
At < XLT,O =04
for which lateral-torsional effects may be

ignored so that only cross-sectional checks
apply. This plateau is not observed in

numerical simulations — even not when strain
hardening is included — but was obtained
from experimental results on I-shaped beams
in this slenderness range.

It is justified however by the fact that the
plastic moment resistance Mpl,Rd on average

underestimates the moment capacity by 14% —
the real behaviour of plastic bending turns out
to be more complex than calculations based
on the strength of simple tensile coupon tests.

So far no attention was paid to the calculation
of the key parameter of the elastic critical
moment M itself. As lateral-torsional
buckling consists in a spatial buckling mode
where both bending about the minor axis of
the cross-section and torsion about the
longitudinal axis of the member are involved,
the mathematical formulation of the problem
is rather complex.

The elastic critical moment M, in itself is not
a realistic presentation of the beam’s bending
resistance, but its determination allows for
taking into account a number of properties:

e the mechanical and geometric section
properties (flexural rigidity about
minor axis, torque rigidity, warping
rigidity, dissymmetry parameter)

e the loading characteristics (moment
distribution, level of transverse load
application)

Table 5.5 Examples of correction factor k_
[taken from EN1993-1-1 Table 6.6]

moment distribution correction factor

I L

1.33-0.33y
w[<1

0.94

0.86
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e the support conditions (for bending in
the primary bending plane, lateral
bending, torsion, warping)

e the restraint properties (lateral or
torsional restraints, location of these
restraints along the beam span and
over the section depth)

In Annex F to the pre-standard ENV1993-1-1
a so-called 3-factor formula was given to
evaluate M_, for a beam with uniform cross-
section being symmetrical about the minor
axis loaded in bending about the major axis.
For uniform beams with doubly symmetric
cross-section this formula reads simplified:

2 ’ L)’ GI
Muzcl.ilz2 k, Iiw+(l<12¢+(c2z )2 -C,z
(k,L) k,) I, m’EL & &

where the C, —factors depend on both the

bending moment distribution and the end
restraint conditions:

e C, is the major factor introducing
the bending conditions
e C, islinked to the coordinate z,

of load application point from the
shear centre
e C, (omitted here) allows for the effect

of cross-sectional mono-symmetry
about the minor axis of the section

The factors k, and k,, are effective length

factors depending on the end restraint
conditions:
e k, refers to the end rotation constraint

e Lk, refers to the end warping

constraint

These k; —values vary from 0.5 for full

restraint to 1.0 for no restraint. Fork end
restraints have k, =k, =1.0.

Values for the C,; —factors have been tabu-

lated, e.g. in ENV1993-1-1 itself, in the ECSC-
report to Lateral torsional buckling in steel and
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composite beams [LTB] or in Access Steel
resource SN003.

As an alternative approach a single-factor
formula has been suggested:

MCI' = C : Mgr

where:

M =%- JELGI,

The C-factor includes all influences of
moment distribution, restraint conditions,
introduction of loads out of the shear centre,
warping rigidity, and cross-sectional mono-
symmetry. For given restraint conditions and a
given type of loading the C-factor is a function
of the following three parameters:

e influence of warping rigidity:

1 [EL,
Kt =74 A7
L\ G,

e influence of mono-symmetry:
_ Zg EIZ

th -L GIt

e influence of application of load above
or beneath the shear centre:

_z [EL
Czt L GIt

Tables have been set up for doubly-symmetric
hot-rolled sections basic cases to determine
the C-factor for basic cases of beam and load
configuration, e.g. in reference [LTB].

However it is also possible to obtain the
elastic critical moment by means of numerical
(FEM-)simulations or by using a dedicated
software like LTBEAM which calculates a
critical load multiplier to the actual beam and
load characteristics, taking into account
possible restraints etc. For comparison
purposes, the C-factor can be back-calculated.
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In Section 6.3.2.4 of EN1993-1-1 a simplified
assessment method given which verifies
whether the length L. between restraints or
the resulting slenderness of the equivalent
compression flange A: satisfies the equation:

— - M
Af = 'kCLC <Aoo cRd
lf,z}\‘l My,Ed

The radius of gyration i;, should be obtained
for the equivalent compression flange com-
posed of the compression flange plus 1/3 of
the compressed part of the web area, about
the minor axis of the section. The slenderness
limit Aco has to be given in the National
Annex, with a recommended value of:

heo = XLT,O +0.1
so effectively:
Ao =04+0.1=0.5

If this so-called stable length method check fails,
the design buckling resistance moment may
be taken as :

Mb,Rd =k, XMc,Rd

with M ¢y =W, { /vy, . Here the reduction
factor  of the equivalent compression flange

should be determined with A; using curve c
(except for some welded sections). The factor
k;, accounts for the conservatism of the

method and may be taken equal to k;, =1.10.

This simplified methods seems to be useful
mainly for calculation ‘by hand” as
complicated formulae are no problem in
computer-aided design.

Bending and compression

In the former paragraphs the verification
format has been presented of isolated
elements subjected to either compression or
bending (along with some elaborations).
Members in portal frames most often are
subjected to both. These members are
generally called beam-columns.

In principle all members in frame structures
are beam-columns with the particular cases of
beams (where the axial load can be neglected
or may be assumed as N =0) and columns
(where the bending moment can be neglected
or may be assumed as M=0).

In section 5.3.5 is was pointed out that when
frame imperfections are allowed for in the
global analysis, it is allowed to design the
individual elements by considering them as
single members. In order to perform this
evaluation the member has to be extracted
(isolated) from the frame and all direct loads
on the member together with the end forces
and moments have to be modelled (Figure 5.3)
or appropriate buckling lengths have to be
used based on the global buckling mode.

This member then can be checked for
according to the verification format given in
Section 6.3.3 from Eurocode 3. It applies to
uniform members with doubly-symmetric sections
for sections not susceptible to distortional
deformations. For class 1 to 3 sections no shift
of the centroidal axis will occur and accor-

o = R ‘ e
2y dingly the verification rule for the member
-> T subjected to combined bending and axial
= M, compression simplifies to:

NNEd/ vy I\I:IAY/Ed/ + kyz MMz,;d < 1

Figure 5.3  Example of extraction of a beam- Xy el Yo Xr Yy e/ Yo 2Rk / Yo
column for separate verification Nes L q M, b M, k4 <1

%o New/Yan A M, ri /Y M, i/ Y
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In case no lateral load is applied to the
member (e.g. when designing a plane frame)
the corresponding contribution becomes zero.
These interaction formulae are based on the
modelling of simply supported single span
members with end fork conditions and with
or without continuous lateral restraints, which
are subjected to compression forces, end
moments and/or transverse loads.

The interaction factors k;; are used to check

members under coexisting normal forces and
moments between points of appropriate
restraint. Two different sets of coefficients
have been developed separately which
originate from different approaches to the
beam-column interaction problem:

e Method 1 takes it starting point in the
elastic resistance including buckling
effects and enhances it by taking
account of partial plastification, while

e Method 2 takes the plastic resistance as
the basic reference, and reduces it to
allow for instability effects.

These methods have been classified in terms
of Level 1 and Level 2 formulae.

Level 1 is mainly focused on user-friendly
formulae for standard cases of profiles, which
allow a good estimate of the effects of the
different parameters.

Level 2 is aimed at more comprehensive rules
for general cases on the basis of computer-
supported formulae.

Level 3 is thought to provide code-related
rules for the numerical simulation of the most
general cases by means of FE-programs.

In the format of Eurocode 3 all three levels are
supported.

Method 1 belongs to the “higher’ Level 2. It
has been developed with the primary intent
being to obtain accurate estimates for a wide
range of situations and to achieve ‘maximum
transparency’ (in the sense that as many
parameters as possible should have a clear
physical meaning), even if a more complex

P
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format could not be avoided.

Generally speaking its formulation is more
complex and its coefficients are quite
laborious to determine (although this is no
objection when implemented in computer-
aided design practice). The expressions to
determine the interaction coefficient are given
in Annex A of EN1993-1-1.

Method 2 on the other hand belongs to the
class of the more simple Level 1 formulae.

In its development the focus has been on
achieving a format as simple and user-
friendly as possible and on limiting the
number of parameters involved, though at the
expense of a certain degree of accuracy.

The values of the interaction factors can be
determined from Annex B of EN1993-1-1.

In determining the interaction factors k; there

is a large dependence on the shape of the
bending moment diagram. This is accounted
for by so-called equivalent moment factors C_, .
It is important to realise that these C, -factors
differ conceptually between Method 1 and
Method 2. The first approach refers the actual
bending moment distribution between
relevant braced points to an equivalent
sinusoidal moment distribution, while the
second approach make reference to an
equivalent uniform bending moment diagram.
This conceptual difference implies that the
C,, -values are not interchangeable between
the two methods.

It is remarked here that both methods were
developed independently, but in EN1993-1-1
they are poured formally into a common
format, despite the different objectives of both
methods.

As noted by Gongalves & Camotim [2004] it is
very important to use accurate C,_, -factors to

get an accurate and safe estimate of the ulti-
mate load capacity of a member. When using
exact C -values Method 1 and Method 2 yield

even almost equal results.
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5.5 Non-uniform members

So far the formulae presented to verify the
stability of members were applicable to
uniform members only. Cellular beams-
columns therefore are clearly outside the
scope of application of the rules given to
check the member’s stability.

To enable the verification of these and other
members for which the methods given in
Section 6.3.1, 6.3.2 and 6.3.3 do apply,
EN1993-1-1 provides in Section 6.3.4 a so-
called general method which may be used to
assess the resistance of such members.
It is stated that the method allows the
verification of the resistance to lateral and
lateral-torsional buckling for structural
components such as
e single members, built-up or not,
uniform or not, with complex support
conditions or not, or
e plane frames or subframes composed

of such member
which are subject to compression and/or
mono-axial bending in the plane, but which
do not contain rotative plastic hinges.
As this general method may apply to complex
structural components of structural
components with complex restraint conditions
and/or loading, it may require the use of
specific software (e.g. using Finite Element
Methods)

Two load amplifiers have to be calculated
from which the global non-dimensional
slenderness for out-of-plane effects for the
structural component can be determined:

— a
ult, k
7\40p =

cr,op

and the basic requirement for checking the
out-of-plane buckling resistance then reads:

Xopault,k

Y1

>1

where:

Oy is the minimum load amplifier of the

design loads to reach the characteristic
resistance of the most critical cross-
section of the structural component
considering its in-plane behaviour
without taking lateral or lateral-
torsional buckling into account,
however accounting for all effects due
to in-plane geometrical deformation
and imperfections, global and local,
where relevant (GMNIA)

o is the minimum amplifier for the in-

cr,0p
plane design loads to reach the elastic
critical resistance of the structural
component with regards to lateral or
lateral-torsional buckling without
accounting for in-plane flexural
buckling (LBA)

Xop 1S the reduction factor for out-of-plane

stability obtained for the non-dimen-
sional slenderness Aoy using the
appropriate buckling curve (to take into
account lateral and/or lateral-torsional
buckling)

The reduction factor y,,, may either be

determined from:
e the minimum value of:
— y for lateral buckling
— x.r for lateral-torsional buckling

each calculated for the global non-
dimensional slenderness ¥,

e avalue interpolated between the
values y and y,,; as determined above

by using the formula for o, , corre-

sponding to the critical cross-section

The first method is prescribed in the Dutch
National Annex, where the scope is also
limited to linear members or frames consisting
of such members, which are sufficiently
braced laterally (i.e. ‘fork” support conditions)
such that its lateral or lateral-torsional
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buckling behaviour between these restraints
can be related to the behaviour of a straight
member (either beam- or column-type
behaviour).

In fact it is assumed throughout the Sections
5 and 6 of EN1993-1-1 that members can be
modelled with sufficient accuracy as line
elements for global analysis —i.e. all the
member properties (area, inertia, etc.) can be
attributed to a single line through the
centroids of the consecutive cross-sections.

Contrary to the similar overall method found in
EN1993-1-6 for the design of shell structures,
the general method requires to take into account
second-order effects when calculating the
multiplier for the characteristic resistance.
This implies that in-plane buckling has to be

included in the determination of o, and

ult,
thus a lower capacity is obtained than when
the full cross-sectional resistance may be used.

That the general method does not simplify to
the classical buckling check for simple struc-
tures can be seen from the example of a
column subjected to pure axial load.
According to the general method:

[ Oyie x _ Nb,Rd/NEd _ Ny ra
" a, N_ /N, N

cr

which is obviously different from the
‘classical’” expression given in Section 6.3:

7_\. = a’ult,k = Afy = Npl
a‘cr,op Ncr Ncr
However, this more conservative approach
was adopted because it was shown that using

the full plastic cross-section resistance when
applied to e.g. hollow sections can lead to
unsafe results when compared to full 3D
GMNIA calculations. Therefore only the
general approach as given above together
with taking the minimum of x and y;; canbe

P

ArcelorMittal

safely applied [ECCS-TC8-2006-015].

From the structure of EN1993-1-1 it follows
that non-uniform members like cellular beams
and/or columns can only designed according
the code regulations by application of this
Section 6.3.4. This is affirmed by Access-Steel
Resource General method for out-of-plane
buckling in portal frames [SN032].

However, in the book Designers” guide to
EN1993-1-1 [EC3 Designers” Guide] as well as
in the article The EC3 approach to the design of
columns, beams and beam-columns [Nethercot &
Gardner 2005] from the same authors it is
pointed that Section 6.3.2.2 Lateral torsional
buckling curves - General case applies to, for
example cellular beams!

This is obviously not correct. Section 6.3.2 is
titled Uniform members in bending and
therefore does not apply to non-uniform
members. Moreover Section 6.3.2.2 clause (1)
contains the phrase ...for members of constant
cross-section... and therefore explicitly
excludes non-uniform members.

The mistake may originate from the difference
between the pre-standard prEN1993-1-1:2002
(stage 34 draft) and the final standard
EN1993-1-1 as shown in Table 5.6. Besides, the
abovementioned phrase was already present
in prEN1993-1-1 (opposed to clause (1)).

By the changes made the scope of application
of Section 6.3.2.2 is effectively limited (though
possibly unintentionally).

Nevertheless is seems reasonable to adopt the
approach given in Section 6.3.2.2 also for
cellular beams, especially when they are cut
from standard hot-rolled beams. It may even
be argued that Section 6.3.2.3 Lateral torsional
buckling curves for rolled sections or equivalent
welded sections applies (with the additional
reduction factor B) if it could be shown that
the global behaviour of cellular beams is very
much alike that of plain-webbed uniform
beams.
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Table 5.6  Overview of changed headings in Eurocode 3-1-1
Section prEN1993-1-1: 2002 EN1993-1-1: 2005
6.3 Buckling resistance of members Buckling resistance of members
6.3.1 Compression members Uniform members in compression
6.3.1.1 Buckling resistance of uniform members  Buckling resistance
6.3.1.2 Buckling curves Buckling curves
6.3.1.3 Flexural buckling Slenderness for flexural buckling
6.3.1.4 Torsional and torsional-flexural buckling  Slenderness for torsional and torsional-
flexural buckling
6.3.2 Lateral-torsional buckling of beams Uniform members in bending
6.3.2.1 Buckling resistance for uniform beams Buckling resistance
6.3.2.2 Lateral torsional buckling curves Lateral torsional buckling curves —
General case
(2) M,, is based on gross cross-sectional (2) M,, is based on gross cross-sectional
properties and takes into account the properties and takes into account the
loading conditions, the real moment loading conditions, the real moment
distribution, the lateral restraints and for distribution and the lateral restraints.
non-uniform sections the variation of the
cross section.
6.3.2.3 Lateral torsional buckling curves for Lateral torsional buckling curves for
rolled sections or equivalent welded rolled sections or equivalent welded
sections sections
6.3.3 Bending and axial compression Uniform members in bending and axial
compression
6.3.4 General method for lateral and lateral- General method for buckling of members
torsional buckling of frames and frames
5.6 Conclusion For cellular beams a schematisation to a line

The Eurocodes provides rules for the design
of structures. Its various parts (EN1990,
EN1991 and the various material-related
parts) should be used in conjunction with
each other. The rules in EN1993-1-1 are
primarily aimed at the design of steel
structures whereof the members can be
modelled as line elements, or by the wording
of Section 1.1.2 clause (6):

...structural analysis of structures, in
which the members can be modelled with
sufficient accuracy as line elements for
global analysis.

element satisfies at a global level, but
additional checks are required to verify the
design of the cross-sectional resistance. If this
turns out to be the case for cellular columns
also, portal frames may also be analysed by
the global analysis strategies of EN1993-1-1.

As the rules given for the element design of
beam-columns are almost completely aimed at
uniform members , the only direct application
of the Eurocode rules is by means of the
general method in Section 6.3.4.

It is also possible to perform an advanced
second-order elastic-plastic analysis.
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For practical design purposes such an analysis
is too complex, and simplified design
methods may be developed (verified by more
accurate analyses) as long as these methods
conform to the basic requirement that:

the calculation model should reflect the
structural behaviour at the relevant limit
state with appropriate accuracy and reflect
the anticipated type of behaviour of the
cross-sections, members, joints and
bearings.

A
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Design of portal frames using cellular
members therefore may be based on the
Eurocodes, but requires additional effort.

The actual effort needed may be decreased by
the development and verification of simplified
design methods. Especially the effect on
compressive forces on the behaviour of
cellular beams-columns is relevant in this
context, and therefore requires further
research.
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6 INTRODUCTION

In the literature study, it was concluded that
no information is available (in public)
regarding the behaviour of cellular members
applied as columns, either stand-alone or in
portal frame structures. Therefore a numerical
study has been performed in order to identify
any possible differences in behaviour between
plain-webbed columns and cellular members.

For cellular members loaded in compression,
flexural buckling of the whole member is an
possible additional failure mechanism when
compared to beams, loaded in bending.

In the numerical investigation, sections of
different geometric proportions were analysed
to verify whether the presence of web opening
causes local ‘tee” buckling at the position of an
opening.

Furthermore an simplified expression for
checking the flexural buckling capacity of
cellular members has been validated.

The second topic that has been investigated
numerically, is whether an influence can be
identified of the applied axial force on the
web-post buckling failure mode. Therefore
again sections of different geometric
proportions were analysed at increasing axial
load level until web-post buckling occurred.

The numerical parameter studies to the above
mentioned failure mechanisms are reported in
one chapter each. These chapters are preceded
by a description of the finite element software
SAFIR that has been used in this research,
together with its accompanying tools.

Numerical research
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7 DESCRIPTION OF THE FINITE ELEMENT SOFTWARE AND TOOLS

7.1 Introduction

The main reason to conduct a part of the
research at ArcelorMittal’s offices was the
availability of a validated finite element tool
for the calculation of cellular beams, and a
suitable pre-processor. Especially the web-
post buckling phenomenon is very sensitive to
small deviations from the perfect-shaped
structure. It is the pre-processor that
introduces the relevant imperfections, such
that all possible failure modes are covered by
the analysis. The present chapter gives a
description of the used software, together
with some additional background information
on the calculation algorithms.

7.2 Finite element software SAFIR

7.2.1 Capabilities and program structure

SAFIR is a special purpose computer program
for studying the behaviour of structures
submitted to fire [SAFIR Manual]. It was
developed at the University of Liege, Belgium,
by Jean-Marc Franssen. The program is based
on the finite element method, and can deal
with one, two and three-dimensional
structures, where the number of dimensions
relates to the degrees of freedom.

Using SAFIR, the analysis of a structure
exposed to fire may consist of several steps.
The first step involves the prediction of the
temperature distribution inside the structural
members, referred to as thermal analysis. For
3D beam elements, a forsional analysis may
subsequently be carried out to establish the
(elastic) torsional stiffness and the warping
function (Vlasov theory). The last part of the
analysis, termed structural analysis, is carried
out for the main purpose of determining the
response of the heated structure due to the
applied loading (static and/or thermal).

As the current investigation deals with
ambient temperature conditions only, no
thermal analysis has to be carried out.

Regarding the torsional analysis, only when a
full-blown analysis with 3D beam elements is
carried out, the torsional stiffness has to be
provided. In that case a torsional analysis may
be helpful, though it is also possible to
provide a (tabulated) value directly. The
torsional constant is subsequently used in the
structural analysis.
For the present research, the following
features of SAFIR are of interest:
e possibility to analyse both 2D and 3D
structures
e various element types, amongst others
beam and shell elements
e geometrically as well a materially non-
linear calculation
e automatic adaptation of time step until
failure occurs
e large displacements and distortions
are considered
e local failure of a part of the structure
that does not endanger the safety of
the whole structure can be handled by
means of a dynamic analysis
e both imposed displacements and
master-slave relations (forced equal
displacements) can be introduced
e residual stresses in beams can be
accounted for (using beam elements:
fibre model)
e unloading of material is parallel to the
elastic-loading branch
The SAFIR program consists of an command-
line executable and a library (.DLL) file.
The data for the analysis has to be provided
by means of a plain text input (.IN) file. An
(abbreviated) example for a structural analysis
is provided on the next page. The input file
also specifies the type of the analysis (either
thermal, torsional or structural). On it’s turn
the input file refers to separate files for each
element type.
Depending of the type of element, the suffices
of these files are designated (. TEM) for beam

Numerical research
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ingenieurs in bouwtechniek

NPTTOT 4672

NNODE 628
NDIM 3
NDIMMATER 2
NDDLMAX 6

FROM 1 TO 628 STEP
END_NDDL
DYNAMIC APPR_NR
DAMPING 0.
NLOAD 1
OBLIQUE 0
COMEBACK 0.1

LARGEUR11 537409
LARGEUR12 253
RENUMGEO 1

NMAT 1
ELEMENTS
SHELL 584 6
NGTHICK 2
NGAREA 2
NREBARS 0
END_ELEM
NODES
NODE 1 0.00000
NODE 2 -0.00153

FIXATIONS

BLOCK 1 FO FO FO
BLOCK 2 FO FO FO

SAME 438 443 NO YE
SAME 439 443 NO YE
END FIX
NODOFSHELL
ACB_IPE60OUF.TSH
TRANSLATE 1 1
END_TRANS
ELEM 1 1
ELEM 2 2
PRECISION  1.E-3
LOADS
FUNCTION F1PS
NODELOAD 448 0 -83.3
NODELOAD 509 0 -41.6

END_LOAD

MASS
M_SHELL 1
GM_SHELL 30

94.20
94.20 1

ENﬁ;MASS
MATERIALS
210E9 0.3  235E6
TIME

100. 3000.
END_TIME

250.

LARGEDISPL
NOEPSTH

IMPRESSION
TIMEPRINT
250. 2000.
0.1 3000.
END_TIMEPR

PRNNXSHELL

1 NDDL 6

0.00000
0.00000

-0.48250
-0.37726

FO FO FO
FO FO FO

S NO NO NO NO
S NO NO NO NO
2 13 12 3
3 14 13 3
33 0 0 0 0

67 0 0 0 0

Listing 7.1

Structure of an input file for

structural analysis
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element and (.TSH) for shell elements. These
tiles are the output of the thermal analysis, but
they may also be created from scratch (or
using a wizard) when no thermal analysis has
to be carried out.

For a structural analysis in cold situation these
tiles do not have to include the temperature
distribution over the element, which is the
output of the thermal analysis.

Besides the possibility to analyse the struc-
tural behaviour under elevated temperatures,
one of the prime features of SAFIR is the
method to deal with non-linear behaviour.
For simple structures (e.g. a single
compressed column) the maximum on the
load-deflection curve is also the ‘true’ failure
load (e.g. the buckling capacity). However, in
more complex building structures there is
often some redundancy present, which
enables the structure to survive when a few
elements cease to fulfil their load bearing
function. In mathematical terms this
corresponds to several local maxima which
are present on the load-deflection curve prior
to the global maximum. Such local maxima
may not only be caused by geometrical non-
linear behaviour, but can also be due to non-
linear material behaviour (descending
branches in ¢ —¢relationships, formation of
plastic hinges) [Franssen 2007].

With the classic algorithm — in which the
increment of the applied force AF is uniquely
related to the incremental displacements Au -
it is usually impossible to reach this global
maximum or ‘true’ failure load. Near the first
encountered local maximum the stiffness
matrix becomes close to zero which means
that it is possible to increase the displacements
of the structure without any increase of the
load. Mathematically speaking the stiffness
matrix is not defined positive anymore.

As a consequence the failure load can be
underestimated. Furthermore no insight is
gained in the real failure mechanism. Both for
research interests and safety reasons (think of
rescue operations in case of fire) this know-
ledge is essential.
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Various techniques have been developed to
cope with these numerical failures. Unstable
elements can be removed from the structures,
modified ¢ —e¢relationships, non-tangent
stiffness matrices or arc-length type methods
can be applied. All these techniques have one
or more drawbacks. For example, when mem-
bers that have failed (buckled) are cut in order
to deal with local instabilities, the fact is
ignored that even buckled members are able
to bear a non-negligible compression force.
Due to load redistribution they can even be
subjected to an important tensile force in a
further stadium. Finite element methods
which use an arc-length method calculate an
equilibrium solution wherefore the load has to
be decreased in order to limit the displace-
ments. Though this may be a mathematically
sound solution, in real structures normally no
load reduction is observed during failure, and
thus it makes no sense.
The approach for non-linearity implemented
in SAFIR consists in performing a dynamic
analysis. The objective here is that the
acceleration term will counterbalance the
negative stiffness during the unstable states of
the structure. For linear behaviour, the basic
equation reads [Franssen & Gens 2004]:

Ku+Cua+Mi=F
where:

K is the stiffness matrix,

C is the damping matrix and

M the mass matrix.
This equation is solved by a step-by-step
method of the Newmark family, adapted for
non-linear behaviour. In the determination of
the mass matrix the contribution from the
finite elements has been diagonalised in order
to limit memory usage. For the 3D beam finite
element, the two masses in rotation about the
axes that are perpendicular to the longitudinal
axis, are given the same value as the mass in
rotation along the longitudinal axis. Thus the
need of a coordinate mapping from the local
to the global system is avoided. The shell
finite element has only the terms in the mass
matrix corresponding to displacements.

3
TUDelft

Furthermore no damping matrix is calculated
but the two Newmark parameters are
modified, by which a numerical damping is
introduced. When using the common solution
of Rayleigh damping — where the damping
matrix is a linear combination of the stiffness
and the mass matrix, with the coefficients of
the combination being calculated as a function
of the critical damping and the first two eigen-
frequencies — a negative stiffness matrix could
result in a negative damping matrix, thus
making the system unstable.

The above approximations are justified by the
fact that the objective is to deal with local
instabilities and not to implement a precise
modelling of dynamic effects.

It is important to note however that SAFIR is
not a toolbox for all kinds of finite element
calculations but it is specially geared towards
structural and fire engineering calculations for
building structures.
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Figure 7.1  Passing through a local failure

by the dynamic approach
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a) Local axes

b) Degrees of freedom at nodes

¢) Fibre model

Figure 7.2 Beam element

The dynamic approach enables to predict the
influence of a local failure on the global
behaviour of the structure and to simulate the
complete failure mechanism. Figure 7.1 shows
how the dynamic analysis is able to overcome
a local stability (buckling of a redundant
member, taken from Franssen et al [2004]).

By using the dynamic approach the concept of
time is introduced for analysis in cold
situation. The time step has to be chosen
sufficiently small such that dynamic effects
due to load application are minimised. Several
functions are available and can defined by the
user to prescribe the variation of the load
application with time.

During the calculation SAFIR adapts the
initial time step based on the number of
iterations required for obtaining convergence.
Choice can be made between a pure Newton-
Raphson procedure (recommended for struc-
tures made of beam elements) and a modified
Newton-Raphson convergence procedure
(recommended for structures made of shell
elements). If convergence is not obtained, the
calculation is repeated from the previously
converged point with a reduced time step.
The calculation continuous until failure or
until the end time (set by the user) is reached.
Accordingly, there is no deflection criterion to
stop the calculation.

Depending on the kind of analysis (thermal or
structural) and the types of elements used,
output results like temperatures, reactions,
out-of-balance forces, (generalized) displace-
ments, stresses, etc. can be printed.

7.2.2 Element types

SAFIR accommodates various finite element
types. However, not all elements are available
for every kind of analysis. The solid elements
(2D and 3D) are available for thermal analyses
only. All other element types can be used for
structural analyses as well. They read

¢ Dbeam elements (2D and 3D)

e shell elements

e truss elements
In the present study only beam and shell
elements were used. Therefore only of these
elements short descriptions are given here,
partly taken from reference [SAFIR Theory].

Beam element

The beam element is straight in its un-
deformed geometry. In 2D its position in
space is uniquely defined by the two end
nodes (N1 and N2). For 3D beam elements an
additional node (N4) is needed, which defines
the position of the local y axis of the element,
and so the orientation of the beam element
(strong/weak direction).

The internal node (N3) is used to support an
additional degree of freedom (DOF), being the
second-order component of the longitudinal
displacement. This internal node thus has
only one DOF (shown right in Figure 7.2b).
For 2D beam element three DOFs are present
at both end nodes: two translations and one
rotation. When 3D beams elements are used,
seven DOFs are possible for each node: three
translations, three rotations and warping
(shown left in Figure 7.2b).
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To describe the geometry of the cross-section,
the fibre model is used. The cross-section of
the beam is subdivided into small fibres
(triangles, quadrilaterals or both). The
material behaviour of each fibre is calculated
at the centre of the fibre and it is constant for
the whole fibre. Each fibre has it's own
material, this allows for the building of
composite sections made of different
materials. The cross-sectional data of each
fibre has to be provided in the (.TEM) file,
together with the material number and
eventually a value for the residual stress.
Assumptions for beam elements are:
e the Bernoulli hypothesis is considered,
i.e. the cross-section remains plane
under bending moment
e plastifications are only considered in
the longitudinal direction of the
member, i.e. uni-axial constitutive
models
¢ non-uniform torsion is considered (3D)
In the input (.IN) file the number of inte-
gration points has to be provided. These
points are defined according to the scheme of
Gauss. For each beam element and at each
(Gaussian) integration point, the following
quantities can be printed:
e internal forces (normal force and
bending moment)
e the stresses in each fibre
e the tangent modulus (in the linear
range: the modulus of elasticity)
By a linear interpolation from the integration
points to the end of the element, the bending
moment will be nearly exactly equal to 0 at
simple supports.

Shell element

The shell element is described by it’s four
nodes. These nodes determine the local
reference frame of the element. Each node has
six degrees of freedom: three translations and
three rotations.

There are four points of integration on the
surface of the element, placed according to
Gauss’ method. The choice of the number of
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integration points on the thickness has to be
made by the user, from 2 to 10, and the
integration is also by the method of Gauss.
It is also possible to provide different layers of
rebars with varying cross-section, material
and angles between the bar direction and the
local x-axis. Because the present investigation
is limited to steel members and no rebars are
used, this possibility is not further explained.
A detailed theoretical description about the
development of the shell element, together
with some verification examples, can be found
in Talamona & Franssen [2005].
The quantities available for print in each
element for each surface integration point are:
e stresses (normal and shear stresses) for
each integration point over the
thickness
e stress resultants (membrane forces and
bending moments), together with the
principal values and angle
e membrane and bending stiffnesses
In structures with non-rectangular shell
elements like a cellular beam, the local
reference frame is different for each element.
Because most results are expressed in this
local frame, which does not coincide with the
global reference frame, most values are not
easy interpreted.
The principal stress resultants, in combination
with the corresponding angles, can be used
anyway as they are independent of the chosen
reference frame.

o hodes
= points of integration

Figure 7.3  Shell element
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7.2.3 Material laws

Material properties are already included in
the SAFIR code. They are defined according to
the Eurocodes for both steel and concrete. The
degradation of the material properties with
increasing temperatures is also incorporated,
For each group of elements, a different
material can be specified. It is also possible to
provide a user-defined material. Such a
material may be linear-elastic, bi-linear, plane
stress, with or without the Von Mises
criterion, it may have different compression
and tensile strengths (for concrete) or it may
even not able to carry any load at all (useful
for insulation materials, whereof only the
thermal properties are of interest).

For shell finite elements the material law for
steel according to the Eurocode has been
adapted for the two-dimensional material
model: plane stress, Von Mises, with non-
linear isotropic hardening. Contrary to beam
elements, whose material law is one-
dimensional (uniaxial deformation of the
fibres), an additional parameter is required to
be introduced by the user: Poisson’s ratio v .

7.2.4 Safir Shell

For practical purposes, an interface to the
SAFIR executable was developed. This
interface, designated Safir Shell, allows the
user to specify a number of input files at one
go. The files are then processed in the given

[ i

File Analysie Tools Help

Safir Path: |C “\Program Files\Diamond‘nomal

Fils Nams [ Status [ Add
C:AFEM calculations'\Parameter study'/Global bucklingt|PE140s02-half-2e-LFXin  Running
C:\FEM calculations®.Parameter study'Global bucklingPE140s02F-half-Ze-LFXin Delete
C:\FEM calculations'\Parameter study'Global bucklingIPE haff-Ze-LFXin Cioar
C:\FEM calculations'\Parameter study'Global buckling', \PEMW.EFhaH -Ze-LF¥in _

Going in SHELL elements

Norme of the incr. energy : 0.265E-03
Norme of the total energy : 0.599E+01
Criterium of convergence :0.000044
time = 60.00000 sec.

Going in BEAM elements

Going in SHELL elements

Norme of the incr. energy : 0.000E+00

Norme of the total energy : 0.539E+01

Criterium of convergence :1.000000

Going in TRCHOL j
-

[SafirVer 20046, 21022005 | 17% 4
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Figure 7.4  The Safir Shell interface

order. Thus the need to start each analysis by
hand is avoided and several subsequent
analyses can be carried out automatically, e.g.
run a temperature analysis first, and then use
the results for the next structural analysis.

7.3 Pre-processors

7.3.1 Introduction

While it is possible to predict the structural
behaviour considerably more accurate by
advanced modelling, it still takes a lot of time
to build a proper finite element model,
including boundary conditions, loads and
input for the thermal analysis, if required.

In order to facilitate this task for single-span
cellular beams, the pre-processor Crystal Pro
was developed for ARBED (merged into
Arcelor, now ArcelorMittal). Furthermore a
pre-processor to generate a finite element
model for portal frames made of cellular
beams is still under development.

7.3.2 Crystal Pro

This pre-processor allows the easy generation
of a finite element model of a (composite)
cellular beam to simulate the behaviour in
case of fire. It basically divides a cellular beam
into panels related to the web configuration.
The web panel types that are possible are:

e plain sheet panel

e panel with circular opening, that is

either filled or not
e panel with half a circular opening, that
is either filled or not

All data, including the dimensions and
thicknesses of the different plate parts, the
number of panels and stiffeners, boundary
conditions, anti-buckling supports, material
properties, loading, fire exposure conditions,
type of analysis etc. have to be provided in a
single (.DAT) file. The format of this file is
described in the User’s Manual [Crystal Pro].
Together with information about the number
of finite elements to be used on each panel,
the executable can build the (.IN) and (.TSH)
files needed for calculation in SAFIR.
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Using the Crystal Interface to Crystal Pro, all
data can be entered step-by-step in a user-
friendly graphical interface (see below). It also
allows to import a (.CLB) file created with the
software tool ARCELOR Cellular Beams,
which contains all beam data, the supports
and the loadings. Thus the need to enter all
data by hand is avoided and the risk on errors
is reduced. The FE model allows the fire
engineering design of ACBs and a wider
range of beams (fixed supports etc.) can be
analysed than in the ACB program.
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Supports, loads, etc. are applied such that the
real conditions are met most closely.
Furthermore and most important, initial im-
perfections are modelled, consisting of a sine
over the profile’s height times a cosine over
half the beam length, thus enabling the failure
modes of web-post buckling and lateral-
torsional buckling to occur.

The amplitudes are based on extensive
measurements on produced ACBs, and
depend on the type of section, the size of the
web post and the support conditions.
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7.3.3 Mailleur Portique

In the framework of an internal research
project within Arcelor, another pre-processor
has been developed. The project aimed to gain
knowledge about the application possibilities
and limitations of cellular beams in portal
frame structures. However, due to a shift in
research priorities the project status is on
hiatus now.

In order to ease the generation of the finite
element model, the project started with the
development of a pre-processor for in-plane
(multi-storey) portal frame structures. This
pre-processor consists of a single executable,
called MPort4. As for Crystal Pro, all data has
to be entered in a single (.DAT) file. Basically
the input consists of a number of global
coordinates, and for each beam or column the
dimensions of the separate plate parts.
Furthermore it is possible to add intermediate
stiffeners, e.g. at joint locations. The pre-
processor generates a finite element mesh, the
(.IN) file, whereof the parameters (number of
elements placed on the height etc.) have to be
entered in the input file.

The pre-processor is still in a beta-phase. No
user interface is available yet and the only
documentation is in the form of a sample
input file with elucidatory comments. It does
generate a finite element mesh, but quite a lot
of modelling afterwards is still required
before the analysis can be run.

At present the supports and loadings have to
be added by hand. Furthermore no imper-
fections, either global or local, are taken into
account and some errors were encountered
also. Some of these are easily corrected (e.g.
the timestep parameter is limited to an
integer), but others require due attention: the
thicknesses of some plate parts are set to zero,
web panel nodes do not always match with
the nodes of stiffener plates and masses are
generated only for the first few elements.
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When these issues are properly addressed
afterwards, the pre-processor can be used to
analyse portal frame structures.

In principle it is possible to enter an arbitrary
number of nodes (global coordinates), so
multi-bay portal frame structures can be
processed by MPort4 as well. However, the
non-dynamical memory allocation in SAFIR
itself, at the start of the analysis, limits the size
(i.e. nodes/elements/blocks) of the problem.

7.4  Post-processor Diamond

In finite element analysis it is essential to be
able to have different ways to check for errors.
The post-processor Diamond provides a
means for this. It allows to check the input
data (mesh view, modelling of supports,
loads, etc.) and it can visualise the results that
are stored in the (.OUT) files. The viewpoint
can be changed and a selection can be made
so that only certain elements/nodes/materials
are shown (e.g. to make cut a section).
Depending on the type of analysis and the
quantities that have been stored, it is possible
to plot the temperature distribution, defor-
mations, generalised stress diagrams (axial
and normal force as well as the moment
distribution) and shell stress resultants.
Furthermore charts can be generated to show
the evolution of displacements, bending

moments, etc. as a function of time.

Figure 7.6  Deformation plot in Diamond
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8 GLOBAL BUCKLING OF CELLULAR MEMBERS

8.1 Introduction

Cellular members have been used extensively
in floor and roof applications. As such beams
are primarily loaded in bending, all previous
test programmes were designed to investigate
the response if loads are applied perpen-
dicular to the beam’s system line. Of course
some additional normal forces (due to wind
loads) may occur in beams, but these will
normally not dominate the behaviour.

On the contrary, when cellular members are
applied as columns the normal load will
govern the element’s behaviour, while
bending due to transverse loads plays an
subordinate part.

As no experimental evidence is available on
the flexural buckling behaviour of cellular
members, numerical investigations were
carried out with the next objectives in mind:
e to verify the similarity of global
flexural buckling of cellular members
when compared to plain-webbed
members, and to provide easy-to-use
design expressions for checking the
buckling capacity of cellular columns
e to study the influence of the applied
axial force on the web-post buckling
failure mode

The current chapter present the set-up and
results of an extensive parameter study made
in order to confirm theoretical results and to
validate an easy rule for determining the
flexural buckling capacity of cellular columns.
Ample attention is given to the modelling of
the structure with its supports and the way in
which the loads are applied together with the
imperfections in use.

In the next chapter the results of the investi-
gation to the influence of an axial force on the
web-post buckling behaviour are discussed.

8.2 Theoretical analysis

While cellular beams have been researched
quite extensively, no information is available
regarding specific studies to the behaviour of
cellular columns. However, for castellated
beams it has been shown that the lateral-
torsional buckling behaviour is similar to that
of plain-webbed beams.

Therefore it was expected that the global
buckling behaviour of cellular columns is also
similar to that of standard hot-rolled sections.

The easiest method to deal with the reduction
in flexural stiffness of a cellular column due to
the presence of multiple web openings, is to
use the properties of the net section at the
location of an opening in the formulae that are
valid for a plain-webbed section.

The slenderness for flexural buckling reads:

[N
NCI‘
where:
Npl = Afy
2
N, - NEEI

The amount by which the plastic capacity of the
net section is reduced is independent of the
buckling direction considered.

However, the amount by which N, is
reduced — which is directly related to the
reduction factor for buckling y — does depend

on the buckling direction that is considered.

For buckling in the weak direction the weak
second moment of area I, applies. This

quantity is hardly affected by the presence of
a web opening and so N, remains almost

unchanged.
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Therefore the slenderness A =, decreases
with increasing opening diameter, thereby
increasing the reduction factor =y, .

However, it turns out that for practical
dimensions the reduction in net area outweighs
the increase of the reduction factor for
buckling, and so the global buckling capacity:
Nb,Rd,z = Xz : N

pl

is effectively reduced indeed due to the
presence of web openings.

The second moment of area Iy of the net

section, which applies for flexural buckling
about the strong axis, is also reduced, but to a
stronger extend than I,. Therefore qualitatively
the effect of the web openings (a reduction) is
the same as for buckling in the weak direction.
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Nevertheless, quantitatively there is an major
difference. For a pinned-pinned column that is
not braced at intermediate locations and
whereof thus the buckling lengths in both
directions are equal, the slenderness A, in the
weak direction will be much higher than the
slenderness A, in the strong direction.

With increasing slenderness the influence of
the opening diameter becomes less apparent,
as not the pure axial capacity but the buckling
factor becomes the governing parameter.

So it follows that the buckling capacity in the
strong direction will be much more affected
by the presence of web openings than the
capacity in the weak direction, because of the
already high reduction factor for flexural
buckling ¥, in the case of buckling about the

strong axis.

600 &0 L {m]

&
600 g L[m]

d_[rmrn]

5 10 15 20 25 30 3 40 45 A0
L [m]

Nb‘z

d_[rmrn]

Lm]

Figure 8.1  Influence of the opening diameter on the buckling load of a cellular beam
Example for a cellular beam cut from a IPE330 profile with h = 500mm.
Top: buckling in strong direction. Bottom: buckling in weak direction.
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8.3 Finite element model

8.3.1 Introduction

The main goal of this part of the numerical
investigation to the behaviour of cellular
beam-columns, is to confirm the hypothesis
that the global buckling behaviour does not
qualitatively differ from that of plain-webbed
columns. A further objective was to validate
the easy approach described above to the
verification of the global buckling capacity of
cellular columns based on the net-section
properties, and to determine its accuracy.

The focus of the research being aimed
primarily at global buckling behaviour,
numerical simulations have been performed
on cellular members loaded axially only.

The finite element tool that was used to
perform the calculations, SAFIR, has been
described in Chapter 7 already. In the next
subsections the modelling of the supports, the
applied imperfections and the way of load
application are explained.

8.3.2 Support conditions

Flexural buckling of a pin-ended strut is
commonly regarded as the most elementary
case for flexural buckling of a single column.
It would therefore be reasonable to investigate
this specific case.

In 2D finite element simulations using beam
elements this is quite easy to achieve. At the
supports, only the translations have to be
prevented (i.e. prescribed value equal to zero),
while rotations are allowed to occur freely.
However, in a full 3D analysis using shell
elements a correct modelling of pinned
supports is far more difficult to obtain.

In plain-webbed columns the flange area
constitutes the biggest part of the total area of
a cross-section. For cellular columns this holds
even more. Therefore the largest part of the
axial force will be carried by the flanges.

3
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Finite element modelling o
pinned supports for beams

Figure 8.2

In order to transmit this force to its supporting
structure, whether it be a beam, another
column or the foundation structure, the nodal
points representing the flanges thus have to
be fixed axially.

The prime difficulty then is that the fixation of
the flange nodes automatically prevents the
rotations of the cellular members at the
supports, about both axes. This cannot be
avoided even partially by fixing the web only,
as high local deformations due to the force
transfer from the flanges to the web would
then limit the ultimate capacity, and the
column would fail even before reaching its
flexural buckling capacity. The goal being to
investigate global member buckling, such
local failures have to be prevented.

For beams this problem also exists, but to a
lesser extent. At the supports the primary load
transfer is by shear, which is carried mainly
by the web. When investigating practical
applications — in which sense SAFIR is used
mostly at ArcelorMittal’s offices — the
modelled supports have to resemble practice
as closely as possible. In Figure 8.2 the
fixations applied by Crystal Pro for a pinned
fork support are shown.
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Figure 8.3

Failure behaviour when equal
displacements are prescribed
for each flange

Still when performing numerical analyses to
investigate the theoretical problem of lateral-
torsional buckling it may be a problem that
the rotation about the beam axis is also partly
restrained by this way of modelling.

A workaround is to add stiffening elements,
like beam elements which connect the flange
nodes and the web nodes respectively, see for
example Maljaars et al [2004].

Comparatively one may think of methods to
overcome the described problem for simply
supported (pinned-pinned) columns.

Firstly, just like for beams (i.e. members in
bending) beam elements can be added to the
end cross-sections. This approach however
was not applied in the present investigation,
as it requires a lot of manual adaptation of the
automatic generated finite element mesh,
together with a thorough evaluation of the
geometric properties which should be
assigned to these connecting elements.

Secondly, thick plate elements can be added as
stiffening elements. It is a fairly easy method
as the thickness of the stiffener plate is just
one parameter which can be directly edited.
Nevertheless he limits of application of the
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shell elements have to be kept in mind. By
definition the thickness of a shell element is
far less than the two other dimensions and so
should be the thickness of the stiffening plate.
Moreover in the SAFIR formulation for the
shell element, no shear transfer is allowed in
the out-of-plane direction, thus the element is
not suitable to very thick end plates.

Thirdly, an attempt has been made to model a
pinned support by prescribing that the beam end
rotates as a whole. This can be implemented by
using the SAME command. Each degree of
freedom, e.g. the displacement of a certain
node, can be defined to be equal to that of
another node. However, this approach also
has its problems.

For example, it is straightforward to prescribe
equal displacements for all nodes at the beam
end that are connected to one particular
flange. But then, the support will actually
behave as clamped in the out-of-plane
direction. Therefore the approach with equal
displacements can only be applied to
problems where only an in-plane response is
expected and/or possible. Even then this
additional support may be unwanted.

Furthermore, due to load introduction at the
flanges, the beam end will deform heavily (see
Figure 8.3). As the web is not stressed, it does
not deform along with the flange. Therefore in
addition equal displacements for every single
node-line have to be prescribed. And still this
would not suffice as the end plate is not
forced to rotate as a single body (which is
what happens in elementary beam theory).

For that reason it is necessary to enforce that
all rotations of the end plate are equal also.
Even then the behaviour is not satisfactory.
It's even more difficult to model a support
that really behaves as pinned in both
directions, as no equal displacements can be
prescribed for each node-line anymore.
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Fourthly, it has been considered not to model
these pinned supports as such, but instead to
fix the middle of the member and to apply
symmetry conditions for the ends. Although this
approach seems attractive, it was not applied
as it turned out that applying symmetry
conditions is very costly in terms of
computing time. Furthermore the results of a
few preliminary calculations by this approach
differed up to 10% from the expected
theoretical result, where the method described
next proved more successful.

Finally, it was decided that in order to
eliminate all kinds of problems with trying to
model a pinned support, not a pinned-pinned
column, but one with clamped supports would
be analysed. Therefore all rotations have been
fully restrained at both sides. This implies that
the elastic buckling length of the member is
not equal to the system length anymore.

In order to acquire the same slenderness the
beam length thus has to be increased, which
requires additional computation effort.
However, for symmetric problems like a
column only loaded by an axial force, it is
possible to define a symmetry condition half-
way the beam. Thus the model size and the
computation time are reduced considerably.

8.3.3 Use of imperfections

When performing finite element calculations
to determine ultimate loads for the flexural
buckling mechanism, the use of the
appropriate shape and size of imperfections is
of primary importance. Usually equivalent
geometric imperfections are applied, which
account for the combined effect of:

e geometrical imperfections of members
as governed by geometrical tolerances
in product standards or the execution
standard

e structural imperfections due to
fabrication and erection

e residual stresses

e variation of the yield strength

TUDelft
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For a column loaded by an axial force only, a
sine imperfection over the length (in one or
both directions) constitutes the most
appropriate shape, as it represents the worst
possible condition (initial bow). In the present
investigation this shape was adopted also,
although ultimately fixed supports were
applied. Preliminary tests showed that the
obtained results differ less than 0.1 percent.
The amplitude of the equivalent imperfection
depends among others on the fabrication
tolerances. For ARCELOR Cellular Beams the
relevant tolerances for flexural buckling are
given in Figure 8.4.

It can be seen that for more stocky sections the
deviation from the perfect straight member is
most severe. Furthermore the residual stresses
will be larger in stocky sections as the cooling
down phase will take a longer time.
Therefore, if residual stresses are explicitly
modelled in finite element analysis the Dutch
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steel standard requires a more severe residual
stress pattern to be applied for stocky sections
than for more slender sections. The transition
for which this stress pattern applies, was set
on the value h/b =1.2 (see Figure 8.5), and

this value has been adopted in the current
investigation also.
The same limit value of h/b =1.2 is also used

in Eurocode 3 in the table for the selection of
buckling curves. The prescribed initial local
bow imperfections in EN1993-1-1 are based on
the applicable buckling curve, and thus it
appears that EN1993-1-1 uses the same value
for the transition limit (h/b =1.2) for the size

of the initial imperfections.

In 3D problems modelled using beam
elements the imperfection has to be applied
for both directions. Normally no extra
torsional imperfection is needed, even not
in lateral-buckling simulations.

Both effects of geometric and material non-
linearity have been combined in the so-called
equivalent geometric imperfection. Therefore
the amplitude of the imperfection is not
determined directly from the tolerances, but a
simple rule is used that relates the size of the
imperfection to the member’s characteristic
buckling length.

In beam finite element models that take
account of both geometric and material non-
linearity it is common use to apply a sine
imperfection with an amplitude equal to
1/1000 of the member’s length:

e =¢/1000
This is somehow less than the design values
for initial local bow imperfections as given in
EN1993-1-1 Section 5.3 (EC3 Table 5.1).

It turns out that these values in EC3 are too
conservative when a more advanced
modelling is applied. The explicit modelling
of residual stresses already belongs to such
‘more advanced’ methods.
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Table 8.1 Imperfection amplitudes
h/b<1.2 h/b>1.2

weak 2.0-L/1000 1.5-1L/1000

strong 0.25-L/1000  0.25-L/1000

The limits in EC3 are primarily geared at finite
element models using ‘standard beam
elements” without explicitly modelling the
‘fibres’. This suffices for most applications
used in daily practise, but in parameter
studies is has become common use to
discretise the cross-section by modelling the
fibres itself, as it is a far more convenient way
to take into account residual stresses and
material non-linearity (plasticity).

The initial imperfections given by EN1993-1-1
are equivalent geometric imperfections
however, allowing for the effects of the
residual stresses already.

Even more conservative is the use of these
equivalent imperfections in finite element
calculations using shell elements.

Finite element models using 3D shell elements
are already more sensitive to imperfections
than models with beam elements. Therefore
first a number of test runs were performed to
determine a suitable imperfection amplitude.
The goal has been to acquire finite element
results for plain-webbed beams that match the
prediction of the buckling load according to
EN1993-1-1 Section 6.3 as close as possible.
These values were taken to be representative
for the true ultimate load, as it concerns a
fairly basic case which has been researched
extensively in the past and thereby has lead to
rather accurate design expressions.

It appears that to initiate global buckling in
the weak direction an amplitude

e =1.5-L/1000
suffices for most cases. This value accounts for
all kinds of imperfections, geometric and
material, except an inclination of the column
(sway imperfection).
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When the lateral movements are prohibited,
only a small imperfection is needed to initiate
buckling in the strong direction:

e =0.25-L/1000
These imperfection amplitudes are
summarized in Table 8.1.

Furthermore it was mentioned already that
for finite element modelling of the web-post
buckling the initial imperfections over the
web are of primary importance.

The basic finite element mesh was generated
using the pre-processor Crystal Pro.

3
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This proprietary program applies a web
imperfection that consists of a sine over the
profile’s height times a half cosine bow over
the beam length. Figure 8.6 shows an exag-
gerated view of this imperfection, together
with its distribution over the beam length.

The imperfection to initiate global buckling
was applied manually afterwards by
modifying the generated (.IN) file by a shift of
the nodes according to its position along the
length of the column and the appropriate
imperfection amplitude.

©
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Figure 8.6

Web-post imperfection for an ACB cut from IPE330 as applied by Crystal Pro.

Sine over the height (upper right), half cosine over the length (bottom).
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Load application by one
single point load

Load application at web
and flanges

Load application at flanges

Figure 8.7

8.3.4 Load application

In the preliminary stage of the research it was
also investigated how to apply the axial loads
at best, such that the global behaviour is not
affected. As the axial load has to be trans-
mitted mainly by the flanges, the introduction
of this load should match the corresponding
stress pattern as close as possible. Therefore
the axial force cannot be introduced simply by
one single point load. Besides causing a severe
local deformation of the beam end, this would
nevertheless introduce a disrupting additional
stress flow from the point of load application
to the flanges.

Probably the best option is to distribute the
load over the section minus the web hole area
according to their respective areas:

bt,
Nfiange = Aldr Ny
d.t,
Nweb outstand A_’ET ’ NEd
NEd = 2 (Nﬂange + Nwebpart )

However, as the area of both flanges easily
constitutes more than 75% of the total area at
an opening location, for convenience the loads
were applied to the flanges only.

No deviating behaviour due to this way of
load application has occurred throughout.

Several ways of axial load introduction

8.4  Parameter study

8.4.1 Set-up

The main concern in the part of the research
that is presented here, has been to verify
whether a simplified design rule applies to
determine the flexural buckling capacity of a
cellular column, based on the section
properties of the net section.

In order to maximise the possibility of
occurrence of deviating results due to the
presence of web openings, the opening size
was maximised for each section analysed,
while at the same time the web-post width
was minimised (within the fabrication limits).

Five hot-rolled sections were selected which
served as base profiles for as much cellular
beam-columns. Thus the whole range of
available standard hot-rolled sections has
been covered. The dimensions of the analysed
ACBs are given in Table 8.2.

The precise choice of the dimensions of the
sections was made using the program
ARCELOR Cellular Beams (as described
earlier). This ensures that all geometric limits
are met, and enables the resulting file (.CLB)
to be imported into the pre-processor Crystal
Pro, for easy mesh generation. Furthermore
the relevant imperfection for web-post
buckling is added automatically.
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Table 8.2  Section data of the cellular beams analysed (dimensions in mm)
base profile IPE140 IPE330 IPE600 HE200A HE650M
base height 140 330 600 190 668
opening diameter 97 427 787 196 877
resulting height 172 535 984 276 1097
flange width 73 160 220 200 305
flange thickness 6.9 11.5 19 10 40
web thickness 4.7 7.5 12 6.5 21
root radius 7 18 24 18 27
web-post width 50 50 62 50 70
ratio height expansion 1.23 1.62 1.64 1.45 1.64
ratio area 0.746 0.589 0.533 0.786 0.603
ratio I, 0.959 0.862 0.832 0.952 0.866
ratio I, 0.998 0.998 0.997 1.000 0.996

As the Crystal Pro pre-processor is aimed at
cellular beams, it does not apply an initial bow
imperfection to the member. However, this
imperfection is needed to enable the onset of
geometrical non-linear behaviour. Therefore
the input files were edited by hand afterwards
to apply a sine imperfection along the beam
length, see section 8.3.3.

For each section at least 4 x3 beam-columns

with different lengths were analysed. These
lengths have been chosen such that the non-
dimensional slenderness of the member with
respect to the gross section (i.e. at a web-post
location) successively was equal to:

e 1=0.2 (limit for onset of buckling)
e L=0.6 (intermediate value)
e L=14 (quite high value)

It is noted that this choice for the gross
slenderness implies that the net slenderness is
somewhat less, because the net area decreases
due to the presence of the web opening while
the second moment of area is hardly affected.
Therefore in the graphs in the next subsec-
tions, the bar representing the result for the
net section is placed somewhat to the left of
the bar representing the result for the gross

section with the same length. This shift can be
remarkable: e.g. for base section IPE600 with
L. =1.4 for the gross section, this slenderness
becomes about A, =1.0 for the net section!

The ultimate load capacity of a fixed-fixed
column subjected to an axial force was
determined for the beam-column with and
without web-openings, for each of the three
chosen slenderness values. This analysis was
made both for buckling about the weak axis
and for buckling about the strong axis.

The analyses for the beam-columns with
uniform section (without web-openings, thus
referred to as the gross section) were made in
order to be able to assess the accuracy of the
analyses by comparing the results with the
buckling capacity according to Eurocode 3.
These analyses thus amount to 2x2 analyses
per slenderness value.

For some cases other slenderness values
(like & =1.3) were analysed also, when it
appeared that — due to software limits — the
analysis could not be made in a completely
analogous way for a slenderness equal to
L=14 (i.e. with a very large length of the
member, thus with many nodes and
elements).
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However, it was possible to reduce the
number of horizontal restraints — by which the
memory usage of the FEM model is reduced,
as for longer beams the spacing between these
support can be reduced without affecting the
failure mode of flexural buckling.

The beams with uniform section have been
modelled in two different ways:

e using filled openings ('F")
e using a rectangular mesh ('R’)

In most cases the more refined mesh was used
with added filler plates (‘F’) for the web holes.
As this sometimes caused the mesh to go
beyond the limits of the version of SAFIR
used, some analyses were made using a
rectangular mesh (‘R’) — which requires less
elements and nodes.

For each section, the results of the runs with
slenderness values which are common for all
sections (i.e. L =0.2, L =0.6 and A =1.4) were
compared to the predicted EC3-buckling
capacities, which are referred to as the
100%-values. For the cellular members the
EC3-buckling load was calculated using the
method as described in section 8.2, based on
the dimensions and properties of the net
section at the location of a web opening.

In order not to bias the comparison of the
EC3-buckling load with the computed FEM-
result, the calculation of the EC3-buckling
loads was performed using the FEM modelled
dimensions instead of using (exact) tabulated
dimensions for the base profile.

The difference between the ‘tabulated
dimensions” and the FEM modelled
dimensions is caused by the fact that in the
FEM model, the section is modelled by the
centrelines of the flanges and the web. This
implies that the overlap of the web area and
the flanges is double-counted. On the other
hand, the root fillets are not modelled at all.

A
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Figure 8.8 Differences between ‘tabulated
dimensions” and FEM model for
base profile HE200A
Left : A=4668.1mm’

Right : A =4455.0mm’

See for illustration Figure 8.8 above, for base
profile HE200A. This observation holds both
for the section with and without web holes.

The neglect of the root radii can have different
effects, and is related to the geometrical
properties of the base section (flange and web
thickness, radius of the fillets).

The geometrical quantities like area, second
moment of area and radius of gyration, may
either increase of decrease, depending on
whether the double-counting of the part of the
web that overlaps the flanges, outweighs the
reduction in area caused by neglecting the
root fillets.

For the net section, these differences vary from
about 95.5% t0102.5% of the quantity based
on the ‘tabulated dimensions’, see Figure 8.9.

The combined effect on the ultimate buckling
load also depends on the slenderness, which
in turn affects the buckling factor y . Due to
the hyperbolic nature of the relationship
between this factor y and the slenderness A
(which itself is non-linearly influenced by the
ratio between the second moment of area, and
the area itself), the total effect on the ultimate
buckling load N, g4 =% N, =y A-f, isnon-

linear also.

This is illustrated in Figure 8.10, from which it
can be seen that for the net section the

96

Part II



A

ArcelorMittal

influence varies from about 95.0% t0101.0%
of the quantity based on the “tabulated
dimensions’.

It is noted furthermore that while the
comparison has been based on the FEM
dimensions, the beam lengths are determined
such that exactly 2=02,1=0.6 and L=14,
based on the ‘tabulated dimensions’.
Consequentially these non-dimensional
slenderness values are no longer equal to

]
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respectively 2=02,2=0.6 and L =14, but
these values have been altered somewhat.
These changes have been considered
throughout in making the comparison.

The analyses being performed for buckling
about the weak axis are designated as w02 for
buckling about the weak axis of a beam with
slenderness A =0.2, etc. Accordingly the
analyses performed for buckling about the
strong axis are designated s02 etc.

Ratio of geometrical properties as used in the FEM-model over tabulated values - net section
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IPE140 IPE330

IPE600 HE200A HE650M

Figure 8.9 Geometrical properties according to the FEM-model vs. tabulated values (net section)

Ratio EC3-predicted load using FEM-modelled dimensions over EC3-predicted load using tabulated dimensions - net section
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Figure 8.10 Comparison of the EC3-predicted ultimate buckling load based on the net section
properties with dimensions according to the FEM-model vs. tabulated values
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The abbreviation LFX which is used in the
filenames stands for laterally fixed (i.e. against
lateral buckling).

From the comparison of the results for the
cellular member and the plain-webbed
member, it could be verified whether there is
an influence of the presence of web openings
on the global buckling mechanism, and the
proposed method for calculating the global
buckling resistance could be tested.
Generally the results from the FEM analysis
were more or less equal to the predicted EC3
result. However, sometimes additional lateral
supports were needed to prevent local
buckling to become the failure mechanism.
Nevertheless, in a few cases some kind of
local plate buckling could not be averted.

In the following subsections the results for
each base profile are discussed. The complete
results are presented in Annex B by means of
load-deflection graphs and tables for each
analysis performed, together with
explanations there where required.

If not mentioned otherwise, the default steel
grade is 5235 throughout this section.

8.4.2 Base profile IPE140

The minimum depth of the base profile for an
ACB is 140 mm, because of fabrication limits.
Therefore an IPE140 is the smallest possible
section from the IPE-range.

In total 16 different analyses have been
performed for beams using this base section.
The results of the runs with the slenderness
values which are common for all runs (i.e.
1=02,1=0.6 and A =1.4) are presented in
Figure 8.11, together with the curves depicting
the flexural buckling capacity according to
Eurocode 3. These predicted EC3 buckling
capacities are referred to as 100%-values, to
which the FEM results are compared. In the
Annex also results are presented for A =1.3
(3x) and for a rectangular mesh for s02 (1x).
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That the failure mechanism is indeed flexural
buckling was inspected by observation of the
deformed configuration as well as by
inspection of the load-deformation behaviour
until the moment of collapse (ultimate load).

In Figure 8.12 this is illustrated for a beam
with slenderness A =0.2, which is not
supported laterally in between. As an initial
lateral imperfection was applied to the beam,
it displaces sideways with increasing axial
load. The load displacement diagram is
shown for the upper middle node. After each
load increment, the response is determined.
The FEM simulation stops when the system of
equations cannot be solved anymore for the
increased load. The ultimate load then is
defined as the load that was applied in the last
successful performed run.

One first observation that can be made from
the bar graphs is that the FEM ultimate loads
of both the cellular section and the plain-
webbed section indeed show a qualitative and
quantitative similarity with the predicted EC3
buckling loads, using the method as described
in section 8.2: EC3 buckling load on basis of
the properties of the net section at the location
of an web opening.

Furthermore it can be seen that the difference
between the EC3-predicted value and the
FEM result for the net section is more or less
proportional to the difference between these
values for the gross section.

For example: the result for w06 (net section)
lies approximately 6 percent above the
predicted EC3 value, and so does the result
for wO6F (gross section).

The similarity is not for all tested sections as
pronounced as for this particular one, but in
global terms the results are proportionally.
When the result for the gross section is below
the predicted EC3 value, so is the result for
the net section, and vice versa.
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Figure 8.11  Flexural buckling loads for ACBs cut from a IPE140 section with/without web holes
Table 8.3  Relative error of buckling loads for ACBs cut from a IPE140 section with/without web holes
IPE140 w02 w06 wl4 s02 s06 s14
gross net gross net gross net @ gross net gross net gross net
EC3 419.1 312.0 351.1 2735 160.5 148.0 419.1 312.0 373.0 2855 1752 158.9
FEM 4144 3133 3749 2918 167.6 1621 4165 3122 4092 3034 2063 194.6
Al%] 11  +04 +68 +67 +44 +95 -06 +0.1 +9.7 +63 +17.8 +224

Another relationship that can be observed
most times, is that when for buckling about
the weak axis the result for the gross section is
larger than that for the net section (as relative
to the predicted EC3 value), this is also the
case for buckling about the strong axis.

For example: for buckling about the weak axis
it is observed that the relative ‘error’ for w14
(net section) is bigger than that of w14F (gross
section). Similarly it can be seen that for
buckling about the strong axis the relative
difference is bigger for s14 (net section) than
for s14F (gross section).

These observations confirm the expected
behaviour. After all it is reasonable that the

behaviour of a section that is modelled in FEM

once, is similar for buckling in either of the
directions (at the same slenderness).

A last observation is that for the lower
slenderness values the deviation from the
predicted EC3 value turns out to be lower
than for sections with a high slenderness.
This behaviour seems reasonable as well, as
the buckling curve tends to ‘runaway’ for
higher slenderness values. Therefore an only
small disturbance — either caused by the
numerical implementation, or by a possibly
somewhat too big initial imperfection —
already may have a rather big influence.

Concluding it can be said that for the more
commonly used range of slenderness values
(i.e. for A=0.2and A =0.6) it appears that
when the numerical results are compared to
the values predicted by the method as
described in section 8.2 — EC3 buckling load
using the properties of the net section, at the
location of an web opening — that:
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e the differences are either small (less
than 1.1%), or

e for larger deviations, the predicted
values (labelled EC3) constitute a safe
estimation of the ultimate flexural

buckling load

A
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These conclusions are supported by the
results given in Table 8.3. Consequently the
proposed method yields safe results for
columns cut out of a IPE140 section for the
tested range of slenderness values.
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Figure 8.12  Flexural buckling of an ACB cut from a IPE140 section, slenderness: A =0.6

Top left : Coloured view of the lateral displacement
Top right : Top view of the deformed configuration
Bottom : Load displacement diagram for the upper middle node
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Figure 8.13 Flexural buckling loads for ACBs cut from a IPE330 section with/without web holes
Table 8.4  Relative error of buckling loads for ACBs cut from a IPE330 section with/without web holes
IPE330 w02 w06 w14 s02 s06 s14
gross net gross net gross net @ gross net gross net gross net
EC3 1787 1035 1502 937 694 583 | 1787 1035 1589 958 741 578
FEM 1751 1047 1559 985 710 649 | 1776 1041 1741 1012 871 694
A%l  -20 +12 +38 452 +23 +113 -06 +0.6 +9.6 456 +175 +20.0

8.4.3 Base profile IPE330

The next section whereof the buckling
capacity was investigated, is based on an
IPE330 base section. With a resulting height
of 535 mm, this section is ‘medium-sized’,
referring to the whole range of possible ACBs
cut from an IPE base section. As such, it
served for a number of additional analysis, to
compare the results for differently modelled
meshes. A number of 18 different analyses
have been made to investigate the global
buckling behaviour of cellular members with
the aforementioned geometrical properties.

The results of the analyses with slenderness
values =02, =0.6 and L =14 are
presented in Figure 8.13 and Table 8.4.

In general terms the results for the current
base section IPE330 show the same charac-
teristics as the results for base section IPE140:

e for the small slenderness value 0.2 the

FEM result is slightly lower than the
EC3 prediction

for the medium slenderness value 0.6
the FEM result is less than 10 percent
above the EC3 prediction

for the higher slenderness value 1.4 the
FEM analyses return a fairly bigger
ultimate load capacity than predicted
by the EC3 method based on the net
section

These observations hold for buckling about
the weak axis, as well as for buckling about
the strong axis.

The 18 -2:(3-2) =6 extra analyses — on top of

the results summarised in Figure 8.13 and
Table 8.4 — were made for different reasons:
3x an additional analysis was made for
the plain-webbed section, so that that
the result of a mesh with filled holes
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could be compared against the result
of a rectangular mesh

e 2xadditional SAME commands were
defined in order to prevent prior
failure in a plate buckling mode
(for w02F-2e and s02F-half-2e-LFX)

e 1x the support conditions were
defined in the middle instead of at the
ends (for the w06 section)

Concerning the first point noted, it appears
that if the comparison is not troubled by prior
occurrence of plate buckling of a mesh, both
the mesh with filled holes and the rectangular
mesh delivers nearly the same result.

Indeed the additional SAME commands did
prevent the section to fail by plate buckling
before attainment of the flexural buckling
capacity, as confirmed by inspection of the
deformed configuration, see for illustration
Figure 8.14.

The extra analysis with different support
conditions, defined in the middle of the
member instead of at the ends, was made as a
check on the correctness of the modelling.
Now the load was applied to both ends.

As the ultimate load thus obtained agrees
with that of the usual modelling, it can be
concluded that no side effects are present due
to the fixations of the DOFs at the ends.

With respect to the aim of this part of the
numerical research, it thus turns out that:
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Figure 8.14 Displacement plots with

(bottom) and without (top)
additional restraints for an
IPE330w02F-2e section
(magnification: 100x)

the differences between the EC3
predicted values, and the FEM results
are either small (less than 2.0%) , or
for larger deviations, the EC3
predicted constitute a safe estimation
of the ultimate flexural buckling load

Diamond 2004 for SAFIR

FLE PE330W06 _wit_modied

Figure 8.15 Applied support conditions (left) and displacement plot (right) for an IPE330w06
section with modified support conditions in the middle (magnification: 100x)
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8.4.4 Base profile IPE600

The last base section from the IPE range
whereof the global buckling behaviour was
investigated, is an IPE600 — the biggest section
from the ‘normal’ IPE range. This time 28
analyses were carried out, meaning that some
28-2-(3-2)=16 extra analyses were made.

Partly these were required for excluding
failure mechanisms other than global buckling
of the whole member (i.e. by preventing these
to happen), but also quite a few additional
cases were analyzed. These results are also
discussed hereafter.

From the results presented in Figure 8.16 and
Table 8.5 a qualitatively equal behaviour
emerges as for the earlier tested sections.

e for the small slenderness value 0.2 the
FEM result is somehow lower than the
EC3 prediction
for the medium slenderness value 0.6

3
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the FEM result is less than 10 percent
above the EC3 prediction

for the higher slenderness value 1.4 the
FEM analyses return a fairly bigger
ultimate load capacity than predicted
by the EC3 method based on the net
section

The relative ‘error” of as much as -4.7% for the
result of the gross section of w02 is the biggest
relative ‘error’ on the unsafe side. However,
from analysing the displacement pattern at
the ultimate load it becomes clear that failure
still occurs due to plate buckling prior to
attainment of the flexural buckling load, but
in a higher mode due to the applied
additional restraint. It turned out that these
extra restraints were unable to prevent plate
buckling to happen completely, as is
illustrated in Figure 8.17 on the next page.

These figures show a coloured representation
of the lateral displacement Ux.
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Figure 8.16 Flexural buckling loads for ACBs cut from a IPE600 section with/without web holes

Table 8.5  Relative error of buckling loads for ACBs cut from a IPE600 section with/without web holes
IPE600 w02 w06 wil4 s02 s06 s14

gross net gross net gross net gross net gross net gross net
EC3 4686 2467 3930 2251 1804 1454 4685 2467 4167 2295 1948 1438
FEM 4466 2514 4185 2368 1814 1631 = 4657 2491 4575 2422 2290 1719
Al%] 47 +19 +65 +52 +05 +121 06 +1.0 +9.8 +55 +17.5 +195
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Figure 8.17 Lateral displacement Ux for IPE600w02F: failure in a plate buckling mode.
Left: without additional restraints; right: with additional restraining conditions.

In the left figure the displacement is shown
for the section without additional restraints.
The right figure shows the pattern again but
now with additional lateral restraints.
Instead of one big half period of a sinusoidal
displacement field, now a complete period is
shown — implying by the required additional
strain energy that a higher failure load is
obtained, as confirmed by Table 8.6.
However, the plate buckling mode still
dominates the behaviour, which explains that
the ultimate load value is below the EC3
predicted value for failure in a flexural
buckling mode of the I-shaped member.

The same behaviour has been observed from
an additional series of runs for a section with

a slightly higher slenderness value of 0.25, see
Table 8.7.

The results for the model with a rectangular
mesh show a similar behaviour and were not
investigated further therefore.

Also for slenderness value 0.6 plate buckling
played an important part, which could be
eliminated however by adding further
restraining conditions, see Table 8.8 and
Figure 8.20 and Figure 8.21.

For each section all results have been presen-
ted in such tables (and with accompanying
figures) in Annex B, from which these tables
are reproduced.

Table 8.6  Flexural buckling load for ACBs cut from a IPE600 section with slenderness 0.2

flexural buckling load [kN] EC3 FEM A [%]
IPE600w02F-2e 4685.9 4089.0 -12.7
IPE600w02F-2e_SAMEs_added 4685.9 4466.4 -4.7
IPE600wW02R-2e 4685.9 4075.9 -13.0
IPE600w02-2e 2466.6 2514.1 +1.9

Table 8.7  Flexural buckling load for ACBs cut from a IPE600 section with slenderness 0.25

flexural buckling load [kN] EC3 FEM A [%]
IPE600w025E-2e 4604.9 4100.7 -10.9
IPE600wW025F-2e_SAMEs_added 4604.9 4439.1 -3.6
IPE600wW025R-2e 4604.9 4035.6 -12.4
IPE600wW025-2¢ 2466.6 2498.5 -1.3
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Table 8.8
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Flexural buckling load for ACBs cut from a IPE600 section with slenderness 0.6

flexural buckling load [kN] EC3 FEM A [%]
IPE600wW06EF-2e 3974.8 3795.1 -4.5
IPE600w06F-2e_SAMEs_added 3974.8 4184.9 +5.3
IPE600wW06R-2e 3974.8 3791.0 -4.6
IPE600w06R-2e_SAMEs_added 3974.8 4214.7 +6.0
IPE600wW06-2e 2302.7 2367.6 +2.8

Table 8.9  Flexural buckling load for ACBs cut from a IPE600 section with slenderness 1.4
flexural buckling load [kN] EC3 FEM A [%]
IPE600w14F-2e 1804.2 1813.7 +0.5
IPE600w14-2e 1454.2 1630.8 +12.1
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Figure 8.19 Deformation plot for IPE600wO06F with additional restraints (magnification 50x)

For slenderness value 1.4 flexural buckling
turned out to be the governing failure mode,
even without additional lateral restraints.

The buckling behaviour of this member about
the strong axis turned out to be completely
similar: while for s02F plate buckling could
not be eliminated completely — as was the case

for wO2F — this was possible indeed for the

other tested slenderness values.

It is noted here that the results for s14 are
about 20% on the safe side. However, this

load is reached by a lateral displacement of up

to 1% of the member length — which will be
most often not acceptable in practice.
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Therefore, apart from the prior failure due to
plate buckling of the gross sections with
slenderness 0.2 (either with respect to the
weak or strong direction), these results
confirm that the EC3 method indeed yields
safe estimates of the flexural buckling load for
cellular sections cut from an IPE600.

As noted at the start of this paragraph, a
number of additional analyses has been
carried out for this section as well. These
amount to 16 extra analyses:

e 2x the usual analyses were performed
for slenderness A =0.25 (additional to
the slenderness values of A =0.2,
L=0.6 and A =1.4) in order to
investigate whether the plate buckling
even after adding additional restraints
could be prevented for this slightly
higher slenderness — these results have
been discussed before

A
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e 2x the usual analyses were performed
for a section with slenderness A =0.6
referred to steel grade S355 instead of
5235 — with no difference in behaviour
observed

e 3x an additional analysis was made for
the plain-webbed section, so that that
the result of a mesh with filled holes
could be compared against the result
of a rectangular mesh

e 8xadditional SAME commands were
defined in order to prevent prior
failure in a plate buckling mode

e Ix an investigation was made where a
cosine imperfection was applied
instead of the usual sine imperfection
shape (for the 502 section) — which
delivered a result that differs less than
0.1 percent with the section given an
sine imperfection
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Figure 8.20 Flexural buckling loads for ACBs cut from a HE200A section with/without web holes

Table 8.10 Relative error of buckling loads for ACBs cut from a HE200A section with/without web holes

HE200A w2 w06 wl4 s02 s06 s14
gross mnet gross net gross net | gross net gross net gross net
EC3 1346 1047 1134 9163 5280 493.1 1346 1047 1198 9529 561.8 511.6
FEM 1322 1039 1168 940.8 532.7 513.8 1338 1042 1314 1014 661.3 605.0
A [%] 1.8 -08 430 427 409 +42 07 -04 497 +64 +177 +183
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8.4.5 Base profile HE200A

Besides ACBs cut from IPE sections, two
sections for which a HEA section served as a
base profile were investigated as well.

The first one was a HE200A section, with a

h /b —ratio (of the base profile) of 0.95<1.2.
The second base profile was a HE650M, with a
h/b—ratio of 2.19 >>1.2, which is discussed
in the next subsection.

Due to the fact that profiles from the HE range
are more stocky than IPE profiles, and
therefore are less prone to buckling about the
weak axis, longer member lengths are
required to meet the pre-defined slenderness
valuesof A=0.2, =0.6 and L=14.

From Figure 8.20 and Table 8.10 it is clear that
for buckling about the weak axis the results
from the FEM analysis show quite some
similarity with the EC3 predicted values:

e the biggest deviation on the unsafe side
(for the net section) is only —0.8% , and

e the biggest relative ‘error’ on the
positive side is +4.2%

The first result (for buckling about the weak
direction), where the deviation is less for the
net section (—0.8%) than for the gross

section (—1.8%), indicates that the behaviour

even has improved something.

For buckling about the strong axis it is
immediately clear that the results are far
higher than the EC3-predicted values.

This may have been caused by an inadequate
choice of the initial imperfection.
Nevertheless, it is possible to compare the
results for the gross and the net section with
each other. Only for s06 a decrease from gross
to net is seen, for which reference is made to
the conclusive section 8.5.

Regarding s02 and s14 the conclusion is that
the EC3-predicted values constitute a safe

3
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lowerbound. The biggest error is only —0.4% .

Three additional analyses were made for this
section, for which the results are presented in
Annex B. There from it follows that:

e for w14 the whole member length
(instead of the half member length)
was modelled also with exactly the
same result as given in Table 8.10, and

e fors13 the results (+20.2% for both the
gross and the net section) resemble the
other results

Therefore, these results show that the EC3
method also yields safe estimates of the

flexural buckling load for cellular sections cut
from an HE200A.

8.4.6 Base profile HE650M

Another series of analyses was carried out on
cellular sections cut from base profile
HE650M. The results are displayed in both
Figure 8.21 and Table 8.11 on the next page.

In qualitative terms these results are similar to
those of base profile HE200A.

For buckling about the weak axis all results for
the cellular section are higher than the
predicted EC3-values, the biggest relative
‘error’ being +5.6% (on the positive side).

It turned out that for w02 it was necessary to
define extra restraining conditions to prevent
plate buckling to occur.

Again for buckling about the strong axis, a
considerably higher result was obtained than
predicted, which are probably caused by an
inappropriate (too low) initial imperfection,
though it’s noted that the lateral displacement
is quite high at the reach of this failure load.

It is therefore affirmed again that the method
of predicting ultimate buckling loads based on
the EC3-formulae applied to the net section,
yields safe estimates.
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Figure 8.21 Flexural buckling loads for ACBs cut from a HE650M section with/without web holes
Table 8.11  Relative error of buckling loads for ACBs cut from a HE650M section with/without web holes
HE650M w02 w06 wil4 s02 s06 s14
gross net gross net gross net gross mnet gross net gross net
EC3 10948 6622 9157 5946 4162 3570 | 10950 6622 9750 6120 4588 3648
FEM 10815 6700 9724 6280 4313 3979 | 10883 6654 10692 6424 5400 4275
A [%] -1.2 +12  +62 +56 +3.6 +115  -0.6 +05 497 450 +17.7 +17.2

8.5 Conclusion

From the results presented in the preceding
paragraphs for each base section, it follows
that the proposed simplified method for
checking the ultimate flexural buckling
loading capacity is safe, though sometimes
conservative.

The observed relative errors on the unsafe side
(i.e. less than zero) as compared to the EC3-
predicted buckling load, appeared to be
maximum for section IPE600w02F: —4.7% .
However, in this case it wasn’t global failure
that governed the member behaviour, as the
occurrence of plate buckling could not be
prevented completely.

Apart from this section (as the plate buckling
failure mode should be checked for separately
in design where relevant), the relative error on
the unsafe side was never greater than -2.0% .

Therefore the hypothesis that generally safe
results are obtained by the proposed method
for checking the flexural buckling load
capacity of cellular members by means of an
EC3-check based on the net section properties,
is confirmed.

This method sometimes returns admittedly
quite conservative predictions. As this occurs
especially for higher member lengths — with
large displacements — this might indicate that
the imperfection amplitude is not appropriate
for these high slenderness values.

However, the results are still valuable, as the
results for the gross and the net section can be
compared to each other. Thereby it is also
possible to assess the accuracy of the FEM
analyses. After all, only by this comparison it
can be determined whether the perforated
section behaves relatively better or worse than
the plain-webbed section.
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Comparison of relative errors between gross and net section
1.150
1.100 -
1.050 -
1.000 -
0.950 -
0.900 +
0.850 -
w02 w06 wl4 s02 s06 sl4
O IPE140 1.016 0.999 1.048 1.007 0.969 1.040
@ IPE330 1.033 1.014 1.088 1.012 0.964 1.021
O IPE600 1.069 0.988 1.115 1.016 0.961 1.017
O HE200A 1.010 0.996 1.033 1.002 0.970 1.005
B HE650M 1.024 0.995 1.076 1.011 0.957 0.995

Figure 8.22 Comparison of relative errors between gross and net section

Therefore in Figure 8.22 above the results of
this comparison are displayed, according to
the formula mentioned hereunder:

relative error for net section ~ 1+A

relative error for gross section 1+A

gross

whereby the relative error A should be
expressed as a number instead of a
percentage, i.e. A=A[%]/100.

From the figure, it is immediately clear that all
sections s06 behave relatively worse than sO6F.
However all s06 sections (with web openings)
performed better than expected (> +5.0%) on
basis of the EC3-prediction. The sections sO6F
(without web holes) performed still better
though (= +9.5%) . Therefore the main point of

interest here is that the plain webbed sections

behaved better in the FEM simulation than
expected. This somehow stiffer response
might be attributed to a too low initial
imperfection. It seems reasonable after all that
the perforated section behaves relatively less
stiff than the plain webbed section, as additio-
nally shear-type deformations can occur. Still
the results are on the safe side.

Almost all other sections behaved relatively
better, once even up to 11.5%. These large
values occur for the higher (weak) slenderness
values. It turns out that the sections with
openings performed far better than expected,
while the sections with filled openings just
performed satisfactory. It is interested to note
that for all w14 sections except HE200A an
imperfection factor for buckling about the
weak axis a, =0.21 instead of a, =0.34

would have resulted in a closer match.

Numerical research

109



A

ArcelorMittal

3
TUDelft

It is furthermore possible to state a few
general quantitative observations about the
comparison of relative errors:

e for buckling about the weak axis:
(wl4>w02>1)>(w06<1)

except for IPE330: w06 = 1.014
e for buckling about the strong axis:
(s14>s02>1)>(s06<1)

except for HE650M: w14 = 0.996

These exceptions are minor differences
however, order of magnitude 1.5%.

From the results presented in this chapter it
therefore follows indeed that the proposed
simplified method for checking the ultimate
flexural buckling loading capacity is safe,
though sometimes conservative.
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9 WEB-POST BUCKLING IN COMPRESSED CELLULAR MEMBERS

9.1 Introduction

In the former chapter it was concluded that
the global behaviour of axially loaded cellular
members is not notably influenced by the
presence of web openings.

As so far no experimental evidence is
available structural behaviour of cellular
members loaded in axial compression, the
next objective of the here presented research
has been to study the influence of an applied
axial force on the web-post buckling failure
mechanism.

The main difference in behaviour between
beams and columns lies in the presence of an
not-negligible axial (compression) force,
which might influence the web-post buckling
capacity.

As this concerns local buckling behaviour,
another model is required than that which
was used to study the global buckling failure
mode.

First an analytical analysis was made of both
described approaches for checking the web-
post buckling capacity, in order to evaluate
whether they can allow for the presence of an
axial force. This theoretical investigation is
followed — and affirmed — by the subsequent
numerical evaluation.

9.2 Theoretical analysis

9.2.1 LWO model

As seen in section 4.2.10 in the model the
loading is solely represented by the effective
shear force:

Vh,eff = Vh * 2Mh /do

which delivers the design compressive stress
in the narrowest part of the web-post:

Note that this stress is not the occurring
compressive stress but rather a design
quantity, for simplicity taken equal to the
horizontal shear stress. The effects of stress
concentrations are taken into account by the
calibration of the effective length of the web-
post used in the buckling model.

For symmetric cellular beams under bending
and shear force, the web-post moment M, =0
and the horizontal shear force at the centre-
line of the opening is given by:

M,-M, = Vys

V,=AT=T,-T, = =
h-2y, h-2y,

(The last equality in this formula is only exact
for a constant shear force).

If a constant normal force Ny, is applied to
the centre-line of a symmetric cellular beam,
the axial forces in the tee-sections will be
either increased or decreased:

Ny Mas Ny
h-2y, 2

but the difference AT =T, —T, will not change.
Therefore the horizontal shear force is not
affected. Neither is a web-post moment
introduced due to the (centrally) applied
normal force. It thus follows that according to
the LWO model the web-post buckling
phenomenon is not influenced by the presence
of an axial force.

The additional bending effect of an axial force
which is not applied to the centre-line of the
beam can be easily incorporated by a shift in
the bending moment line.
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Figure 9.1 Compression strut model for web-

post buckling in the LWO model

It must be noted however that this method,
which uses an effective length for the
compression strut in the web post, is only a
rough representation of the true behaviour.
The horizontal shear force V, is used only to
represent the compressive stress in the strut,
but the real stress state is quite complex.

In the development of the LWO model, the
effective lengths to be used, were calibrated
against a number of test results and finite
element simulations.

For these finite element simulations, a model
of a single web-post was subjected to only a
vertical shear force. As bending will utilise
some capacity of the flanges already, the part
of the axial load that is transmitted by the
webs of the tee sections will increase.

This effect is not accounted for in the LWO
model. In the calibration of the effective
lengths, compressive stresses in the web
occurred only due to the bending moment
caused by the vertical shear load.

Furthermore it is remarked that the LWO
web-post buckling model has been shown to
be rather conservative, with model factors
ranging from 1.19 to 1.90.

Therefore it is unlikely that the use of this
model will or can reveal (substantial)
differences in behaviour and capacity in the
finite element simulations.
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9.2.2 Arcelor's model

Just like for the LWO model, the main
parameter concerning the loading is the
horizontal shear force V,, wherefrom the

principal compressive stress o, ¢, at the

critical section is calculated, according to:

) 6M., .,
2, (1-4[d, /d,)

Ow,sd

in which for a symmetrical cellular beam:
M sq = Vi sad, £ % = Vi sad,

Furthermore is was already discussed in
section 4.3.4 that there is also a dependency
of the resistance on the loading. This
dependence is given by the relation for the
critical principal stress for instability:

Gw,Cr = (XCr : Gw,Sd

This stress is used to calculate the slenderness:

>|
Il

w,Cr

which is needed to calculate the buckling
factor y . Thereupon the principal

compressive resistance is given by:
Cyra =% & fy /Y

The method to calculate the critical principal
stress uses a multiplier called o, to the
applied load configuration (not to be
confused with a_ =F_/F,).

The advantage of using a multiplier is that the
approach is valid for different load cases and
support conditions. It is also to possible to
obtain the value of the multiplier by using
appropriate finite element models.
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In the model from Arcelor explicit expressions
to determine o, are given for the case of a

cellular beam subjected to bending.
These contain the axial forces in the web
N, ., and N, ., which are directly linked to

the axial forces N, and N, that act on the tee-
sections (see 4.3.4).

For the compressed upper web-post:

_ . 2 BCr,up BCr,low
(x’Cr,up =max BCr,up 4
BCr,up + BCr,low
where:
B 1
Cr,up —
) Vh Nm,up
+
Vh,Cr,up Nm,up,Cr
B 1
Cr,low —
Vh _ 1 Nm,low
Vh,Cr,low 2 Nm,low,Cr

Thereupon it follows from the model that the
presence of an axial load results in a decrease
of B, ., and a (relatively less) increase of

Beriow Value, leading to a decrease of o, ,,-

As the principal compressive stress o ¢, is

not affected by a constant axial force (because
V., =AT keeps equal) the value of the critical
principal stress for instability will decrease
also. Therefore a higher slenderness will be
found, resulting in a lower principal
compressive resistance G, -

So according to Arcelor’s model the web-post
buckling phenomenon is indeed modified by
the presence of an axial force. Numerical
calculations however show that the influence
is quite small, even for large axial forces.

Further it may be noted here that the program
ARCELOR Cellular Beams is already able to
take account of an axial force.

3
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However, the applied axial compressive force
Ny, is limited such that it may not exceed

10% of the design resistance N, , for flexural

buckling in the plane of the web.

This buckling resistance is calculated
considering the second moment of area of the
net section and using buckling curve ‘c’
according to Eurocode 3-1-1.

Apart from this limitation of the axial force,
only lateral-torsional buckling and the local
cross-sectional resistance is checked for.

The limit was applied because of two reasons:
e the ACB program is specifically aimed
at the design of beams primarily
subjected to bending moments
e no sufficient test data has been
available to ensure the applicability of
the method for cellular columns
(especially regarding stability)

9.2.3 Comparison and conclusion

In both models the main parameter that
represents the load is given by the horizontal
shear force V, =AT=T, -T,.

For a symmetrical cellular beam this value is
not modified by the presence of an constant
axial force. Actually it is the difference in
forces between the upper and lower parts of
the beams that counts.

Therefore, according to both models, the
inclusion of the normal force N, in the
calculation of the axial forces acting at the tee-
sections, will have little to no effect on the
web-post buckling stability. The horizontal
shear force V, however is used only to
represent the compressive stress in the strut,
but the real stress state is quite complex.

While in the LWO model the resistance to
web-post buckling does not depend on the
applied axial load, in the ACB model the axial
force does affect this resistance.
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It seems reasonable indeed that there is a
dependency, as the compressive stress in the
web of the upper tee section will increase due
to the applied axial load.

The ACB model does make allowance for the
effect of axial load on the web-post buckling
resistance. In the calculation of the multiplier
o, the axial force acting at the tee-sections is

explicitly included.

But although an effect is present, it seems to
be quite small. In the next section this will be
researched numerically.

As the LWO model (which is less advanced
than Arcelor’s model) has been shown to be
conservative, it seems unlikely that using the
present model will reveal differences in
behaviour and capacity in the finite element
simulations. Neither it is expected to result in
unsafe designs. One goal of the numerical
simulations that have been performed for this
chapter has been to confirm this.

9.3 Finite element model

9.3.1 Introduction

For the verification of the described web-post
buckling behaviour in the presence of an axial
force, a new FEM model was developed.

This model basically consists of a simply
supported cellular beam, loaded by a
combination of a point load 2F in the middle
and an axial force N at both outer ends.

The beam length is chosen such that there are
two circular web openings with a single web-
post in between on each half of the beam.

A

ArcelorMittal

2F

N l N

w OO OO
| | L

Y

Figure 9.2  Loading configuration
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FEM model for the verification of
the influence of an axial force on
the web-post buckling capacity

Figure 9.3

As this investigation concerns a local failure
mechanism, there is no need of varying the
length to obtain failure loads for difference
slenderness values.

In order not to bias the results by simulta-
neous buckling of the web-post at each beam
half, at one side a stiffener was added.
Furthermore stiffeners were added at the
supports and halfway the beam where the
vertical point load is applied.

At both sides of the free span of 2L, the beam
was a little extended, because otherwise these
points of load introduction might limit the
ultimate load instead of the beam section
itself.

This extension of the beam length removed
the need for additional SAME commands for
the translations and rotations of the beam
ends, that would otherwise be required in
order to ensure an uniform introduction.

9.3.2 Support conditions

At the left support all translations are fixed at
the level of the lower flange. The right
support is free to move in the longitudinal
direction, but is restrained vertically.

By means of a few lateral supports (at the
beam ends and in the middle) the possibility
of lateral-torsional buckling was prevented to
occur. No more restraints were applied.
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9.3.3 Use of imperfections

Due to the set-up of the FEM model, and the
way it is loaded, basically failure can occur
due to either:
e buckling of the web-post between the
two circular openings
e yielding of the tee-section at the
location of the opening most near to
the support
In order to initiate web-post buckling, an
imperfection was applied by the pre-processor
Crystal Pro. This imperfection consists of a
sine bow over the height of the profile and a
cosine along the length of the member, and
has been described already in section 8.3.3.

9.3.4 Load application

Web-post buckling can occur due to the
horizontal shear force that has to be
transmitted by the web-post, and is therefore
mainly dependent on the vertical shear force.
Yielding of the tee-section can occur due to an
internal tension or compression force, either
due to bending moment or axial load.
Therefore, the load application consists of:

e avertical point load 2F at the middle
of the member, causing a linear
bending moment diagram along the
halve length of the beam and an
uniform shear force diagram of size F

e acompressive axial force applied at
both beam ends

The influence of the axial force on the web-
post buckling capacity then can be determined
by investigating various combinations of the
vertical and the axial load.

9.4  Parameter study

9.4.1 Set-up

In order to validate and illustrate the theore-
tical analysis as described in section 9.2, a
series of calculations have been conducted.
For these analyses, the same set of five hot-
rolled sections (base profiles) was selected, as
for the parameter study into the global
buckling behaviour of cellular members.
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For each base section, two web-post widths
have been researched numerically. The first
time with the minimum web-post width
according to the geometrical limitations of the
ARCELOR Cellular Beams, and the second
time with a web-post width twice as big.

It may be noted here, that these values are
many times out of the scope of application for
the LWO method, as this method was only
validated for a certain geometrical range.
Furthermore, the models with double web-
post width may be unsuitable to be produced
by the technique of cutting and welding as
described in section 2.2.

In all simulations, the steel grade used is 5235.

The simulations are carried out to determine
the ultimate vertical load for a given axial
load. In the FEM calculation, first the axial
load is applied in a few steps. Then the
vertical load is increased until failure occurs.

In the following subsections the results for
each base profile are presented by means of a
combined graph of the FEM results versus the
ACB en LWO prediction of the ultimate load.
At the horizontal axis, the applied axial force
N is shown, while at the vertical axis the shear
force F is plotted. Note that this shear force is
a half of the applied vertical point load.

For each graph, at least 6 FEM analyses were
conducted in order to provide a smooth curve.

In Annex C these graphs are given separately
for the ACB en LWO model, such that it can
be seen clearly whether the FEM result
matches with the ultimate load prediction of
that specific theoretical model.

These ultimate load predictions are based on
the following criteria:

e web-post buckling

e Vierendeel bending and/or yielding of

the net section (axial force only)

e shear capacity of the web-post
These checks have been described extensively
in Chapter 4 for both (ACB and LWO) models.

Numerical research

115



3
TUDelft

Web-post buckling is dependent mainly on
the horizontal shear force V, =V, £2M, /d,

which for symmetric sections (where M, =0)
reduces to V,, which is also limited directly

by the shear capacity of the web-post.

In the ACB model, the Vierendeel bending
capacity is checked at each opening location
for each section inclined at angle ¢ to the

vertical by increments of 1°. For each inclined
section the section properties are calculated,
and the forces acting on the inclined section
are determined from equilibrium.

When both normal load and bending moment
act on the inclined tee-section, linear interaction
is considered:

Mpl,t,red = Mpl,t (1 - I:Nt /Npl,t :|)

Allowance for the influence of a high shear
force is made also.

In the LWO model, the check against Vieren-
deel action is carried out by considering the
additional local bending that occurs across the
openings. For circular holes the effective
opening length for Vierendeel action is given
by £, . =0.45d, (see also section 2.4).

The total applied Vierendeel moment of
M, =V, /, . should be less than the bending

capacity of both tee-sections: 2M, ., +2M

t,red *
However, as for an axially compressed beam
the normal forces in the upper and lower tee-
sections will vary, the compressed tee-section
will limit the shear force that can be
transferred: V, <2M, .,/ -

It is possible that redistribution of the shear
force occurs from the compressed top tee to
the less compressed (or even tensioned)
bottom tee, but this was not further
considered. The effect of this would also be to
introduce a web-post moment and thus
increase the effective horizontal shear force
Vi« Which governs web-post buckling.

A
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For simultaneous axial and bending action on
the tee-sections, the LWO model considers
quadratic interaction according to:

2
Mpl,t,red = Mpl,t (1 - |:Nt /Npl,t] )

and will therefore provide an enhanced
moment capacity for a given axial force as
compared with the ACB model.

However, as the formulation of the check on
Vierendeel bending is entirely different
between the two models, this may or may not
result in an higher Vierendeel resistance.

One important thing to note is that in the
comparison of the FEM ultimate load with
those resulting from the described theoretical
models, there is a small discrepancy due to
the modelling of the section by it’s centrelines
and the neglect of the root radii in the FEM
model.

In the calculation using the theoretical models,
these root radii were taken into account.

Not doing so would result in an under-
estimation of the ultimate load capacity
(especially concerning axial load) and
therefore provide an overly safe, and therefore
unrealistic, estimation of the margin between
the FEM result and the theoretical results.
Therefore the pure plastic axial capacity (so
without vertical point load) from the FEM
model is a little less than that predicted from
the theoretical models, as can be seen from the
graphs for high axial load. However, for usual
structures flexural buckling will be rather
control the design.

While in beam-column structures it can also
occur that the bending moment changes sign
between the two opening locations left and
right from the web-post being studied, this
case was not investigated here. Indeed, in
general these moments (where the bending
moment diagram passes through the zero-
point) are relatively small and therefore this
case will not be decisive for the design.
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9.4.2 Base profile IPE140
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Figure 9.4 IPE140 with so =50 mm Figure 9.5 IPE140 with so =100 mm
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Figure 9.6

From the figures of the FEM model it is
already clear that the width of the web-post is
relatively big compared to the opening
diameter. The results confirm the minor
importance of web-post buckling in this case.
The ultimate load is rather limited by the
shear capacity of the web-post and by
Vierendeel bending.

Results for web-post buckling parameter study: IPE140 with so = 50 mm

For increasing axial load, the Vierendeel
action even becomes dominant. Indeed
Arcelor’'s model shows an almost linear
dependence on the axial load, while the curve
from the LWO model is of a quadratic order.
For both models, at every point the ultimate
load prediction is lower than acquired in the
FEM simulation.
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Figure 9.7  Results for web-post buckling parameter study: IPE140 with so = 100 mm

This pattern is even more clear for the model
with double web-post width. The ultimate
load now is solely controlled by Vierendeel
action.

Just like for the smaller web-post width, the
LWO curve for web-post buckling is above

9.4.3 Base profile IPE330

that of Arcelor’s model. The contrary is true
for the curves for the Vierendeel bending
capacity.

It is concluded that both models return safe
results for this case.
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Figure 9.8 IPE330 with so =50 mm

7

Ny

Nilire

!!Hll.i~l¢

s

VRS

NIAAN =
AN

3 !.»4..“ \}\=||! I

252>
——
===

=

yuns!

<z
N
T
>
7

L2

Z==
=

vy

_.,,..
L

|
==

S

Figure 9.9  IPE330 with so =50 mm
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Base profile: IPE330 Web-post width: s0 =50 mm

=8 FEM result
——o— ACB Vierendeel
—&— ACB web-post buckling
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Figure 9.10 Results for web-post buckling parameter study: IPE330 with so =50 mm

Base profile: IPE330 Web-post width: s0 =100 mm
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Figure 9.11 Results for web-post buckling parameter study: IPE330 with so =100 mm

For base profile IPE330 web-post buckling is deel action becomes decisive. Again the FEM
much more likely to occur. Now for low axial results are above the predictions of both
force, web-post buckling does govern the models, which are thus safe. Especially for the
design, while for higher normal load Vieren- double web-post width the models are rather
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Figure 9.12 Web-post buckling for base profile
IPE330 with so = 50 mm, N=500 kN

conservative, given the margin seen between
the FEM result and the predictions from the
theoretical models.

9.4.4 Base profile IPE600

Furthermore a small influence can be seen of
the axial load on the ultimate load capacity.
For low values of the axial load, where the
Vierendeel bending capacity is higher than the
web-post buckling capacity, the FEM curve is
approximately linear decreasing.

This effect is not visible in the theoretical
predictions. In the theoretical analyses a
qualitative influence was spotted for Arcelor’s
model, but numerically this can be hardly
noticed. Still the predicted ultimate load is
below the acquired FEM results.

From the figure on the left it is clear that web-
post buckling only occurred at the left post.
As expected, the stiffened web-post did not
buckle.

g

Figure 9.13 IPE600 with so =62 mm

For base profile IPE600 the web-post is
relatively even more slender. In this case the
prediction of the web-post buckling load is
almost equal for both Arcelor’s and the LWO
model. Clearly this failure mechanism does
govern the design, until the axial force reaches
about 60% of it’s ultimate value, when Vieren-
deel bending behaviour becomes dominant.

Remarkably the FEM curve for the smaller
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Figure 9.14 IPE600 with so =124 mm

web-post width (so = 62 mm) is also above the
curve for the pure plastic web-post shear
capacity. This indicates that further plastic
redistribution has occurred in the web-post,
before failure occurred by web-post buckling.
Indeed it follows from the stress results of the
FEM analysis, that at ultimate horizontal
shear force, the principal stresses already fully
satisfy the Von Mises yield criterion, but that
these stresses do not increase further.
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For both web-post widths the LWO web-post (instead of linear) nature it later passes
buckling prediction again is above the ACB through, predicting an enhanced Vierendeel
one. The LWO Vierendeel curve starts below bending capacity. The governing curves are
the ACB curve, but due to it's quadratic always below the FEM curve and thus safe.
Base profile: IPE600 Web-post width: s0 =62 mm
i =i FEM result
| —&— ACB Vierendeel
200 1 i —&— ACB web-post buckling
| —— LWO Vierendeel
1 —#—LWO web-post buckling
150 e TN i web-post shear capacity
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Figure 9.15 Results for web-post buckling parameter study: IPE600 with so = 62 mm

Base profile: IPE600 Web-post width: s0 =124 mm

= FEM result
——&— ACB Vierendeel
—&— ACB web-post buckling
—©— LWO Vierendeel

—A— LWO web-post buckling
web-post shear capacity

F [kN]
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Figure 9.16 Results for web-post buckling parameter study: IPE600 with so =124 mm
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9.4.5 Base profile HE200A
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Figure 9.17 HE200A with so=50 mm

The first base section that was chosen from the
HE-range has relatively wide flanges.
Therefore the axial forces in the tee-sections
are rather high, in comparison with sections
like IPE330 which have a bigger height.

As the horizontal shear force that has to be
transferred by the web-post depends on the

A\ A\ N\ Y
A N N NN\ Y

Figure 9.18 HE200A with so =100 mm

difference in axial force on the tee-sections,
caused by bending, it is to be expected that
this profile will be susceptible to web-post
buckling. For web-post width so =50 mm this
was indeed observed from the FEM analyses,
but seems to be initiated by reaching the
ultimate web-post shear capacity first.

Base profile: HE200A

Web-post width: s0 =50 mm

100 +-----------

=8 FEM result

—&— ACB Vierendeel

—&— ACB web-post buckling
—o—LWO Vierendeel

—A— LWO web-post buckling
web-post shear capacity

- g -

F [kN]

20 Fommmmm s m ek

N [kN]

600 800 1000

Figure 9.19 Results for web-post buckling parameter study: HE200A with so =50 mm
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Base profile: HE200A

Web-post width: s0 =100 mm
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Figure 9.20 Results for web-post buckling parameter study: HE200A with so =100 mm

For the double web-post width, the web-post
not longer does govern the design, but rather
it is controlled by Vierendeel bending. This is
also predicted by both theoretical models.

The two trends that have been seen so far, are
also confirmed here: the ACB web-post
buckling prediction is lower than calculated

9.4.6 Base profile HE650M

Finally base section HE650M was considered
also. Due to it’s large web opening size, this

by the LWO method, and the LWO method
predicts an enhanced Vierendeel capacity for
higher axial forces.

Apart from the somewhat higher pure plastic
load prediction due to the neglect of the root
radii in the FEM model (see section 9.4.1), the
theoretical results are on the safe side.

section looks rather slender. Nevertheless it’s
flanges are no less than 40 mm thick.

Diamond 2004 for SAFIR

FLE HESSOMY =70 F=0
NODES: 1537

Diamond 2004 for SAFIR
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. 2 W W W W W i i
|
Y ————

Figure 9.21 HE650M with so =70 mm

Figure 9.22 HE650M with so = 140 mm
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Base profile: HE650M Web-post width: s0 =70 mm
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Figure 9.23 Results for web-post buckling parameter study: HE650M with so = 70 mm

Base profile: HE650M Web-post width: s0 = 140 mm
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Figure 9.24 Results for web-post buckling parameter study: HE650M with so = 140 mm

For the smaller web-post width, again the which only the web-post halfway the beam
FEM result was higher than predicted on basis and the tee-sections play a role.

of the shear capacity of the web-post. Possibly

a part of the force transfer has been realized It is interesting to see here that the LWO

by global Vierendeel bending of the beam, in prediction of the ultimate load with respect to
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Vierendeel bending for N = 0 almost coincides
with the obtained FEM result. Furthermore
the intersection of the web-post shear capacity
curve and the LWO Vierendeel curve lies at
the FEM curve.

On the other hand the ACB curve for
Vierendeel bending is far too optimistic for
low axial force (where actually web-post shear
and/or buckling is decisive). This is due to the
consideration of the inclined tee-section, thus
with increased height where the local bending
moment acts (see also section 4.3.2).

In the LWO approach with an effective
opening length for Vierendeel bending, the
tee-section of the (perpendicular) net section is
used instead.

Nevertheless, the resulting predictions of both
theoretical models are safe also for this case.

9.5 Conclusion

From the analyses presented in the preceding
paragraphs for each base section considered,
the following conclusions may be drawn:

e an approximately linear relation has
been observed for the influence from
an axial force on the web-post
buckling capacity of cellular members

e while the effect of an axial force is
qualitatively included in Arcelor’s
model, this influence is numerically
negligible

3
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e after reach of the web-post shear
capacity, web-post buckling is initiated
but due to plastic redistribution the
load can increase further

e the LWO model gives web-post
buckling predictions which are both
higher than the ACB curve, and more
close to the FEM curve

e while for low axial force the LWO
Vierendeel curve is below the ACB
curve, due to the quadratic M-N
interaction for the tee-sections (instead
of linear in the ACB model), for higher
axial force the LWO curve predicts an
enhanced capacity

e for low axial force where web-post
shear and/or buckling governs, the
ACB Vierendeel prediction seems
overly optimistic, whereas the LWO
prediction is more close to the FEM
curve

e the LWO model always predicts an
lower capacity than the calculated
FEM-results

e the governing equation of the ACB
model is more conservative in all cases

Therefore, despite the influence of axial force
is not (effectively) accounted for in the
theoretical models, these models still return
valid results in the researched range of
sections, and thus can be applied safely in
design. The LWO methods seems to provide
the most realistic failure load prediction.
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10 PORTAL FRAME STRUCTURES USING CELLULAR MEMBERS

10.1 Introduction

In the preceding numerical research part,
isolated cellular members were analysed in
order to identify differences in behaviour due
to the presence of web openings.

It was concluded that flexural buckling occurs
in a similar way as for plain-webbed
members. Regarding web-post buckling, it
turned out that although an influence of axial
force could be identified, the current
calculation models can be applied safely in
design.

In practice, steel members can occur either
isolated or as part of a building frame. Portal
frame structures are a examples of such a
building frame. If cellular members are to be
applied in portal frame structures, the most
probable reason seems to be of esthetical
nature.

In this last chapter, the conclusions from the
former part of the literature study and the
numerical research are illustrated by and
applied to the design of portal frames using
cellular members.

10.2 Design using the LWO method

10.2.1 Structure of the Excel tool

In order to be able to design quickly a portal
frame, an Excel tool has been developed using
Visual Basic for Applications. In this tool the
LWO method is used to check the capacity of
the cross-section at each opening position in
an automated way.

Furthermore the in-plane stability (flexural
buckling) is checked using the rules from
Eurocode 3-1-1, based on the net section
properties and the web-post buckling
phenomenon is assessed.

As the out-of-plane behaviour of cellular
members is not significantly different from

that of plain-webbed sections, the Excel tool
has been limited to in-plane behaviour only.

First all geometric data have to be entered.
On the basis of the given system lines of the
portal frame and the sectional data of the
cellular members, the positions of the web
openings in the real frame are calculated.

The user then has to enter the value of the
value of the permanent load per unit area (e.g.
selfweight of the roof structure).

All variable loadings are generated auto-
matically according to the provisions of the
Eurocodes, only the peak velocity pressure for
wind loading has to be entered by the user.

Finally a load combination can be selected — or
the user can enter all loading data by hand -
and the analysis can be started.

10.2.2 Analysis procedure

The actual analysis of the portal frame
structure consists of a number of steps:

e determination of the design forces at
each opening location, including the
appropriate initial imperfections and
incorporation of sway effects

e cross-section checks at each opening
location according to the LWO
method, together with a check on web-
post buckling

e flexural buckling checks of the cellular
members

The output of all checks are presented in a
table format, together with the calculated
displacement values.

Determination of design forces and moments

In this first step, the load distribution has to
be determined accounting for second-order
effects and imperfections where relevant. The
actual finite element code for this calculation
has been set up completely in Excel.
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Figure 10.1 Node and element numbering for the finite element model in the Excel tool
The supports at node number 1 and 7 can be whole frame is assembled. The minimum
set to either “clamped” of “pinned”. value of the critical elastic load multiplier is

calculated by solving the generalised eigen-
The rafters have been subdivided in two parts, value problem [MSA]:
as the Eurocode prescribes two wind pressure
areas for each side of the roof of a ‘middle’ (KE +aKg )u=0

frame (i.e. not near the ends op the building).
This subdivision makes it easier to apply the
distributed loads.

in which:

K; is the linear elastic stiffness matrix,

The section properties which are used in the . S .
) ) K, is the geometric stiffness matrix,
analysis, are calculated on basis of the net

. and u is the displacement vector.
section geometry.

The entries of the geometric stiffness matrix
depend on the axial forces in the elements,
which are calculated in advance by first-order

Global sway imperfections are accounted for
by the possibility for the user to define an
initial inclination of the whole structure.
Second-order effects have been included in theory.
the analysis by means of the amplified sway
method (see section 5.3.5). Therefore first (an
approximation of) the critical buckling factor

o, is determined, by which the ‘sway effects’

cr

The amplified sway method only requires to
multiply the so-called sway effects. These are
determined by the following procedure:
have to be multiplied. J first.a global linear-elastic analysis is

carried out for the sway frame in order
to determine the moments, axial forces
and shear forces in each member

(“sway case”)

In order to calculate a_., the (linearised)

cr/

second-order global stiffnes matrix of the
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e then another analysis is carried out for
the same structure, but with an extra
horizontal support at the top of the
portal frame (“propped case”)

e the moments induced in the members
from the propped case are then sub-
tracted from the moments determined
from the sway case — the resultant
moments are those induced by “pure
sway” (see Figure 10.2)

e the “pure sway” moments are then
amplified by o, /(o —1) and added
to the moments which have been
obtained from the analysis of the
propped structure, resulting in the
design moments which each member
must be able to resist

This procedure for the calculation of o, and
the determination of the design forces is there-
fore repeated for every load combination.

The approximate second-order displacements
are also calculated by this method.

The results of this step are the design forces
and moments at each opening position. All
opening locations are calculated in accordance
with the real geometry of the frame, based on
the system lines, such that the geometry fully
coincides with the modelled portal frame in
the analysis with shell elements.

Cross-section checks at each opening location

For each opening position, the capacity of the
cellular member is checked according to the
LWO method as described in section 4.2.
Dependent of the cross-section classification,
either the plastic of the elastic ultimate
capacities are used.

The results of these checks are summarised in
a table on the output sheet in the format of
unity-checks, and the maximum unity-check
value is presented to the user as well.

For each opening the full coordinates of it’s
position are printed for easier reference.

3
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Member flexural buckling checks

Finally the in-plane stability of all members is
checked according to Section 6.3.3 from Euro-
code 3-1-1. In section 5.5 Non-uniform members
it was concluded out that the rules in Section
6.3.3 do not directly apply to cellular members.
However, as it has been shown in the para-
meter study of chapter 8, the flexural buckling
capacity of cellular members can be calculated
safely by using ‘substitutive’ members with
section properties based on the net section.

The interaction factors k; to be used in the

following expressions are calculated from
Annex B of EN1993-1-1:

M
N +k,, yEd +k,, M, ks <1
%y Nrw /Yo Xt My ric/ Y M, i/ Y
Ny +k,, M, ko +k,, M, ks
% Nri/ Tan Yot My v/ Y M, i/ Y

<1

Sway case

MINUS

GIVES

Figure 10.2 Determination of pure sway forces
“to be amplified”
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(optimise design)

all checks <1

Figure 10.3 Flow chart for portal frame design tool in Excel using cellular members

Depending on the type of loading and the
moment distribution along the member (either
column or rafter), the equivalent moment
factor C, is calculated.

As second-order effects already have been
accounted for in the global analysis (by means
of the amplified sway method), in this stage of
the calculation the member is supposed to be
non-sway.

Therefore the C,, —factor is calculated and not

just taken equal to 0.9 as given by Table B.3
for members with sway buckling mode not
susceptible to torsional deformations (so with
either sufficient rotational stiffness or lateral
restraints).

The braced points are the member ends, in
which the rafter is considered as a whole (not
separately for the subdivisions).

For each of the four members, these results are
also summarised on the output sheet.

Limitations

The analysis has been limited to the in-plane
behaviour of symmetrical pitched-roof portal
frame structures, whereof the members cross
sections are doubly symmetrical as well.

As both out-of-plane flexural buckling and
lateral-torsional buckling are no new
phenomena for cellular members, and neither
fundamentally different from plain-webbed
members, no out-of-plane behaviour has been
considered. For similar reasons no connection
design is included.

These items therefore should be checked
separately in real design. In many practical
design cases it is easy to provide sufficient
restraints to prevent out-of-plane buckling.
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10.3 Design using FEA in SAFIR

10.3.1 Introduction

In order to illustrate the application of the
LWO method to portal frame structures, a
representative example portal frame structure
has been analysed for a number of load cases.

The analysis was performed in three ways:

e using the Excel design tool, based on
the net section properties with cross-
sectional checks according to the LWO
method and in-plane member buckling
checks according to EN1993-1-1

e using a second-order non-linear in-
plane finite element analysis in SAFIR
with 2D beam elements, based on a
discretation of the net section

e using a second-order non-linear 3D
finite element analysis in SAFIR with
shell elements, based of the modelled
real geometry of the portal frame
structure including the web openings
as generated by the pre-processor
Mailleur Portique (“mesh generator for
portal frames”)

The remainder of this section discusses some
details of the finite analyses made in SAFIR.

10.3.2 Second-order non-linear in-plane
analysis with 2D beam elements
Just like the finite element analysis imple-
mented in the Excel design tool, the finite
element analysis in SAFIR with 2D beam
elements is based on the net section
properties. The beam element was described
in section 7.2.2 already. For the generation of
the fibre discretisation of the net cross-section,
use is made of a specially developed mesh
generator in Excel, see Figure 10.4.
As out-of-plane buckling has been decided to
be left out from the case study, only in-plane
behaviour is considered.

The material model is elasto-plastic, thus even
after a plastic hinge is formed, the frame can

3
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sustain a further loading increase (if statically
indeterminate).

It is very important to realise here that a finite
element analysis can deliver results only which
can be described with the modelled structure (thus
depending on the degrees of freedom).
Obviously out-of-plane flexural buckling or
lateral-torsional buckling cannot be described
by the (non-linear!) finite element analysis
with 2D beam elements. However, this also
holds for the failure modes Vierendeel
bending, web-post shear and web-post
buckling!

In the analysis with beam elements, the
Bernoulli hypothesis is considered, i.e. cross-
sections remain plane under bending
moment. This proposition is no longer
tulfilled at the location of an opening.
Therefore additional to the geometrically and
materially non-linear in-plane frame analysis,
the mentioned failure mechanisms have to be
checked for separately — which is precisely
that what is done by the Excel design tool
based on the LWO method.
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Figure 10.4 Fibre discretisation of the cross-
section at an opening position
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10.3.3 Second-order non-linear 3D finite

element analysis with shell elements
The most ‘advanced” analysis where the other
results are compared with, is the full three-
dimensional finite element analysis of the
whole frame modelled with shell elements.
The basic geometry has been generated with
the pre-processor Mailleur Portique, which was
developed within the scope of an internal
research project of ArcelorMittal. Due to a
number of deficiencies in it's implementation
(which is still in beta-status), the preparation
of the input files before the analysis can be
run requires a lot of adaptation by hand (see
also section 7.3.3).

The 3D modelling of the structure permits
out-of-plane displacements and therefore can
describe all possible failure modes. Within the
scope of the case study, both flexural buckling
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and lateral-torsional buckling have been
prevented by adding appropriately placed
lateral supports to the flanges.

Both geometrically and materially, the
analysis is non-linear, with material behaviour
modelled according to EN1993-1.

Loads can be applied the easiest to nodes
instead of surfaces. Therefore distributed
loads have to be translated to point loads.

In section 8.3.2 the modelling of the supports
was discussed. Here again fully clamped
supports were applied, as these can be
modelled more easy and reliable than
theoretically pinned supports.

Just like for the other analyses, connection
design itself has not been addressed.

z

A

Diamond 2004 for SAFIR

FILE: 3D_Frame_2-6
NODES: 13681
BEAMS: 0
TRUSSES: 0
SHELLS: 12480
SOLS: 0

IMPOSED DOF PLOT
POINT LOADS PLOT

Figure 10.5 Example model of a portal frame with loading and supports; the ‘red arrows’

indicate restrained displacements
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| d=15m |
\ \

Figure 10.6 Case study: structural system

10.4 Case study

10.4.1 Structural system

The frame considered is described by the
following characteristics:

e span d=15m
e top height H=5m
e roof inclination a=6°

The members have been chosen as:
e columns ACB from HE200A with:
H, =275, d,=195 s,=50 [mm]

e rafters ACB from IPE240 with:
H, =360; d,=275; s,=100 [mm]

The support conditions have been chosen as
fully clamped. In practise pinned supports
may be encountered more frequently, but in
3D finite element calculations clamped
supports are easier to model.

Lateral supports have been added to prevent
out-of-plane flexural buckling an lateral-
torsional buckling to occur.

Hereafter the results for a number of simpli-
fied load cases are discussed and compared.

10.4.2 Load case 1: distributed vertical load

From the analysis with 2D beam elements it
follows that failure occurs when the plastic
capacity of the rafter at both ends is reached.
The frame is able to resist an increase loading,
although with reduced stiffness, until another
plastic hinge has been formed.

In the analysis with 3D shell elements, the
frame responds less stiff than indicated by the
2D analysis. This is due to the fact that the
Bernoulli hypothesis does not hold for the
member with web holes. The amount of the

Figure 10.7 LC 1: distributed vertical load

additional deformation sums up to about 32%
in this case! From the graphs of Figure 10.8 it
is clear however, that the predicted failure
behaviour is almost equal: the same bend is
present, though smoother for the 3D analysis.

When compared with the results generated by
the Excel design tool, it appears that not the
pure bending resistance, but rather the Vie-
rendeel bending resistance governs design.
For increased load this would also occur at the
next openings in the rafter (and subsequently
in the columns) if only the bending moment
could increase at the eaves.

Failure finally occurs when the web-post
shear capacity in the columns in reached, as
no redistribution of these forces is possible.

The fact that the Excel design tool predicts a
far higher load at which the first plastic hinge
in the rafter is formed, is explained by the fact
that this tool takes into account that at the
position of the eaves there is no opening
present. If the properties of the net section
were used in the check on the bending
moment capacity, then the results would have
been equal to the 2D finite element analysis.

The calculated displacements by the Excel tool
are equal to those calculated by the 2D finite
element analysis — as long as the behaviour is
linear-elastic.

It is concluded that the Excel design tool in
this case is well able to describe the structural
behaviour until the first failure mode occurs.
The frame analysis then is still in the elastic
range, but plastic section properties may be
used for class 2 or better cross-sections.
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Load case 1 - Vertical displacement of the top node
10 ‘ ‘
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S S SU” AR e o ____
£ | |
Z 5 :
= ——2D beam elements
T4 =—3D shell elements
3 | plastic hinge in rafter without opening
2t == web-post shear failure of column
1L =4 plastic hinge in rafter for net section properties
0 =—6—Vierendeel bending at 1st opening in rafter
0 -0,05 -0,1 -0,15 -0,2 -0,25

w [m]

Figure 10.8 Load case 1:

10.4.3 Load case 2: horizontal point loads

The second load case is loaded solely by two
equal horizontal point loads F at the eaves,
representing e.g. wind loading.

Again from the 2D finite element analysis
with beam elements it follows that failure is
caused by plastification of the cross-section,
with corresponding loss of stiffness after each
plastic hinge that has been formed. In fact, the
2D finite element model can only describe a
few failure mechanisms: plastification of the
cross-section due to axial load or bending
moment and in-plane instability.

This time the maximum moment is located at
the support positions, which is therefore the

location where the first plastic hinge develops.

Due to the statically indeterminate nature of
this portal frame, the load thus can be further
increased. According to the 2D finite element
model, failure occurs finally when another
pair of plastic hinges — allowing for inter-
action of shear and axial load — is formed at
the ends of the rafters — which causes the
frame to be kinematically indeterminate, thus
initiating collapse of the portal frame.

Load-displacement graphs for vertical displacement of the top node

However, from both the analysis using the
Excel design tool and the 3D finite element
analysis with shell elements, if follows that
before the plastic moment resistance of the
column can be reached, the Vierendeel
bending resistance at the first opening of the
column is exceeded. Afterwards the frame
starts to loose stiffness until failure finally
occurs due web-post shear.

The displaced structure of the 3D analysis
seems to suggest that failure is due to web-
post buckling, see Figure 10.11.

From a closer look it yet becomes clear that
the web-posts do not displace perpendicular
to the web, but the deformation is wholly in-
plane, thus due to exceeding the web-post
shear resistance.

Figure 10.9 LC 2: horizontal point loads
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: —f
; | | |
& ! : ! ——2D beam elements
30 T - -7 4 - N r-----°
= | | == 3D shell elements
B 20t---—-fH-----Lb- b plastic hinge at 1st opening in column
8 i i i =—#=—rplastic hinge in column for net section properties
10 A 1 1 1 =—4— web-post shear failure of column
0 | | | =—&— Vierendeel bending at 1st opening in column
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2
u [m]
Figure 10.10 Load case2: Load-displacement graphs for horizontal displacement of left

node on column top

Final failure mechanism of
load case 2: web-post shear

Figure 10.11

In Figure 10.10 two lines are drawn which
indicate the load at which the first plastic
hinge is formed calculated by the Excel design

=
S

=

tool. The lowest value is obtained if based on
the fictitious net section properties, which
coincides with the obtained 2D frame result.
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However, because the first opening actually is
located at some distance from the support, the
‘real” load at which the plastic hinge is formed
is somewhat higher — thus not at the support
position but at the first opening location. This
result is given by the second line.

This time again the frame modelled in 3D
with shell elements responds less stiff than the
2D frame analysis with beam elements by a
percentage of circa 37.5%.

The same conclusion as for load case 1 there-
fore holds also here, i.e. that the Excel design
tool is well able to describe the structural
behaviour until the first failure mode occurs,
based on a linear-elastic frame analysis.

10.4.4 Load case 3: combination of both
vertical and horizontal point load

In the last load case considered, the frame is

subjected to a combination of a vertical point

load F on top of the frame together with a

horizontal point load of double magnitude 2F

acting on top of the left column.
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2F

Figure 10.12 LC 3: combination of both vertical
and horizontal point load

Due to the asymmetric loading, the maximum
bending moment and shear force occurs at the
bottom of the right column. The 2D finite
element analysis with beam elements there-
fore predicts that at this position the first
plastic hinge will be formed.

From the calculations with the Excel design
tool nevertheless is appears that prior to
attaining the plastic moment capacity, the
additional moments caused by Vierendeel
action at the first opening position of the right
column limits the design load. The web-post
shear capacity is only a little higher — all these
checks being based on the load distribution
determined by a linear-elastic frame analysis.

Load case 3 - Horizontal displacement of the right node on column top
50 f--------
E T — —_—
5 1
[=) |
P T | \
& ! ! = 2D beam elements
& 20 +--———— Y A R =—3D shell elements
4 ; i plastic hinge at 1st opening in column
. 10 - i i === plastic hinge in column for net section properties
| | = web-post shear failure of right column
0 ! ! =6=—Vierendeel bending at 1st opening in right column
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
u [m]

Figure 10.13  Load case 3:

Load-displacement graphs for horizontal displacement of right

node on column top

138

Part ITI



A

ArcelorMittal

3
TUDelft

The graph depicting the load-displacement
behaviour calculating with the 3D finite
element analysis — see Figure 10.13 — indeed
confirms that the Vierendeel capacity is
reached first. However, the load can be
increased further, even beyond the web-post
shear capacity of the right column.

This is explained by the redistribution of loads
that is possible for this statically undeter-
minate portal frame structure: the left column
is able to transmit further horizontal load.

With the Excel design tool it is not possible to
further analyse the structural behaviour after
the plastic capacity is reached at one location,
as the implemented finite element analysis is
based on linear elastic behaviour.

Based on the first elastic part of the portal
frame response, it appears again that the
additional deformation due to the presence of
the circular web openings is significant: 39%.

Full details of all analyses have been included
on the data-dvd accompanying this report; see
also Annex D.

10.5 Conclusion

In this chapter the application of the LWO
method for circular beam-columns has been
illustrated for a number of load cases. All load
cases were analysed by 2D and 3D finite
element analyses, and using the Excel design
tool specially developed.

It appears that the structural behaviour in the
elastic range can be predicted well with this
Excel design tool. As the tool is based on a

linear-elastic frame analysis, possibly
additional load carrying capacity might be
present even after the governing ultimate
failure load is reached. However, this will be
accompanied by increased deformations
which often limit the design.

It is noted furthermore that the calculated
Vierendeel bending capacity does not allow
for the possible redistribution of the shear
force over the bottom and top tee.

In many cases Vierendeel action appeared to
be the governing failure load, even before the
plastic moment capacity of the net section is
reached. Therefore it may be considered to fill
one or more openings at the position of high
shear force and/or bending moment. The
modelling of these filled openings is however
not included in the present beta-version of the
pre-processor Mailleur Portique.

From the comparison with 3D finite element
analyses with shell elements, it is illustrated
that the Excel design tool really gives the
lowest ultimate failure load, so the design tool
delivers safe results.

While the ultimate load predictions are rather
accurate, the calculated values of the displace-
ments based on the net section properties
overestimate the stiffness of the portal frame.
In the present case study, it appeared that due
to “‘shear deformation’ of the members, an
additional displacement component of 30-40%
must be added to the calculated values.

This value is higher than usually encountered
in beam structures and therefore might need
further research.
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11.1

CONCLUSIONS AND RECOMMENDATIONS

Introduction

The present chapter summarizes the most
important conclusions that are drawn from
the research work performed, and gives
recommendations for further research.

11.2

Conclusions

The main conclusions are listed hereafter.

At present two design methods exists

for the design of cellular beams:

1. LWO design method, as developed
in the RFCS-project Large web
openings for service integration in
composite floors, offers an detailed
procedure for the design of beams
with web openings, that is consis-
tent with the Eurocodes.

The method of analysis is based on
calculating the additional effects
caused by the presence of web
openings by means of an effective
opening length approach for
Vierendeel bending.

Web-post buckling is accounted for
by means of a simplified
compressed strut model.

2. The ACB program by Arcelor-
Mittal forms an convenient way to
analyse cellular beams.

In this method, Vierendeel bending
is checked for by means of an
analysis of an inclined section at
regular angle increments.

For the capacity check on web-post
buckling, a more advanced model
has been set up using data from an
extensive test program.

In-depth analysis of cellular beams can

be performed conveniently by the

finite element software SAFIR (using
plane shell elements), in combination
with the pre-processor Crystal Pro

(which implies an initial imperfection

along the beam length and the web-
post height in order to initiate web-
post buckling).

Global buckling behaviour

From an extensive parameter study
using finite element analysis it has
been shown that the global buckling
behaviour of cellular columns is similar
to that of plain-webbed columns.

An simplified design rule has been
proposed for checking the ultimate
flexural buckling load capacity of
cellular columns, based on the net
section properties. This design rule has
been shown to be safe, though
sometimes conservative.

Web-post buckling behaviour

Both mentioned design models do not
purposely include the influence of the
presence of an axial load on the web-
post buckling capacity of cellular
members.

From the parameter study performed,
it follows however that there exists an
approximately linear relation between
the web-post buckling capacity and an
applied axial force.

In all cases the LWO model predicts an
lower (thus safe) ultimate capacity
than the calculated FEM results. The
governing equation of the ACB model
is more conservative in all cases.
Although the influence of axial force is
not (effectively) accounted for in both
design models, these models still
return valid results in the range of
sections investigated. Both existing
models therefore can be applied safely.

Cellular columns therefore can be
analysed similar to cellular beams, but
with an modified flexural buckling check.

Conclusions and recommendations
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11.3

For use of cellular members in portal
frame structures, an Excel tool using
Visual Basic for Applications has been
developed which enables the quick
design of a complete portal frame
structure for different support and
loading conditions. It automatically
takes initial imperfections and second-
order effects into consideration and is
able to check both cross-sections and
web-post buckling according to the
LWO method. Furthermore flexural
buckling of members is checked for
according to the proposed design rule.
From a comparison with 3D FEM
calculations it follows that the
structural behaviour until the first
failure occurs can be predicted well
with the Excel tool developed.

While the failure behaviour itself is
similar, a significant difference in
stiffness between the 2D model based
on elementary beam theory (using
reduced section properties because of
the openings) and the 3D model with
shell elements has been observed.

Recommendations

On basis of the research performed, the
following recommendations are given for
further research.
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Perform an in-depth market study to
identify any constraints on the
application of cellular beams in the
current building practise.

Prepare guidance manuals and
software for the design of cellular
beam-columns, targeted at the local
situation (at a national level).

Extend the LWO model for web-post
buckling to also include the effect of an
applied axial force.

Finish the beta version of the pre-
processor Mailleur Portiques, with
special attention to easy modelling
supports and initial imperfections.

Further investigate how to model
pinned supports in 3D finite element
models with shell elements.
Investigate global buckling behaviour
of cellular columns when loaded both
in bending and by axial load.

Further investigate the reduction in
stiffness due to the presence of web-
openings.

Extend the investigation to include the
behaviour in fire conditions, or when
using asymmetrical sections, or
considering composite action between
the steel beam and the concrete slab.
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A EUROPEAN STANDARDS

A.1 Introduction

The Eurocodes result from an action
programme by the Commission of the
European Community, whereof the twofold
objective was to eliminate technical obstacles
to trade and to harmonize the technical
specifications. Now, more than 30 years later,
through the intermediate phase of publication
of the ENV-pre-standards, most of the final
EN-versions have been published.

The Eurocodes are expected to come into force
within a few years and then will coexist for a
limited period of time together with the
national standards. Following the final
withdrawal of these national standards, all
structural designs have to comply with the
Eurocodes. Table A.1 gives an overview of the
standards from the structural Eurocode
programme that are of particular relevance for
the design of steel structures consisting of (or
containing) cellular members.

A general property of the European standards
is that they provide common structural design
rules for everyday use for the design of whole
structures and component products.

As a consequence, for unusual forms of
construction or design conditions that are not
specifically covered, additional expert
consideration will be required by the
designer.

Cellular members are a typical example of
such a case. As already mentioned in

chapter 2, a draft annex, Annex N, to the
pre-standard ENV1993-1-1 was prepared that
addressed the design for (single) web
openings, but this was not converted to the
final version in order to limit its volume.
Furthermore the underlying philosophy of the
Eurocodes is to give the general principles
and basic design rules, and not to provide
detailed receipts for structural analysis of all
kinds of structures — which is regarded as
‘textbook-material’ by some of the
participating countries.

Because the current project concerns the
research into the behaviour of steel cellular
beam-columns, no further attention is paid to
Eurocodes 0 and 1. The next sections provide
an overview of the structure and contents of
Part 1-1 and Part 1-5 of Eurocode 3.

Table A.1  Overview of the relevant parts of the Eurocode programme

Main package Relevant parts Abbreviation
Eurocode (0): Basis Not subdivided EN1990
of structural design
Eurocode 1: Actions  Part 1-1: General actions — Densities, self-weight, imposed =~ EN1991-1-1
on structures loads for buildings
Part 1-3: General actions — Snow loads EN1991-1-3
Part 1-4: General actions — Wind actions EN1991-1-4
Eurocode 3: Design  Part 1-1: General rules and rules for buildings EN1991-1-1
of steel structures Part 1-5: Plated structural elements EN1991-1-5
(pre-standard) Part 1-1: General rules and rules for buildings ENV1993-1-1
Annex N: Openings in webs (draft Amendment A2) Annex N
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A.2 Eurocode 3: Part 1-1

Part 1-1 of Eurocode 3 gives basic design rules
for steel structures with material thicknesses

t 23 mm, made of low alloy structural steels.
After a foreword and a general first section,
additional clauses to the basis of design given
in EN1990 are provided in Section 2.

Section 3 deals with material properties and
Section 4 gives general rules for durability.
Section 5 applies to structures in which the
members can be modelled with sufficient
accuracy as line elements for global analysis.
It gives rules and limits for the application of
the different means of global analysis (first-
order or second-order, elastic or plastic) and
provides both member and frame (equivalent)
imperfections to take into account.
Furthermore the classification of cross-
sections is introduced and the limits are given
for the assignment of cross-sections into the
different classes.

The largest section by far is Section 6 which
gives detailed rules for the ultimate limit state
design of cross-sections and members. This
section covers the resistance of cross-sections,
the buckling resistance of members and
uniform built-up compression members.
Although rules are provided for checking the
resistance against various kinds of buckling,
Eurocode 3 does normally not provide design
expressions for buckling resistances (normal
force or moment), thus leaving the designer at
his own. Section 6 also provides a general
method for lateral and lateral-torsional buck-
ling of members and frames, which is to be
discussed hereafter.

Finally Section 7 deals with serviceability limit
states, referring to EN1990.

The informative annexes A and B give
interaction factors for the so-called Methods 1
and 2. These interaction factors are used to
check members under coexisting normal
forces and moments between points of appro-
priate restraint.

The two methods were developed separately
by research teams of different countries and
originate from two different approaches to the

P

ArcelorMittal

beam-column interaction problem [EC3
Designers’ Guide]:

e Method 1 takes it starting point in the
elastic resistance including buckling
effects and enhances it by taking
account of partial plastification, while

e Method 2 takes the plastic resistance as
the basic reference, and reduces it to
allow for instability effects.

The National Annex may give a choice for one
of these methods. The Dutch annex indeed
specifies that Method 2 shall be used, and not
Method 1, thus making Annex B normative
while it prohibits the use of Annex A [NEN-
EN1993-1-1/NB] (Dutch: Nationale Bijlage).
The informative Annex AB gives some
additional design provisions and Annex BB,
which is also informative, gives information
about buckling of components of buildings
structures.

A.3 Eurocode 3: Part 1-5

Part 1-5 of Eurocode 3 gives design
requirements of stiffened and unstiffened
plates subjected to in-plane forces. It covers
effects due to shear lag, in-plane load intro-
duction and plate buckling for I-section
girders and box girders. Furthermore it covers
plated structural components subject to in-
plane load. Out-of-plane loading effects are
explicitly excluded from the scope of the
document.

In line with the other Eurocodes, Section 2
gives a basis for the design and modelling. It
states that effective width models may be
used to include the effects of shear lag and of
plate buckling. As an alternative, the reduced
stress method may be used. The models are
applicable to (nearly) rectangular panels of
uniform members with parallel flanges,
whereof the diameter of the cut outs is less
than 5 percent of the width of the panel. For
non-uniform members, the calculation may be
performed by means of a finite element
analysis. Also, basic rules are provided for
members with corrugated webs.
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Section 3 deals with shear lag in member
design and Section 4 give rules to account for
plate buckling effects. Effective widths and
cross-section areas are given, together with
verification rules.

Section 5 covers the calculation of the shear
buckling resistance of plates, and Section 6
gives rules for determining the design
resistance to transverse forces.

Then Section 7 gives interaction rules for
assessing the combined effect of shear force or
transverse force, bending moment and axial
force.

Section 8 gives criteria which should be met to
prevent flange induced buckling and in
Section 9 the design of stiffeners is dealt with.
Finally Section 10 presents the reduced stress
method to determine stress limits, as an alter-
native to the effective width method.

The annexes comprise four informative
annexes and one normative annex.

In Annex A expressions are provided of
critical stresses for stiffened plates.

Annex B deals with to non-uniform members.
It states that the rules in Section 10 (reduced
stress method) also apply to the webs of
members with non-parallel flanges and to
webs with regular or irregular openings and
non-orthogonal stiffeners.

For the determination of the critical load
multipliers, use may be made of finite element
methods. Annex C gives guidance on this use
(and also on other uses).

Annex D covers design rules for I-shaped
plate girders with corrugated webs.

Annex E, which is the only normative annex,
provides alternative methods for determining
effective cross-sections.
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B FEM RESULTS OF PARAMETER STUDY INTO GLOBAL BUCKLING

B.1 Introduction

This Annex presents the results of the parameter study into the global buckling behaviour of
cellular members loaded by a compressive axial force, both in graphical and tabulated form.

The graphs show the displacement of the top node at half-span with respect to the applied axial
force. As the members are forced to deform symmetrically, this single displacement is a reasonable
measure of the element’s behaviour. These results have been discussed in Chapter 8.

For all cases at least three values for slenderness (in both directions) were considered, i.e. 1 =0.2,
L=0.6 and A =1.4. The results of some additional analyses are also presented in this Annex.

B.2 Base profile IPE140
B.2.1 Buckling about the weak axis

Slenderness 0.2

IPE140w02-2e_smaller_timestep

450 \
L |
400 | | E———— P
C |
350 |
L |
300 | |
L |
r |
T 250 f oo f o R
= ; |
& 200 | |
150 f Fugross EC3 | -
100 | WO2F-2e # 425
F ——— ~ Funet EC3
50 - -
w02-2e # 316
0 1 :
0 0.00005 0.0001 0.00015 0.0002 0.00025

Ux[m]

Note: The seemingly initial stiffer response of the net section is caused by a different initial load
increment (step size).

flexural buckling load [kN] EC3 FEM A [%]
IPE140wO02F-2e 419.1 414.4 -1.1
IPE140w02-2e_smaller_timestep 312.0 313.3 04
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Slenderness 0.6
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F [kN]

400 +

IPE140w06-2e_smaller_timestep

350 +
300 +
250 -+

200 +

1

150 T | | Fu gross EC3
100/ - R e - WO6F-2e # 1745 -
- | | | ~——~ Funet EC3
50 +4----- o - == 4 ———mm—— - - — - --- -
. } } } w06-2e # 1200
0 | | 1 P R R
0 0.0005  0.001  0.0015 0002 00025  0.003  0.0035
Ux [m]

flexural buckling load [kN] EC3 FEM A [%]
IPE140w06F-2e 351.1 374.9 +6.8
IPE140w06-2e_smaller_timestep 273.5 291.8 +6.7
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Slenderness 1.4

IPE140w14-2e
180 : :
160 £ i ; o
Mot T T,t,_ ,,,,,,,
120 | |
z o | ; . -
24 F I I
T
60 ,é,,, ,,,,,,,,,,,,,,,i, ,,,,,,,,,,, Fugross EC3 |- -
20 777777777777777777 o w14F-2e # 4385|
C | ————Funet EC3
0 P wild-2e #2968 |
o e —
0 0.005 0.01 0.015 0.02 0.025
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE140w14F-2e 160.5 167.6 +4.4
IPE140w14-2e 148.0 162.1 +9.5
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B.2.2 Buckling about the strong axis

Slenderness 0.2

A

ArcelorMittal

IPE140s02-half-2e-LFX

450 ‘

Z N L . .

] I I I

200 £ R et R
Fu gross EC3

s02F-half-2e-LFX # 2735 |

Fu net EC3

s02-half-2e-LEX # 1863

A

0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004

Uz [m]

flexural buckling load [kN] EC3 FEM A [%]
IPE140s02F-half-2e-LFX 419.1 416.5 -0.6
IPE140s02R-half-2e-LFX 419.1 416.5 -0.6
IPE140s02-half-2e-LEX 312.0 312.2 +0.1

It is remarked here, that the analysis for the plain section has been made twice:

— once modelled with filled holes (s02F)

— once modelled with a rectangular mesh (s02R)
Both analyses returned exactly the same ultimate load in this case.

The mesh of both is shown below.

Diamond 2004 for SAFIR

FLE PEV40502F haf-20-LPX wil
2057

Diamond 2004 for SAFIR

FLE IPE140502R1a-26-LFX 1
DES: 1687

BEANS:0

SHLS: 1600

soLs:o

sHeLLs PLOT

I a0 TSH
 —
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Slenderness 0.6

IPE140s06-half-2e-LFX

450 r \ \ \
400 F------mmmmom - e demm oo
oo [
300 ’%_*_*_*;*_*_*; **** e ]
Z 250 4 Fom e fom HRRRREEEEES A -
24 E I I I
B 200 f--- oS
150 oo o I Fu gross EC3 u
0o ko I s06F-half-2e-LFX # 8348 |
- : ~—~— Funet EC3
S A s06-half-2e-LFX # 5623 | | .
i ! \ \ A I
0 : e
0 0.0005 0.001 0.0015 0.002 0.0025
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE140s06F-half-2e-LFX 373.0 409.2 +9.7
IPE140s06-half-2e-LEX 285.5 303.4 +6.3
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Slenderness 1.3

IPE140s13-half-2e-LFX

250 r
200 |
150
= I
] L Fu gross EC3
p’_‘ L
100 - -
- s13F-half-2e-LFX # 18578
L ————Funet EC3
50 - -
s13-half-2e-LEX # 12474
0 ; ; A —
0 0.02 0.04 0.06 0.08 0.1
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE140s13F-half-2e-LFX 197.2 237.1 +20.2
IPE140s13R-half-2e-LEX 197.2 237.0 +20.2
IPE140s13-half-2e-LFX 176.4 219.5 +24.4
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Slenderness 1.4

IPE140s14-half-2e-LFX

250 r
200
150 -
z I l
2 L |
= 3 ! Fu gross EC3
100 f /) T -
i ! s14F-half-2e-LFX # 20225
sodl ] i 7777777 ~ —— — Fu net EC3 )
i s14-half-2e-LFX # 13576
| T T T T )\ o
0 | | | AR
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE140s14F-half-2e-LFX 175.2 206.3 +17.8
IPE140s14-half-2e-LFX 158.9 194.6 +22.4
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B.3 Base profile IPE330

B.3.1 Buckling about the weak axis

Slenderness 0.2

IPE330w02-2e

z
=
. Fu gross EC3 u
wO02F-2e_SAMFs_added # 98 |-
—— —— Funet EC3 -
w02-2e # 98 _
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE330w02E-2¢e 1787.5 1680.3 -6.0
IPE330w02F-2e_SAMEs_added 1787.5 1751.3 2.0
IPE330w02R-2e 1787.5 1699.1 -49
IPE330w02-2e 1034.9 1047.0 +1.2

It is remarked here, that the analysis for the plain section has been made thrice:
— once modelled with filled holes (w02F)
— once modelled with filled holes (w02F + SAMEs_added)
— once modelled with a rectangular mesh (w02R)

The analysis was first performed on for the mesh with filled holes. Because of the discrepancy
between the expected and the obtained result, the deformation was further examined. It turned out
that prior to yielding (as at a slenderness of 0.2 (almost) no flexural buckling takes place yet), the
web failed in a plate buckling mode. In order to prevent this, further restraining conditions were
added by implying that nodes on a vertical line should displace equally perpendicular to the plane
of the web (SAME conditions) — although still some minor plate buckling was observed.

The mesh with rectangular web elements was not modified to prevent plate buckling to happen, as
the behaviour shown was just equal to that of the mesh with filled holes.
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The effect of the added SAME conditions can be seen below in the displacement plots of the mesh
with filled holes, with and without these extra restraining conditions (magnification: 100x).
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Furthermore shown are the deformation plots of the rectangular mesh and the mesh with holes

(also with magnification factor 100).

Diamond 2004 for SAFIR

DISPLACEMENT PLOT (x 100)

THE 1047097 s

Diamond 2004 for SAFIR

"DISPLACEMENT PLOT (x 100)

ASSEREmRRE

From the plot of the mesh with holes, it is clear that failure of the cellular members is not

influenced by some kind of plate buckling (which is indeed absent). Instead it turns out that a kind

just prior to attainment of

4

of buckling occurs of the two tee-sections constituting the net section

the flexural buckling capacity of the net section.
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Slenderness 0.6
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IPE330w06-2e

1800 | | | | | |
22 S I S N S S
e e B
T
R A ot
= 800 W 77777 377777773 77777 Fu gross EC3
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400% ****** i""*"} ***** ~ ——— Funet EC3 -
200 f/----- SEREEE - w06-2¢ # 758 -
0 : S S S I
0 0.001 0002 0003 0004 0005 0006  0.007
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE330w06F-2e 1502.2 1559.4 +3.8
IPE330w06-2e 936.5 985.3 +5.2
IPE330w06_with_modified_ 936.5 969.1 +3.5
support_conditions_in_the_middle

The last entry in the table above refers to an extra analysis, which was made with different support
conditions. In this run the supports were defined in the middle, while symmetry conditions were
applied to the ends. The load now had to be applied to both ends also. The ultimate load thus

acquired agrees with the one with supports at the end only.

See below for a the applied supports, and the deformation plot (magnification: 100x). It can be seen
that now the ends displace laterally, instead of the middle of the beam when the usual modelling is

applied.
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Slenderness 1.4

IPE330w14-2e
800 r T T T T
o0 - A
o0} S s S
| | | |
a0l S P A mm e e P - —
= C l l ‘ ‘
300 f--—-- /b Fu gross EC3
: l l w14F-2e # 2735
200 -/~ e oo -
- \ | ——— ~ Funet EC3
100 4/-------- . H wld-2e # 1863 -
0 | | : : - =
0 0.01 0.02 0.03 0.04 0.05
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE330w14F-2e 694.1 710.3 +2.3
IPE330w14-2e 582.5 648.6 +11.3
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B.3.2 Buckling about the strong axis

Slenderness 0.2

IPE330s02-half-2e-LFX

2000 : ‘
1 e oo s TS
1600 4 ------f-o-m oo T .
1400 | | |
1200 + 1 1
Z e oottt === ——1
E 1000 t /= Fu gross EC3
800 F--f---f - .
i s02F-half-2e-
600 v/, /7 LFX_SAMFs_added # 2408
400 f /- S ————Funet EC3 J
200 /- s02-half-2e-LFX # 1645 1.
or—
0 0.0002 0.0004 0.0006 0.0008 0.001
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE330s02F-half-2e-LFX 1787.1 1762.5 -14
IPE330s02F-half-2e-LFX_SAMEs_added 1787.1 1776.4 -0.6
IPE330s02-half-2e-LFX 1034.9 1041.0 +0.6

Just like for flexural buckling about the weak axis of the ACB cut from a IPE330 section with
slenderness 0.2, even so for flexural buckling about the strong axis some plate buckling occurs,
unless additional restraints (SAME conditions) are defined — though less apparent.
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Slenderness 0.6

IPE330s06-half-2e-LFX

2000 ; ; ;
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& 1000 f——fr i | SR —
= 800 f----/- - i, Fu gross EC3 i g
600 £-- L A i s06F-half-2e-LFX # 8018
wotf // |~ -~ FunetEC3 .
200 KM i s06-half-2e-LFX # 5402
0 i | | - -
0 0.002 0.004 0.006 0.008 0.01
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE330s06F-half-2e-LFX 1589.0 1740.8 +9.6
IPE330s06R-half-2e-LFX 1589.0 1743.8 +9.7
IPE330s06-half-2e-LFX 958.0 1012.0 +5.6

Annexes

169




3
TUDelft

Slenderness 1.4
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IPE330s14-half-2e-LFX

1000 ‘ : : : : : :
00 f
800 f----- I —— Ap— To---- T S —
700 § - o . . : o I R
) S0 o S S B
0 /7 E N N I
= 400 £1f--- R L L Fu gross EC3 _
300 -1 o L s14F-half-2e LEX # 19235 | |
200 ,:,,,,,,i ,,,,,, i ,,,,,, i,, ————Funet EC3 _
100 - o o L sl4-half-2e LFX # 12913 |
0 | A | 3 | - —
0 0.05 01 015 02 025 03 035 04
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE330s14F-half-2e-LFX 741.4 871.5 +17.5
IPE330s14R-half-2e-LFX 741.4 872.0 +17.6
IPE330s14-half-2e-LFX 578.2 693.6 +20.0

170

Annexes




—~ - 1
ArcelorMittal —nﬂ! TUDelft

B.4 Base profile IPE600

B.4.1 Buckling about the weak axis

Slenderness 0.2

IPE600wW02-2e

5000 : ‘ ‘ ‘
4500 £------- L —— R A A
4000 | | | |
3500 £------- T A R A A
3000 | | | | ,
L 2500 Frmrmmf s e e L -
= - | | | |
2000 t----Af-1--------
F ! Fu gross EC3
1500 £ f/ -1
i | wO2F-2¢_SAMEs_Added # 95
1000 £~ 77"~~~ ] ~——— Funet EC3
500 f------ HE w02-2e # 95 In
0 |
0 0.00005  0.0001 000015  0.0002 000025  0.0003
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE600w02F-2e 4685.9 4089.0 -12.7
IPE600wW02F-2e_SAMEs_added 4685.9 4466.4 -4.7
IPE600w02R-2e 4685.9 4075.9 -13.0
IPE600w02-2e 2466.6 2514.1 +1.9

For this case with a relatively high and slender web, plate buckling appeared to be a major failure
mode. Even with additional restraints it could not be avoided completely, though the difference
can be seen clearly in the figures below (coloured presentation of the lateral displacement Ux).
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Left: without additional restraints. Right: with additional restraining conditions.
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It can be seen that plate buckling occurs in a higher, but is not completely eliminated.

Slenderness 0.25
IPE600wW025-2¢
5000 : ‘ ‘
4500 - - - - oS- m oSS S
o - RS R S
3500 f /o b b booooooo- N
3000 4~ N
£ 2500 f-~f===cc==coooo S S e
= E | | |
2000 f--f----------- : : : -
r Fu gross EC3
1500 f-f------------- -
g w025F-2e_SAMEs_added # 98
1000 17 ———— Funet EC3 B
S w025-2¢ # 98 -
0 ! ! | ! !
0 0.0002 0.0004 0.0006 0.0008 0.001
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE600wW025F-2¢ 4604.9 4100.7 -10.9
IPE600w025F-2e_SAMEs_added 4604.9 4439.1 -3.6
IPE600wW025R-2e 4604.9 4035.6 -12.4
IPE600w025-2e 2466.6 2498.5 +1.3

For this case, failure by buckling in a plate mode also could not be avoided completely by adding
stiffeners in order to restrain the web from buckling.
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IPE600wW06-2e

4500

o
£
=
S
Ke]
D
2
<

Slenderness 0.6

Diamond 2004 for SAFIR
DISPLACEMENT PLOT (x 50)

A [%]
-34
+6.5
-3.5
+7.2
+5.2

10E02m

FEM
3795.1
4184.9
3791.0
4214.7
2367.6

0.01

0.008

EC3
3930.2
3930.2
3930.2
3930.2
2250.8

————Funet EC3

wO06F-2e_SAMEs_added # 755
0.006

Fu gross EC3
w06-2e # 537

Diamond 2004 for SAFIR

Ux [m]

H
5
&
&
g
H
H
g

FLE PESOONOGF 20
NODES: 1919
SHALS: 1872
soLs:0

TRUSSES: 0

BEANS: 0

10E02m

0.004

0.002

IPE600wW06R-2e

Again additional restraints were necessary — which allowed flexural buckling to become the
governing failure mechanism for the plain-webbed member, see figures below.

Deformation plot (magnification 50x) without additional restraints:

flexural buckling load [kN]
IPE600w06F-2e_SAMEs_added
IPE600w06R-2e_ SAMEs_added

IPE600wW06F-2e
IPE600w06-2e
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FLE PES00WO6R 20_SAMES_ad

NODES: 1856
BEAVS:0

Diamond 2004 for SAFIR
SHELLS: 1770
DISPLACEMENT PLOT (x 50)

soLsio
THE 214709 500

Diamond 2004 for SAFIR
LE IPES00N 06F-20_SAMES _add
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10E02m

Deformation plot (magnification 50x) with additional restraints:

10E02m

Slenderness 1.4

IPE600w14-half-2e

Fu gross EC3

w14F-half-2e # 1748

————Funet EC3

w14-half-2e # 1203

2000
1400 +
1200 +
1000 -
800 +----

0.06

0.05

0.04

0.03

0.02

0.01

A [%]

+0.5
+12.1

M

FE

1813.7

1630.8

EC3
1804.2

1454.2

Ux [m]

flexural buckling load [kN]

IPE600wW14F-2e

IPE600w14-2e

Annexes

For this relatively long length the flexural buckling mode is predominant.
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B.4.2 Buckling about the strong axis

Slenderness 0.2*

IPE600s02-half-2e-LFX

5000 +
4500 £
4000 +
3500
3000 1
£ 2500 + ‘ ‘
=000 ,, 77777777777 7: 7777777 Fu gross EC3
1500 £ - Ao I 502F-half-2e-LFX_SAMEs_added| |
: ; #2408
1000 Y/ - 7‘ ”””” ————Funet EC3 N
>00 77777777777 7; 7777777 s14-half-2e-LFX # 1645
0 | —
0 0.0005 0.001 0.0015 0.002
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE600s02F-half-2e-LFX 4685.3 3947.8 -15.7
IPE600s02F-half-2e-LFX_SAMEs_added 4685.3 4657.4 -0.6
IPE600s02-half-2e-LEFX 2466.6 2490.7 +1.0
IPE600s02-half-2e-LFX_cosinebow 2466.6 2488.8 +0.9

Again additional restraints were necessary to allow flexural buckling to become the governing
failure mechanism (for the plain-webbed member). Plate buckling near the support could not be
prevented completely by these added restraints however.

Furthermore it was noted (as seen earlier) that prior to attainment of the flexural buckling capacity
of the net section, the section failed by a kind of buckling of the two tee-sections constituting the
net section.

For comparison, the analysis of the cellular member was performed also for a cosine imperfection
(maxima at supports and mid-span) instead of the usual sine imperfection. It turned out that the
result differs less than 0.1 percent.

* Note: the term ‘no2ndstiffener’ has been omitted in the table for sake of brevity, although the stiffener itself
is present in the runs for the plain-webbed section (and also in the top figure).
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Slenderness 0.6

P

ArcelorMittal

IPE600s06-half-2e-LFX

5000 ‘ ‘ ‘ ‘ ‘
w00 | SR S
4000 £------/ R [ R A I
3500 + i | | | i
3000 —}———————i————————i ———————— SR S A
Z w00 ) I - S—
™ 2000 -~ ~ Fu gross EC3 -
1500 -/ /- - - NN s06F-half-2e-LFX_SAMEs_added # 8018| -
1000 § /-~~~ ~ - Funet EC3 ]
500 /-t 506-half-2e-LFX # 5402 1
0 A —
0 0.005 0.01 0.015 0.02 0.025 0.03
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE600s06F-half-2e-LEX 4167.1 3576.6 -14.2
IPE600s06F-half-2e-LEX_SAMEs_added 4167.1 4575.0 +9.8
IPE600s06-half-2e-LEFX 2295.0 24221 +5.5
IPE600s06S355F-half-2e-LEX 6295.0 4210.9 -33.1
IPE600s06S355F-half-2e-LFX_SAMEs_added 6295.0 6934.6 +10.2
IPE600s06S355-half-2e-LFX 3467.0 3653.3 +5.4

By adding additional restraints the plate buckling mode could be eliminated.

For comparison, an additional series of analyses was performed for a cellular member with a gross
slenderness (about the strong axis) of A =0.6 as referred to steel grade S355 instead of $235. It turns

out that the behaviour is qualitatively and quantitatively similar.
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Slenderness 1.4

IPE600s14-half-2e-LFX

2500 i T T T T
2000 fore 8 e e e e e e
1500 + Foarsssogss-rsssopss=oss=
z i 1 : :
o) I
R 1000 £ Fu gross EC3 -
I s14R-half-2e-LFX_SAMEs_added # 3971
500 - ——————4-—- ————Funet EC3 -
i s14-half-2e-LEFX # 12913
0 | —_— A —
0 0.2 0.4 0.6 0.8 1 12
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
IPE600s14R-half-2e-LFX 1948.2 2289.8 +17.5
IPE600s14R-half-2e-LFX_SAMEs_added 1948.2 2290.1 +17.5
IPE600s14-half-2e-LFX 1437.7 1718.8 +19.6

Again, by adding additional restraints the plate buckling mode could be eliminated.

It is noted here that the displacements are quite high — lateral displacement up to 1.0% of the
member length — caused by the relatively high slenderness of the member, which is most often not
acceptable in practice.
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B.5

Base profile HE200A

B.5.1 Buckling about the weak axis

Slenderness 0.2

A

ArcelorMittal

HE200Aw02-2e

1600 — T T T
L | | |
r | | |
1400
i | ‘
o |
————— [ ——
1000 - o e EEEEE ¥
N | | |
— L | |
£ s0f [ 1----- A
= 0 [
600 +--f/--1-----4------1 Fu gross EC3 -
r | | |
400,:,, S S wO02F-2e # 758
r | | |
| | | ————TFunet EC3
200 +f----t----—a-- - -
' | | ! w02-2e # 540 ]
. I A
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008

Ux [m]

flexural buckling load [kN] EC3 FEM A [%]
HE200Aw02F-2e 1346.3 1321.8 -1.8
HE200Aw02-2e 1046.9 1038.6 -0.8
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Slenderness 0.6

HE200Aw06-half-2e

! Fu gross EC3
400 4 ---- /- ******** wO6F-half-2e # 2105 i
2004/ % ,,,,,,,, ~—— — Fu net EC3 N
| wO06-half-2e # 1451
0 | e
0 0.001 0.002 0.003 0.004 0.005 0.006
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
HE200AwO06F-half-2e 1134.0 1168.5 +3.0
HE200Aw06-half-2e 916.3 940.8 +2.7
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Slenderness 1.4

HE200Aw14-half-2e

600 [ T T T T T T
— S i s TS
500 ’j_’_’_’ Ininiie Eeiiniidiedie i e s B
400 +----- R i - - - Fo---- q------ F-----
% s00f N S S S - —
= i : ! ! ! ! !
200 F---- 4 __] Fu gross EC3 _ e
: | w14F-half-2e # 8018
100 +-/--------------1 ———— Funet EC3 -
L= oz ||, .
0 001 002 003 004 005 006 007 008
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
HE200Aw14F-half-2e 528.0 532.7 +0.9
HE200Aw14-half-2e 493.1 513.8 +4.2
HE200Aw14-2e 493.1 513.6 +4.2

The latter — with the whole member modelled instead of a half member — could not be modelled
with filled openings, as this would make the model size beyond limits. It turns out that the results
of both runs for the cellular member are practically equal.
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B.5.2 Buckling about the strong axis

Slenderness 0.2

HE200As02-half-2e-LFX

1600 r T T T T
1400 | | | | 3
o [ R
o £~
E 800 | | | l l
- | | Fu gross EC3
600 -~/ ‘i "~
r ! ! s02F-half-2e-LEX # 2735
400 ” /[ i 7777777777 :7 ———~ Funet EC3
200 41/~~~ s - 502-half-2e-LFX # 1863
0 0.0002 0.0004 0.0006 0.0008 0.001
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE200As02F-half-2e-LFX 1346.3 1337.5 -0.7
HE200As02-half-2e-LFX 1046.9 1042.4 -0.4

Annexes

181




3 A
TUDelft ArcelorMittal
Slenderness 0.6
HE200As06-half-2e-LFX
1400 [ T T T
Y 7 S S SR
1000 ’:’_*_*_* loiiutelly delallgsi— i E— ;*_*_*E S ‘L’_’_’ S
L R e SR . -
= : : | |
U - Fu gross EC3 -
wo M EL SO6F-half-2e-LFX # 8678
r ! ————Funet EC3
200 pof-mmmm ey s06-half-2e-LFX # 5844
0 : P R —
0 0.001 0.002 0.003 0.004 0.005
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE200As06F-half-2e-LFX 1197.9 1314.2 +9.7
HE200As06-half-2e-LFX 952.9 1013.9 +6.4
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Slenderness 1.3

HE200As13-half-2e-LFX

800 T \
700 | e S
600 1 o S VAR
500 [ /f demm s
E 400 | l - -
- Fu gross EC3
300 | -
r s13R-half-2e-LFX # 3839
200 1 ————Funet EC3 :
100 ff - s13-half-2e-LFX # 12913 |-
0 I A -
0 0.05 0.1 0.15 0.2
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE200As13R-half-2e-LFX 632.3 759.9 +20.2
HE200As13-half-2e-LFX 569.9 684.9 +20.2
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Slenderness 1.4

HE200As14-half-2e-LFX

i A e e RN :
=) | | ! !
- ﬂ: :f Fu gross EC3 -
I ' s14F-half-2e-LFX # 20558 |
i i ———— Funet EC3
100 - e s14-half-2e-LFX # 13800 |~
S S R S ures uvereves Svvarives tvasatl -
0 0.05 0.1 0.15 0.2 0.25 0.3
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE200As14F-half-2e-LFX 561.8 661.3 +17.7
HE200As14-half-2e-LFX 511.6 605.0 +18.3
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B.6 Base profile HE650M

B.6.1 Buckling about the weak axis

Slenderness 0.2

HE650Mw02-2e

12000 : : :
; l l 3 i
10000 A T TTm T [ ‘§'§§§§§\
? 1 1 1 AN
L | | | \\\§§§
8000 | l l | X
E 6000 | | S o -
= i l l l
4000 | Fu gross EC3 - =
i w02F-2¢_SAMEs_added # 98 >
2000 -f ~—~~ Funet EC3 = .
woz-zg #98 n
0 N L
0 0.0002 0.0004 0.0006 0.0008 0.001
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
HE650MwO02F-2e 10948.2 10786.1 -1.5
HE650MwO02F-2e_ SAMEs_added 10948.2 10814.6 -1.2
HE650Mw02-2e 6622.3 6699.8 +1.2

The additional restraints prevented plate buckling to occur.

Annexes 185




A

ArcelorMittal

3
TUDelft

Slenderness 0.6

HE650Mw06-half-2e

12000 T
10000 -
8000 +
E 6000 ————
= i
4000 f--- /-] Fu gross EC3 -
i wO06F-half-2¢ # 1085
2000 +-f-------------1 ~~~~ Funet EC3 - -
O 7\ T T T T T S S N N S S 1 R \: L \‘,\\7(\)61-}‘\1a\1f-\2\ef7\5\8\ L 1 L )\
0 0002 0004 0006 0008 001 0012 0014 0016
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
HE650MwO06F-half-2e 9157.1 9724.2 +6.2
HE650Mw06-half-2e 5945.7 6279.6 +5.6
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Slenderness 1.4

HE650Mw14-half-2e
5000 F T T T T T
4500 | | | | |
4000 -+ | | | |
3500 ,;_,_,_, f,_,_,_jl oo T == — j,_,_LTj — f,_j\_,? e f;‘L,_, ,,,,,,
3000 | | | | |
% 2500 - O S [ L N
- - l l l l l
2000 - /- T | -
s ! ! Fu gross EC3
1500 +--/---- T : -
g | | w14F-half-2e # 2735
1000 ” 777777 . 1 ———— Funet EC3 :
500 g . i w1l4-half-2e # 1863 :
0 : : : : S
0 0.02 0.04 0.06 0.08 0.1 0.12
Ux [m]
flexural buckling load [kN] EC3 FEM A [%]
HE650Mw14F-half-2e 4162.3 4312.5 +3.6
HE650Mw14-half-2e 3569.7 3979.2 +11.5
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B.6.2 Buckling about the strong axis

Slenderness 0.2

HE650Ms02-half-2e-LFX

12000 T ‘ :
10000 | l l
8000 -+ | |
£ 6000 _ _____________ l l
= C Fu gross EC3
4000 4 f-- oo s02F-half-2e-LEX # 2735 I
C ————Funet EC3
2000 {f-f------mmm - =
s02-half-2e-LEX # 1863
0 0.001 0.002 0.003 0.004 0.005
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE650Ms02F-half-2e-LFX 10950.3 10882.5 -0.6
HE650Ms02-half-2e-LFX 6622.3 6653.9 +0.5
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Slenderness 0.6

HE650Ms06-half-2e-LFX

12000 ; ; ;
10000 + l l l
8000 +--——-F/- - - e rommm
E 6000 + e e B o= - I
= C Fu gross EC3
4000 | s06F-half-2e-LFX # 8345 [
i ————Funet EC3
2000 - -
i ; s06-half-2e-LEX # 5620
0 A —
0 0.005 0.01 0.015 0.02 0.025 0.03
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE650Ms06F-half-2e-LEFX 9749.5 10692.0 +9.7
HE650Ms06-half-2e-LEX 6120.2 6423.9 +5.0
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Slenderness 1.4

HE650Ms14-half-2e-LFX

6000 T ‘ ‘ :
5000 £ -----1--=-sm—=T - —-q-- -~ - B T
4000 +-- /-1 - SRREEEE EEEEEE
€ 3000 f [/t To----1 - Fo---- To----
R r Fu gross EC3
2000 | s14F-half-2e-LFX # 19568 |~ 1
i | ~ — — — Funet EC3
1000 - -4 -
| s14-half-2e-LFX # 13137
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Uz [m]
flexural buckling load [kN] EC3 FEM A [%]
HE650Ms14F-half-2e-LFX 4587.6 5400.2 +17.7
HE650Ms14-half-2e-LFX 3648.4 4275.1 +17.2
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C FEM RESULTS OF PARAMETER STUDY INTO WEB-POST BUCKLING

C.1 Introduction

This Annex presents the results of the numerical analysis of web-post buckling of cellular

members, also subjected to a axial compressive force.

For each base section, two web-post widths were analysed. The FEM results are presented here
separately for the ACB and the LWO model. These results have been discussed in Chapter 8.

The calculations according to both theoretical models have been done using a number of Excel-
spreadsheets. These are illustrated hereafter briefly. Extensive use has been made of macros in
order to automate searching for the ultimate load.

C.1.1 Arcelor model for web-post buckling

Input
Section

thickness upper flange

thickness lower flange

width upper flange

width lower flange

thickness upper web

thickness lower web

height upper member

height lower member

opening diameter

root radius at upper web-flange junction
root radius at lower web-flange junction
width web-post

beam length
abcissa section i
abcissa section i+1
width end panel
width end web-post

distance

ratio

slenderness upper member
slenderness lower member

yield stress of upper member
yield stress of lower member
Young's modulus

Loading

UDL (including safety factors)
Applied shear force (downwards +ve)
Applied axial force (compression +ve)

Material factor

for resistance of cross-sections

for resistance of members to instability

tf,up
tf,Iow
bf,up
bf,Iow
tw,up
tw,\cw
hm,up
hm.Iva
2o

Fe.up

Iclow

w

L
Xi
Xi+1
We

Wend

€ = Xirg = Xi
a=1+w/a,
ﬁup =3ap / tw‘up
Biow = @0 / twiow
fyup

fy,low

Ea

Ymo
M1

40 mm
40 mm
305 mm
305 mm
21 mm
21 mm
548.5 mm
5485 mm
877 mm
27 mm
27 mm
[0 mm
2454 m
7185 mm
1735.5 mm
210 mm
280 mm
1017 mm
1.160 -
41.8 -
41.8 -
235 MPa
235 MPa
210000 MPa
0.00 kN/m
285.16 kN
6674.00 kN
1.0 -
1.0 -

i = right section (lower moment)
i + 1 = left section (higher moment)

rb,compression member 1.000

1-‘b,lensicm member 0.991

COMPARE WITH LWO MODEL FOR WPB!!!

Seek for Fsd

th (web-post shear) 0.696

position |
position Il
(exclusive small part near the opening, w/2)

Zag+tw

Worksheet “Input” — Geometrical data and loading
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ArcelorMittal TUDelft

C.1.2 Arcelor model for Vierendeel bending

STEEL
Young's modulus E 210000 N/mm’
SECTION DATA ADDITIONAL DATA
Diameter opening aop 877 mm
Width web post w 140 mm Width end posts We 280
Width stiffer ring b, 0 mm
Thickness stiffener ring tr 0 mm

Upper member Lower member
Yield stress fop 235 N/mm* Ty jow 235  N/mm*
Member height hmuwp 5485 mm N jow 5485 mm
Width flange bup 305 mm Biow 305 mm
Thickness flange trup 40 mm tejow 40 mm
Thickness web tw,up 21 mm tw.low 21 mm
Root radius feup 27 mm Ie.low 27 mm
FACTORED LOADS CANTILEVER

|

Bending moment Msq 0.0 kNm (sagging +ve) Length L 2454
Shear force Vsq 0.0 kN Point load Fsq 0.00
Axial force Nsq 6418.2 kN (compression +ve) Axial force Nsqg 6418.174
DERIVATED DATA
Total heigth Hy 1097 mm

Upper member Lower member
Net member height N'mup 110 mm h'm jow 110 mm

Worksheet “Input” — Geometrical data and loading
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TUDelft ArcelorMittal
CHARACTERISTICS OF ELEMENTARY AREAS

i 3 Z; loy, loz (@ - Zenet)’ ke 0.2234

1 0 987 0 0 192282.25 ki 0.0151

2 12200.00 1077.00 1626666.67 94575416.67 279312.25

3 1470.00 1022.00 600250.00 54022.50 224202.25

4 312.89 1050.97 8024.76 8024.76 252475.16

5 0 110 0 0 192282.25

6 12200.00 20.00 1626666.67 94575416.67 279312.25

7  1470.00 75.00 600250.00 54022.50 224202.25

8 312.89 46.03 8024.76 8024.76 252475.16

mm? mm mm* mm* mm
MEMBER CHARACTERISTICS
Upper member Lower member
Member area Amup 13982.88948 mm* Amiow 13982.89 mm*
Shear area Avup 3282.89 mm* AV jow 3282.89 mm*
'Static' moment Hnetup 14970577.16 mm’ Hnetjow 368652.6 mm’
Position center of gravity 26 net,up 83.64 mm ZG net low 83.64 mm
NET SECTION CHARACTERISTICS
Area Anet 27965.78 ~mm°
'Static' moment Mnet 15339229.76 mm’ (relative to bottom fibre)
Position center of gravity ZG net 548.50 mm (idem)
Internal leverarm do net 1044.27 mm
'Strong' 2" moment of area Iy net 7636837041 mm*
'Weak' 2" moment of area Iz net 189397658.7 mm”
LOADS ACTING ON THE INCLINED SECTION
Upper member Lower member

member axial force Nm.sd.up 3209.09 kN Nm.sd low 3209.09 kN
member shear force Vin,sd,up 0.00 kN Vm.sd jow 0.00 kN

Worksheet “Net section” — Geometrical properties of the net section
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C.1.3 LWO model for both web-post buckling and Vierendeel bending

N
N
W

ediN
ediN

[44
§'8vS

0L
0L
1601

ol
ol

£9'86¢
000
£€8°169

0000le
gee

vave
08¢
ovl
€68L
S9'v6€

1.8

118
Je|noJio

le
oLl
oLl
14
or
S0¢

0
°s

37avIIlddV LON 371Ny Sl
AYOLOVSILVS LON VGl
AYOLOVSILVS S0
AYOLOVSILVS €

LN,

oW,

PIp
PIN
PIN

u\c

uey} Jebie| 8g pinoys snipeJ Jeulod ay |
ueyy Jebie| aq pinoys jsod pus 8yl SILON

AYOLOVdSILVS 0L
AYOLOVHSILVS 0L
AYOLOVdSILVS 9L/8

VI AL Al VI AL AL VI

118 |
oyl 0

}

} p /%P
oLl Uy
oLl y
118 %

ena)o Bugiwi) uo }oayo

weaq Jo aul-191uad aroge Buluado gam Jo Ajoujusdxe
99 wWoyoq Jo gam Jo yydep
99 doy jo gom jo yydap

uonoss Jo yydep

siajaweled oujawoab paalag

AJjiqe)ISUl 0} SIqUIBW JO SOUE)SISI O}
SUOI}08S-SS00 JO 80UB)SISal 0}

s10)oe} |eLId)e|

8010} JBBYS

(eA+ uoissaidwod) sull-1sjuan je palidde 8210y |eixe
(on+ 1ed wonoq je uoisus)) Juswow Buipusq

uoneso| buiuado je sasioy palddy

sn|npow opseld
yjbuans pjaik

yibus| weaq ()0}

150d pus ypim

(Buioeds abpa 0} abps) }sod-gam yipim
Buipuaq |eapua.al 1o yidap Buluado annoaye
Buipuaq [9apuaiai Joy Yibus| Buiuado aAosys

Jeyawelp Bujuado = yjbus| Bujuado

Jayowelp Buiuado

adeys Bujuado

S99 40 19]|I} }001 JO snipel

*(3se1) paldde aq Aew sa210}
|eIxe ‘uopippe u| "paw.ioyiad aie
uoneso| buiuado ayj je sy29yd

AuQ "Ajjeoyusoxa paoeld aq Aew
Buiuado ayj Inq ‘Ajuo sweaq |9s}s
pa||oJ s}eal} }9ays uone|nodled siy |

99] woyoq jo yidep

99 doy jo yydep
SSaUYOIY}) gom
ssauyoIy} abueyy
yipim abueyy

induj

sBuluado gam yjim sweaq 10j poyjaw ubisap OM1

Worksheet “Input” (Part 1) - Geometrical data and loading

Applied forces at mid-span and beam ends

kN
kN

398.633

Fsa

0.00

NSd

Unity-checks summary

bending resistance

0.200
0.000
0.916

Seek for Nsd

axial force resistance
shear resistance

top cross-sectional capacity

0.202
0.202
0.916

bottom cross-sectional capacity

shear resistance

Seek for Fsd

local bending resistance

shear resistance

1.000
0.916

local bending resistance

1.000

Seek for Fsd

total Vierendeel bending resistance

1.000
0.927

e of web-post bending

closed-form solution for MAXIMUM SHEA|

Seek for Fsd

web-post bending resistance at narrowest poin
web-post bending resistance in top Tee

horizontal shear resistance

0.973

0.000
0.462

web-post bending resistance in bottom Tee

0.462

Seek for Fsd

web-post buckling

0.833
0.916

in case of web-post buckling

closed-form solution for MAXIMUM SHEA|

Worksheet “Input” (Part 2) — Loads and overview of verification results
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Worksheet “Calculation” (Part 1) — Geometrical properties and section classification

(*y/(p+02)+1)

Buipong jsod-gam

SWW/N

ww

JWW/N

0lleu Je aoueysisal Bulpuaq jsod-gam
20UE)SISal JBaYS [BJUOZLIOY

g OHlBWWAS 10j 0 °Y|A XBW Uo paseq)

(/%) 0™ PH20 4 o / PHANY 1)

2N
95851 P20
6190 x
96'0 U
080 X
SOviy ki
S0°ZEL PS20
22'88¢ PN

PIRUN
LN

(*ysez+1)

HS WNINIXYIA 10} UOIN|OS WIOJ-PasSO|d
aoueysisal Buipuaq [9epuaial/ [e)o}

aoue)sisal Buipuaq 20|
9oue)sisal Jeays

Ayoedeo euojoas-ssoio wWopoq
Ayoedeo jeuonoas-ssoio doy

9oue)sisal Jeays
90UB)SISAl 9010} [EIXE
aouejsisal Buipuaq

WINY
N

WINY
WINY
N3
ww

N
N

N3t
W
Nt

(PPN Z +5 /7N 2
um,>z,n_2 z+ nm.>z;_>_ z

ml_ \ um.>z,~_>_ z
um,«>
um,>,nZ
vm,>,_Z
vm,o>
nm,_nZ
vm_\/_
000 PIYN
22'88¢ PIUA
ze6€ EANYY
6607 N
86'G8CE AN
89'LL oy
260 d
[YA¥A PHap
LLLe PN
y'gey PHOp
LYSYe P
02259 PRIy

916’0 = on
[4%°1%4 > €986 A
€€8°0 = on
99°8G1 > gozeEL  PSPo

0P > 0s Bulwinsse ‘uoiesyLIdA

yibuans anissaidwoo

J0)oe} Buipong

0 9AIND 10} SN[EA SjeIpawISiul
SS3UIBPUI|S M [EUOISUSWIP-UOU
ybuaj aAnoaye

ssa1)s aAIssaIdwod

(xew) 2210} Jeays aAI}0)9

(op > 0s yim) sbuluado sejnoaid paseds Ajaso|o 1oy Ayoedes Buipjong 3sod-qap

AN > 000 [P
68'86€ > zeese PAUA
jsod-qap
ferA [ > €9'86€ PIA
62°LS1 > zelSL P

Buipuaq [9apualaip

1T°66L >

L2212 > g6l PIA
86'582€ > Gz99 PIN
86'582€ > Gz99 PN

SUO0I1}09S 99

Zy'sey > €9'86€ PIA
96'1259 > 0 "N
L0'vSYE > €869 PN

(seoue)sisas aind) uonoas pajesopad
S99UR)S|SAI JO UOIRIILIDA

juiod }SOMOLIBU JE Juswow }sod-gam
9010} Jeays [eJuoziioy

jsod-gam ay} je Bunoe saaio4

99 doj} Jo aoueysisal Buipuaq onseld paonpai
29 doj} Jo aoueysisas Buipuaq onseld

99 doj jo aoue)sisal aAIssaudwod onse|d
SSAUNDIY) oM BAIDRYD

oljel uones||yn Jeays

99| WOJOq JO 9OUE)SISAI JBBYS

99 doj} Jo aoue)sisal Jeays

su

09s 99

(s@a] pajjoi-joy om}) soue)sisal Jeays aund
oue)sisal buipuaq onseld aind
9oue)sisal anIssaldwod oyseld aind

suoljoas pajelopad

S92UB)SISAI UOIJOS SS0ID)

Worksheet “Calculation” (Part 2) — Cross-sectional resistance and verifications
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C.2 Base profile IPE140

C.2.1 Web-post width sy = 50 mm

ACB vs FEM results for base profile: IPE140 Web-post width: s0 =50 mm

70 4o~ . I = FEM result
60 | | —&— ACB Vierendeel
i i —&— ACB web-post buckling
50 f - B .
| —— web-post shear capacity

F [kN]

0 50 100 150 200 250 300 350

LWO vs FEM results for base profile: IPE140 Web-post width: s0 =50 mm

70 4o L .| =i=TFEM result
60 i i —©— LWO Vierendeel
3 . . i —— LWO web-post buckling
50 F-----—-—--- 4‘ ,,,,,,,,,, L = ] )
B | —— web-post shear capacity
al

F [kN]

0 50 100 150 200 250 300 350
N [kN]
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C.2.2 Web-post width sy = 100 mm

ACB vs FEM results for base profile: IPE140

Web-post width: s0 =100 mm

70 1---------

== FEM result

——&— ACB Vierendeel

60 T---------

—A&— ACB web-post buckling

50

—— web-post shear capacity

z ‘ |
ﬁ ] |
< | |
0 50 100 150 200 250 300 350
N [kN]
LWO vs FEM results for base profile: IPE140 Web-post width: s0 =100 mm
£ ‘ . . e
70 F-———— - N R “—Q ,,,,,,,,, ‘T‘ ,,,,,,,,,, ‘T,‘ —_| =i—FEM result
60 i i i i —©— LWO Vierendeel
i i i i —— LWO web-post buckling
50 f——— ——
l l l l —— web-post shear capacity
Z ] - | l
= | ‘ |
= ! :

300

350
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C.3 Base profile IPE330

C.3.1 Web-post width sy = 50 mm

LWO vs FEM results for base profile: IPE330 Web-post width: s0 =50 mm

== FEM result
100

| —&— ACB Vierendeel

—&— ACB web-post buckling

web-post shear capacity

2
=,
=
0 200 400 600 800 1000
N [kN]
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C.3.2 Web-post width sy = 100 mm

ACB vs FEM results for base profile: IPE330 Web-post width: s0 =100 mm
1 =8 FEM result
100 - -
| —&— ACB Vierendeel
—— ‘
80 | ‘.\b‘ —A— ACB web-post buckling
* 1 * web-post shear capacity
S60 | | -
4 :
= |
40 1
L e e L S
0 l
0 200 400 600 800 1000
N [kN]
LWO vs FEM results for base profile: IPE330 Web-post width: s0 =100 mm
| | | —8—FEM result
100 ‘ ‘ ‘ -
! ! ! —©— LWO Vierendeel
80 f---------—-—-—- - I EEEEEEEE + —A— LWO web-post buckling
: l l web-post shear capacity
E | |
=
R
0 200 400 600 800 1000
N [kN]

Annexes 201



A

2
TUDelft ArcelorMittal

C.4 Base profile IPE600

C.4.1 Web-post width sy = 62 mm

ACB vs FEM results for base profile: IPE600 Web-post width: s0 =62 mm

== FEM result
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C.4.2 Web-post width sg = 124 mm

ACB vs FEM results for base profile: IPE600 Web-post width: s0 =124 mm
l\ 1 =8 FEM result
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C.5 Base profile HE200A

C.5.1 Web-post width sy = 50 mm

ACB vs FEM results for base profile: HE200A Web-post width: s0 =50 mm
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C.5.2 Web-post width sy = 100 mm

ACB vs FEM results for base profile: HE200A ~ Web-post width: s0 =100 mm
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C.6

Base profile HE650M

C.6.1 Web-post width sy = 70 mm

ACB vs FEM results for base profile: HE650M

Web-post width: s0 =70 mm
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C.6.2 Web-post width sy = 140 mm

ACB vs FEM results for base profile: HE650M  Web-post width: s0 =140 mm
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D LIST OF CONTENTS DATA-DVD

All analysis data have been put together on the data-DVD that accompanies this report. Below is
an overview of its contents.

Documentation
ECSC-reports :LTB /LWO / LWO+ / Euro-Build in Steel
Manufacturers : Arcelor(Mittal) / CMC / Fabsec / MacSteel / Westok
PhD and MSc Theses : several studies on castellated & cellular beams
Hong-Kong Steel Design Code : Code of Practise for the Structual Use of Steel 2005
Access-Steel : design aids for the application of EN1993-1-1
CTICM : Centre Industriel de la Construction Métallique
SCI : Steel Construction Institute
FEM calculations
Parameter studies : Global buckling / Web-post buckling
Case study : Frame 1/ Frame 2 + info-file on numbering scheme
Other : development of utility TEM file creator + examples
FEM results
Parameter studies : Global buckling / Web-post buckling + graphs and pictures + overview of results
Case study : graphs and pictures
Images
figures and pictures on failure modes, application area, FEM modelling, etc.
Reports
Plan of Action + Final report
Software
Finite element software SAFIR, including pre- and post-processors, documentation and examples + ACB software
TechPapers

scientific papers on structural behaviour of castellated beams, (non-)composite cellular beams, beams with web
single web openings, Fire Safety Engineering, the General and Overall method, Instability of frames and members,
etc.

Work documents
Excel tool + documents and spreadsheets on different aspects of cellular beams and columns
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E ARCELOR PROFIL LUXEMBOURG

Arcelor was created in 2002 by the fusion of the French company Usinor, the Luxembourg ARBED
en the firm Spanish Aceralia. Following the merger with the Indian company Mittal Steel in 2006
the world's largest steel producer was formed, Arcelor Mittal, with 330,000 employees in more
than 60 countries.

In Europe it covers the industrial, marketing and sales activities for beams, channels and heavy
merchant bars with Arcelor Commercial Sections, a Product Unit of the Long Carbon Steel Europe
Business Unit. The majority of Arcelor Commercial Sections’ products and solutions are used in
the construction industry, the mechanical and the transportation sectors.

The Research Centre of Arcelor Profil Luxembourg aims at developing new and innovative
products and solutions to meet the specific needs of the markets. In cooperation with the
Marketing and Technical Assistance teams special softwares for the Arcelor products are
produced. Numerous areas are investigated, with special attendance for fire safety engineering,
composite construction, earthquake resistance, etc. Its reports are distributed in conjunction with
European technical and promotional organisations. Hereby close relations are maintained with
various universities and technical centres.
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F IBT INGENIEURS IN BOUWTECHNIEK

Since 1968 IBT Ingenieurs in Bouwtechniek is an independent firm of consulting engineers
servicing architects, building contractors and individual clients. IBT is located in both Veenendaal
and Papendrecht, The Netherlands.

IBT provides its clients with:

* structural designs including technical drawings in steel, concrete and timber;

¢ advices for renovation;

* calculations of EPN, ventilation and daylight;

 fire safety engineering calculations.
The team of IBT consist of over 20 employees, which are continuously developing their skills by
means of additional courses and their daily work experiences.

The main areas of activity are:
* residential, commercial and industrial building;
* houses, apartment buildings and shopping complexes;
* industrial facilities;
* schools and churches.

Furthermore IBT is involved in developing pre-stressing configurations for a manufacturer of
precast concrete structural elements.
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